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Abstract

Vy2V82 T cells play important roles in human immunity to pathogens and tumors. Their TCRs
respond to the sensing of isoprenoid metabolites, such as (£)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate and isopentenyl pyrophosphate, by butyrophilin (BTN) 3A1. BTN3Alisan Ig
superfamily protein with extracellular 1gVV/IgC domains and intracellular B30.2 domains that bind
prenyl pyrophosphates. We have proposed that intracellular a helices form a coiled-coil dimer that
functions as a spacer for the B30.2 domains. To test this, five pairs of anchor residues were
mutated to glycine to destabilize the coiled-coil dimer. Despite maintaining surface expression,
BTN3AL mutagenesis either abrogated or decreased stimulation by (£)-4-hydroxy-3-methyl-
but-2-enyl pyrophosphate. BTN3A2 and BTN3AS3 proteins and orthologs in alpacas and dolphins
are also predicted to have similar coiled-coil dimers. A second short coiled-coil region dimerizes
the B30.2 domains. Molecular dynamics simulations predict that mutation of a conserved
tryptophan residue in this region will destabilize the dimer, explaining the loss of stimulation by
BTN3AL proteins with this mutation. The juxtamembrane regions of other BTN/BTN-like
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proteins with B30.2 domains are similarly predicted to assume a helices, with many predicted to
form coiled-coil dimers. An exon at the end of this region and the exon encoding the dimerization
region for B30.2 domains are highly conserved. We propose that coiled-coil dimers function as
rod-like helical molecular spacers to position B30.2 domains, as interaction sites for other
proteins, and as dimerization regions to allow sensing by B30.2 domains. In these ways, the
coiled-coil domains of BTN3A1 play critical roles for its function.
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human; gamma delta T cell; V-y2V82 T cells; butyrophilin 3A1; prenyl pyrophosphates;
isopentenyl pyrophosphate; antigen presentation; isoprenoid metabolism

Introduction

T cells expressing -y6 TCRs are unconventional T cells that have unique roles that bridge
innate and adaptive immunity (1). In humans, y8& T cells play important roles in immunity to
microbes and tumors. During certain bacterial and parasitic infections, -y6 T cells expressing
Vy2V62 TCRs can expand to up to half of circulating T cells (reviewed in 1). All of these
Vy2V82 T cells respond to the microbial-specific isoprenoid metabolite (£)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate (HMBPP) in the 2- C-methyl-D-erythritol 4-phosphate
pathway for isoprenoid biosynthesis (2, 3). Vy2V&2 T cells secrete inflammatory cytokines,
such as IFN-y and TNF-a, Kill infected cells by secretion of perforin and granzymes, and
kill released bacteria and parasites by granulolysin (4) and antimicrobial peptides (5, 6). This
helps to protect humans and other primates from infection, as proven by the reduction in the
number of Mycobacterium tuberculosis bacteria upon adoptive transfer of Vy2V62 T cells
in monkeys (7).

Vy2V62 T cells also contribute to tumor immunity. Vy2V62 T cells kill all human tumor
cell types that have been treated with aminobisphosphonates (1, 8-10). Treatment of
lymphoma patients with pamidronate and IL-2 resulted in expansion of Vy2V&2 T cells and
partial remissions in several patients (11). Adoptive immunotherapy with Vy2V82 T cells
has resulted in several partial and a few complete remissions in patients with solid tumors
(12, 13), stable disease in patients with metastatic lung cancer (14-16), and slowed
progression in patients with renal cell carcinoma (17).

In cancer therapy, Vy2V82 T cells respond to the accumulation of endogenous isopentenyl
pyrophosphate (IPP) (18). This accumulation can be brought about by either
pharmacological inhibition of farnesyl diphosphate synthase, using aminobisphosphonates
(19-22), aminobisphosphonate prodrugs (10), or by small interfering RNA (siRNA)/short
hairpin RNA (shRNA)-induced downregulation of its mRNA (22, 23). Stimulation by both
direct (exogenous HMBPP or IPP) and indirect [aminobisphosphonate, alkylamine, or
siRNA/shRNA inhibition of farnesyl diphosphate synthase (22)] stimuli is dependent on the
Vy2V62 TCR (24, 25). Critical TCR residues are present is each CDR and outline a large
binding footprint that suggests that the TCR binds to a protein (26). However, efforts to find
an MHC or MHC-related presenting element failed (27, 28).
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The discovery that mAbs specific for the butyrophilin (BTN) 3 extracellular domains can
either block stimulation by IPP or zoledronic acid (the 103.2 mAb) or can induce stimulation
of Vy2Vv62 T cells when bound to BTN3AL (the 20.1 mADb) (29-31) identified BTN3AL as
a candidate protein in the stimulation process. sSiRNA or shRNA inhibition of BTN3A1
inhibited stimulation by HMBPP, IPP, and zoledronic acid (29, 30) and stimulation by
human-mouse or human-hamster hybrid cell lines required the p arm of human chromosome
6 where the BTN3 genes are located (32, 33).

BTN3AL is an Ig superfamily member with 1gV and IgC domains and an intracellular B30.2
domain. Although one study proposed that BTN3A1 acted as a presenting element for
prenyl pyrophosphates through a binding site on the 1gV domain (32), our modeling of the
B30.2 domain identified a potential basic binding site on the domain face that binds ligands
in other B30.2-containing proteins (30). Subsequent crystallization of the BTN3A1 B30.2
domain confirmed the existence of the basic site and showed that an HMBPP analog could
bind to the site in crystals (34) and HMBPP, IPP, and other analogs could bind to the B30.2
domain in solution (34-36). We tested BTN3AL proteins with mutations in the proposed IgV
site or the B30.2 site and showed that mutations in the B30.2 site abolished stimulation of
Vy2V82 T cells in response to prenyl pyrophosphates (37). Taken together, these results
outline a new paradigm for Ag recognition by T cells in which T cells monitor intracellular
metabolism at the cell surface through intracellular sensing. However, the molecular basis
that allows BTN3A1 to transmit signals to the extracellular surface for this monitoring is
unclear.

Besides the B30.2 domain, the intracellular tail of BTN3A1 includes a 69 aa juxtamembrane
segment spanning from the cell membrane to the B30.2 domain. This region is critical for
the sensing function of BTN3A1 (36, 38). Whereas substitution of the transmembrane
region from either BTN1AL or fibroblast growth factor receptor 3 for the BTN3A1
transmembrane region does not affect sensing by BTN3A1, substituting juxtamembrane
segments from other BTN and BTN-like (BTNL) proteins (e.g. BTN1A1, BTN2A1,
BTN2A2, BTNL3, BTNL9, and ERMAP) completely abrogates sensing despite similar
levels of surface expression compared with unmutated BTN3A1 (38). Moreover, mutation of
BTN3AL1 proteins with deletion of exon 5 or the dileucine motif in exon 5 in the
juxtamembrane segment also completely abrogates sensing of either exogenous HMBPP or
IPP in zoledronic acid-treated HelL a cells (36). Binding of HMBPP to the intracellular tail of
BTN3AL changes the conformation of the juxtamembrane region when analyzed by nuclear
magnetic resonance (35) and small-angle x-ray scattering (39). The juxtamembrane region
also mediates interactions with BTN3A2 and BTN3AS3 proteins that are required for
maximal stimulation of Vy2V62 T cells and high surface expression of BTN3A1 (40).

Despite this evidence for the importance of the juxtamembrane segment, extensive
mutagenesis in this region does not affect or only partially diminishes sensing by BTN3AL.
In one study, wild-type residues in the juxtamembrane region were substituted with AAGAA
(in most cases) at 14 sites. Twelve of the mutant BTN3A1 proteins sense IPP accumulation
after zoledronic acid treatment similarly to wild-type BTN3A1 (38). Mutation of other
residues (S266AT267A and T274A) partially reduces stimulation by K562 cells with POM,-
C-HMBPP or zoledronic acid treatment (39). Also, mutation of four arginine residues
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(residues 283, 285, 292, and 295) near the B30.2 domain to either alanine or lysine had no
effect on the stimulation of Vy2V862 T cells by IPP accumulation due to zoledronic acid
treatment as long as wild-type BTN3A2 was also present (40). Only mutation of residues
immediately adjacent to the B30.2 domain (residues 299-305 and 306-310) completely
abolishes stimulation of Vy2V62 T cells by IPP accumulation to zoledronic acid treatment
(38). Thus, although the juxtamembrane segment is required, few essential residues can be
identified.

In an earlier report, we proposed that a segment of the BTN3A1 juxtamembrane region
interacts to form a coiled-coil dimer (37). Polypeptide chains can assume a-helical
secondary structures through the formation of hydrogen bonds between backbone amide (N-
H) donors to carbonyl (C=0) acceptors three to four residues apart. When two a helices
supercoil, they form a rod-like tertiary structure, termed a coiled-coil dimer, that is stabilized
by side chains along a core of seven (*“a-g”) residues (two turns of the a helix) (41). The side
chains (“knobs”) of the first (“a” position) and fourth (“d” position) residues are usually
hydrophobic and termed “anchor residues” (42, 43). These anchor residues clearly favor
aliphatic/methionine amino acids (63.9% at “a” and 70.4% at “d”) but, surprisingly, polar
amino acids (8.1% at “a” and 9.8% at “d”) and charged amino acids (13.9% at “a” and 9.4%
at “d”) can also be present in these positions (44). The side chains pack into cavities (holes)
surrounded by four side chains in the opposing a helix termed “knobs-into-holes” to
stabilize the coiled-coil structure. The other residues face the outside of the rod and are
predominantly polar or charged (41). Few glycines are present at any position (between 2—
5%) and the few aromatic amino acids that are present are mainly tyrosines present at <5%
at “a” and “d” positions. Certain amino acids, such as proline and cysteine, are almost never
present. Although coiled-coil proteins can form complex oligomers, simple dimers are the
most common.

Coiled-coil domains in proteins perform a variety of organizational and regulatory functions
in cells acting as structural or interacting components (or both) (41, 45-48). Shorter coiled-
coil domains (<6-10 heptad repeats [42-100 aa]) function as homo- and heterodimerization
domains (45). For example, coiled-coil domains termed leucine zippers in the AP-1
transcription factor function as interaction domains for the c-Fos and c-Jun subunits (49, 50).
Short coiled-coil domains in myotonic dystrophy protein kinase function to multimerize its
subunits (51). Long domains of several hundred amino acids function as rods in
intermediate-filament proteins of the cytoskeleton, tethers for Golgi organization and
kinetochores, stalks for myosin, kinesin, and dynein motors, or as scaffolds for membrane
structures (45) or for intracellular tripartide motif containing (TRIM) proteins (52). Both
long and short coiled-coil domains can also function as spacers as evidenced by their length
conservation in evolution independent of primary amino acid sequence variation (53).

In this report, we present evidence that two regions of the juxtamembrane segment of
BTN3AL1 form coiled-coil dimers. The first region starts at the plasma membrane and
extends ~41 residues towards the B30.2 domain. Mutation of anchor residues predicted to
disrupt this coiled-coil structure partially decrease or abrogate stimulation of Vy2V62 T
cells by HMBPP. A second region (exon 8) dimerizes BTN3A1 B30.2 domains (34, 36). A
critical tryptophan residue is identified in this region that when mutated to glycine is
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predicted to destabilize the dimer when analyzed by molecular dynamics simulations. This
exon and the tryptophan residue are conserved in almost all BTN and BTNL proteins with
B30.2 domains, even in frogs and chickens. Other BTN and BTNL proteins are also
predicted to have parallel coiled-coil dimers like BTN3 proteins. We propose that coiled-coil
dimers likely space B30.2 dimers away from the plasma membrane and interact with other
proteins.

Materials and Methods

Mutagenesis of BTN3AL1 cDNA

The pCMV6-Entry expression plasmid for BTN3AL (transcript variant 1, True ORF Gold)
with myc and FLAG (DDK) tags on its C terminus was purchased from OriGene
Technologies (Rockville, MD). Mutations in the membrane proximal coiled-coil domain of
BTN3AL were selected on the basis of our model of the coiled-coil dimer (37) and the
prediction of anchor residues. The primers used to generate mutations in the BTN3A1
cDNA were designed using the Primer Design program (http://www.genomics.agilent.com/
primerDesignProgram.jsp; Agilent Technologies, Santa Clara, CA) and synthesized by
Integrated DNA Technologies (Coralville, I1A). The length of the primers ranged from 30 to
40 nucleotides for a single mutation and from 50 to 60 nucleotides for a double mutation.
The mutations in BTN3AL were created by PCR using the primers and the QuikChange 11
Site-Directed Mutagenesis Kit (Agilent Technologies). Expression plasmids containing
mutated BTN3A1 cDNAs were purified using the QlAprep Spin Miniprep kit (QIAGEN,
Valencia, CA) and the coding regions of the cDNAs were sequenced to confirm the presence
of the mutations and to ensure that no other mutations were introduced.

Transfection of siRNAs and cDNAs

Silencer-27 siRNAs for BTN3AL1 and control duplexes were purchased from OriGene and
resuspended in the provided duplex buffer to obtain a 20 uM stock solution. The stock
solution was further diluted to 5 UM with the same buffer for transfection or cotransfection
with cDNA. For transfections, HeLa cells were plated at 1.7 x 10° cells/well in six-well
plates 1 d prior to transfection. To transfect a well of HeLa cells with siRNA, 4 ul of a
control siRNA or BTN3A1 siRNA oligo A was added to 100 pl of Opti-MEM | medium
(Life Technologies, Grand Island, NY) and then mixed by vortexing. To transfect with
cDNA, 150 ng of a control plasmid or the BTN3A1 expression plasmid was added to 100 pl
of Opti-MEM | medium and then mixed by flicking. For cotransfection of BTN3A1 siRNA
oligo A and BTN3A1 cDNA, 150 ng of cDNA was added to 100 pl of Opti-MEM | medium
followed by 4 pl of sSiRNA and mixing. Then, 4.5 pl of the Attractene transfection reagent
(Qiagen) was added to the siRNA and/or cDNA preparation, vortexed for 5 s, incubated at
room temperature for 15 min, and added dropwise to a well of HeLa cells. Media was
replaced at 24 and 48 h. After 72 h, the transfectants were trypsinized and harvested for
analysis by flow cytometry and for use in T cell assays. Note that the BTN3A1 siRNA oligo
A is specific for a sequence in the 3’ untranslated region of BTN3A1 that is not present in
the BTN3A1 cDNA expression plasmid. Therefore, siRNA treatment only suppresses
endogenous BTN3A1 mRNA.
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mAbs and flow cytometry

To assess BTN3 surface expression, cells were stained with PE-conjugated anti-BTN3/
CD277 (20.1, also termed BT3.1) (BioLegend, San Diego, CA) or with an isotype control
PE-P3 mAb (eBioscience, San Diego, CA) on ice for 2 h. To assess BTN3 intracellular
expression, cells were first fixed with fixation buffer on ice for 10 min and then
permeabilized with permeabilization buffer (both buffers from Invitrogen, Carlsbad, CA)
and stained on ice for 30 min with PE-20.1 mAb or PE anti-FLAG (DYKDDDDK) mAb
(clone L5 from Biolegend), or an isotype control PE-P3 mAb diluted in permeabilization
buffer. Flow cytometry analysis was done using the Becton Dickinson LSR II at flow
cytometry facility of University of lowa College of Medicine. Live cells were distinguished
from dead cells using the LIVE/DEAD Fixable Dead Cell Stain kit (Invitrogen), and the data
were plotted using FlowJo (Ashland, OR). Note that only the exogenous BTN3AL proteins
had FLAG tags on their C terminus.

T cell proliferation and cytokine secretion assays

The Vy2V82 CD8aa* 12G12 T cell clone was maintained by periodic restimulation with
PHA. T cell-proliferation assays were performed as described previously (30). Assays for
prenyl pyrophosphate (HMBPP) and PHA stimulation were done in singlet or duplicate
using round-bottom 96-well plates using 0.5-1.0 x 105 12G12 T cells per well with 1.0 x
10° mitomycin C-treated HeLa APCs per well. Stimulating compounds were tested at one-
half log dilutions, as indicated in the figure legends. Because there were differences in the
maximal proliferation of Vy2V&2 T cells stimulated by different HeLa transfectants, the
data were normalized by setting the plateau proliferation values for HMBPP as 100% or, in
cases where HMBPP proliferation did not reach plateau levels, using the HMBPP plateau
values for control siRNA treated cells. To assess TNF-a. responses, culture supernatants
were harvested after 16 h and assayed for TNF-a levels by DuoSet sandwich ELISA (R&D
Systems, Minneapolis, MN).

Human BTN3A1 structures and a. helix, coiled-coil, and transmembrane predictions

BTNB3AL structures presented in this article were the BTN3A1 extracellular domains
(Protein Data Bank [PDB] 4F80) (31), the BTN3A1 B30.2 domain with (PDB 4N7U) and
without (PDB 4N7I) (£)-1-hydroxy-2-methyl-pent-2-enyl pyrophosphonate (HMBCcPP) (34),
the BTN3A1 B30.2 dimer (PDB 4V1P) (36), and the alternate BTN3A1 B30.2 dimer (PDB
5HM7). Residue numbering starts with residue 31, as used by Sandstrom (34) except when
the full-length sequence including the signal peptide is being analyzed. To directly compare
with other BTN3AL extracellular domain structures, subtract one from the numbering used
by Palakodeti (31), subtract three from the numbering used by Vavassori (32), or add 30 for
the full length sequence.

Coiled-coil predictions were made using the MARCOIL v1.0 program (54) (http://bcf.isb-
sib.ch/webmarcoil/webmarcoilC1.html) with the 9FAM coiled-coil emission matrix and the
H HMM transition matrix settings by inputting the entire coding sequence of the longest
isoform of the various BTN/BTNL family members. For BTN3 proteins, residues
constituting the heptad register with the highest probability of forming a coiled coil were
identified and plotted. The coiled-coil dimer of BTN3A1 is predicted to be from residue 242
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to 282 (coiled-coil structure p>18%). Note that two heptad registers are predicted for alpaca
(Vicugna vicugna) BTN3A3 with one starting with Q243 as a “d” residue with ~40%
probability and the second starting with L242 as an “a” residue with ~58% probability. The
Q243 heptad register is shown in the figures as it corresponds to the heptad register used by
human BTN3A2/BTN3A3 and by bottlenose dolphin ( 7ursiops truncatus) BTN3A3.
Summed coiled-coil probabilities (in which the probabilities for each of the possible
registers for heptad repeats are added together) are also shown for BTN3 proteins and other
BTN and BTNL molecules. Coiled-coil predictions for BTN3 proteins were also made using
CCHMM (http://gpcr.biocomp.unibo.it/cgi/predictors/cc/pred_cchmm.cgi) (55),
CCHMM_PROF (http://gpcr.biocomp.unibo.it/cgi/predictors/cchmmprof/
pred_cchmmprof.cgi) (56), and MultiCoil2 (http://cb.csail.mit.edu/ch/multicoil2/cgi-bin/
multicoil2.cgi) (57) programs as well as one variant of the COILS program (COILS v2.1
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_lupas.html). Transmembrane
predictions were made using the TMHMM v2.0 program (http://www.chs.dtu.dk/services/
TMHMMY/). a helix predictions were made using the JPred4 program (http://
www.compbio.dundee.ac.uk/jpred4/index.html) (58).

Models of the predicted coiled-coil dimer were made using the CCBuilder2 program (59)
(http://coiledcoils.chm.bris.ac.uk/cchbuilder2/builder). Models were made using standard
settings assuming a parallel homodimeric structure using residues 243-282 (273-312 for full
length) for human BTN3A1, BTN3A2, and BTN3A3 and alpaca and dolphin BTN3AS.
BTN3AL was modeled with residue 243 at the “c” position of the heptad repeat whereas all
other BTN3 proteins were modeled with residue 243 at the “d” position. A second model of
BTN3AL termed “BTN3AL-Alternative Register” was also modeled with residue 243 at the
“d” position. Models of human BTN3 proteins were further refined using the “Optimize”
function of the CCBuilder2 website.

Homology modeling of BTN and BTNL B30.2 homodimers was done using MODELLER
(PyMOD plugin version 2.0) (60, 61) and PyMOL X11 version 1.8.6.2. B30.2 dimer models
were based on the BTN3A1 B30.2 structure (PDB 4V1P) and the modeled B30.2 sequences
aligned using ClustalW with optimization level set to high and additional energy
minimization selected.

The BTN3AL structural model is composed of the crystal structure of the BTN3A1
extracellular homodimer (PDB 4F80) and a model of the region encoded from the
extracellular domains through the juxtamembrane domain (exons 4-5) as a coiled-coil dimer
using CCBuilder2, and the a helix region (exon 5-7) from the BTN3A1 B30.2 structure
(PDB 5HMY7). The extended model uses the BTN3A1 B30.2 dimer with the higher
resolution 4N71 B30.2 monomer aligned to the 4V1P B30.2 dimer. The compact model uses
the alternative BTN3A1 B30.2 structure (PDB 5HM7) where dimerization is not through the
dimerization exon and where the a helix region (exon 5-7) is aligned with the end of the
coiled-coil model. Note that this results in steric clash such that this structure would require
a less acute angle at the B30.2 domain.

All figures were produced using PyMOL X11 version 1.8.6.2 (Schrédinger, LLC, New York
City, NY). The BTN3A1 domains are identically scaled using a PyMOL script. Electrostatic
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surface potential was calculated by the APBS 2.1 PyMOL plugin (62) with PyMOL-
generated PQR files, hydrogens, and termini for the extracellular domains and with either
internally generated PQR files or, if required, externally generated PQR files from the
PDB2PQR website (http://nbcr-222.ucsd.edu/pdb2pqr_1.8/) using the PARSE forcefield for
the B30.2 domain, and PyMOL generated PQR files, hydrogens, and termini for coiled-coil
dimers. Surface potentials are colored from red (negative potential, —10 kT) to blue (positive
potential, +10 KT).

Alignments were done by the Clustal W method in MegAlign v15.0.0 (Lasergene, DNAStar,
Madison, WI). Exon boundaries for BTN and BTNL proteins were from the Consensus CDS
database at the National Center for Biotechnology Information website when available, or
determined from genomic and mRNA sequence data. Sequences for the coiled-coil exon and
the dimerization exon are from the frog (Xenopus tropicalis) BTN1A1-homolog,
XP_012823386.1, and from the red jungle fowl (chicken; Gallus gallus) BTN1A1-homolog
(also termed Tvc), NP_001029989.

Molecular dynamics simulations of BTN3A1 B30.2 dimers

Results

To assess the effects of mutations in the dimerization domain of BTN3AL, models of 14
mutant BTN3A1 B30.2 homodimers were made using the crystal structure of human
BTN3AL B30.2 dimers, residues 295-513 (PDB 4V1P) (36). Mutants were modeled by
reconstructing side chains of mutated residues using MODELLER version 2.1 (60, 61). All
models were constructed as dimers. The AMBER99SB-ILDN (63-65) force field was used
to construct the model. Models were then solvated in 150 mmol L1 NaCl solution, with a
solvation thickness of 15 A. Each model comprised ~134,000 atoms. For each mutant (or
wild-type protein), four independent equilibration and simulation runs were performed. The
model was first equilibrated with a 1-ns NPT run with all heavy atoms restrained to the
initial structure. The harmonic restraint potentials were used with the spring constants of
2.39 kcal mol™ A=2 (1.0 x 103 kJ mol~1 nm2). Then, molecular dynamics simulations with
NPT conditions (300 Kelvin, 1.013 bar) were assessed for an 80-ns period without the
restraint potential. Two sets of four replicate simulations were performed for each starting
structure with different initial velocities at the beginning of the equilibration. The averages
and standard deviations of the root-mean-square (RMS) deviation were calculated using the
4V1P structure as a reference either for all the Ca atoms in the structure or for the Ca atoms
of the helices of the B30.2 dimer. Although higher values were noted for the RMS deviation
for all of the Ca atoms, the RMS deviation for the Ca. atoms of the helices correlated better
with the reported biological activity of mutant BTN3A1 proteins. Therefore, the RMS
deviations for the Ca. atoms of the helices of the B30.2 dimer are shown in the figures.

Juxtamembrane segments of BTN3 proteins are predicted to assume a helices that
interact to form coiled-coil dimers

Although the juxtamembrane segment of BTN3A1 plays a vital role in its function in
activating V-y2Vv62 T cells, the molecular basis for this role is unclear. We therefore sought
to predict its structure. When the sequence of the BTN3A1 juxtamembrane region is
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evaluated by the JPred4 program, this region is predicted to assume an a helix secondary
structure starting immediately after the transmembrane segment and extending to glycine
293 and then resuming at aspartic acid 301 and ending four amino acids before the B30.2
domain at leucine 306. The a helix prediction is consistent with a recent crystal structure
encompassing part of the juxtamembrane region with the B30.2 domain from BTN3AL. In
the SHM?7 structure, the juxtamembrane region assumes an a helix with a gap/bend (66).
However, the a helix gap is shorter than predicted spanning only arginine 292 to aspartic
acid 294. This gap in the a helix is predicted for all BTN3 proteins with the conservation of
arginine 292 to aspartic acid 294 in five out of six proteins. Thus, the BTN3A1
juxtamembrane region is predicted to assume an a helix starting at the transmembrane and
extending to the B30.2 domain with crystal evidence for the distal portion of this a helix and
for the gap between residues 292 to 294. BTN3A3 and BTN3A2 are also predicted to
assume a helices starting immediately after their transmembrane segments as are BTN3A3
homologs from alpacas ( Vicugna pacos) and bottlenose dolphins ( 7ursiops truncatus) (as
indicated by the red lines under the BTN3 sequences in Fig. 1A). As reported by the
Herrmann laboratory, alpacas and dolphins have single functional BTN3A3 homologs in
their genomes along with V-2 and V62 V genes that would allow their y& T cells to
respond to isoprenoid metabolites sensed by their BTN3A3 homologs (67, 68).

The extracellular domains of BTN3A1 form a “V” shaped dimer through 1gC-IgC
interactions (31, 66) suggesting that the intracellular domains might also dimerize. As
discussed above, a helices can interact to form coiled-coil dimers where amino acid side
chains protrude into an adjacent a helix to stabilize the structure. The interacting amino
acids are regularly spaced and constitute the “a” and “d” positions in a heptad motif. To
determine if coiled-coil segments are predicted for BTN3AL, its sequence was evaluated by
five programs that predict coiled-coil structures: MARCOIL (54), Multicoil2 (57), CCHMM
(55), CCHMM_PROF (56), and COILS v2.1 (44). All five programs predict the presence of
coiled-coil dimers in the juxtamembrane segment of BTN3AL and the other BTN3 proteins
(Fig. 1B and Supplemental Fig. 1). The MARCOIL program predicts a coiled-coil dimer
starting at the cell membrane and extending to leucine 282 for BTN3AL (Fig. 1B, left
panel). Similar coiled-coil dimers are predicted for human BTN3A2 and BTN3A3 (Fig. 1B,
middle and right panels). BTN3A3 homologs from alpacas and dolphins are also predicted
to have coiled-coil dimers with the coiled-coil dimer of the dolphin BTN3A3 homolog
predicted with very high confidence (>97% probability) in a single heptad register. The
register of the heptad repeats for human BTN3A2 and BTN3A3 is identical to that used by
alpaca and dolphin BTN3A3-homologs but differs from that predicted for BTN3A1 (Fig.
1A, residues shaded green are predicted to be “a” or “d” anchor residues). This is consistent
with the fact that the human BTN3A3 juxtamembrane region shares 66.7% homology with
the BTN3A2h juxtamembrane region whereas BTN3ALh shares only 34.9% (BTN3A2h)
and 55.1% (BTN3A3h) homology. The Multicoil2 program similarly predicts coiled-coil
dimers in a single heptad register, with BTN3A1h, BTN3A2h, BTN3A3a, and BTN3A3d
proteins each predicted to contain a coiled-coil dimer with probabilities between 80 and
100% (Supplemental Fig. 1B). However, the predicted register for the heptad repeats for
human BTN3A1 corresponds to that noted by the MARCOIL and Multicoil2 programs for
the other BTN3 proteins.
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The MARCOIL program predicts coiled-coil dimers of similar length for all of the BTN3
proteins. However, the lengths predicted by other programs vary (Supplemental Fig. 1A
shows the predicted location of the coiled-coil dimers by the different programs). The
coiled-coil dimers were all predicted to start slightly after the transmembrane segment and to
generally end between residues 312 and 320. However, the CCHMM, CCHMM_PROF, and
Multicoil2 programs generally predicted longer coiled-coil-dimers particularly if the full-
length sequences were analyzed by the CCHMM and CCHMM_PROF programs.

Models of the coiled-coil dimers based on the MARCOIL predictions (Fig. 1C) show that
they differ in their surface potential with the membrane proximal regions of BTN3A1l
predicted to be basic whereas the other coiled-coil dimers are less so. Thus, the
juxtamembrane regions of BTN3 proteins from humans and other mammals are predicted to
assume a helices that interact to form parallel coiled-coil dimers of similar length that start
at the cell membrane and end 15-30 aa prior to the B30.2 domain.

Mutation of anchor residues in the predicted coiled-coil dimer of BTN3A1 reduces or
abrogates prenyl pyrophosphate stimulation of Vy2V82 T cells

The stability of coiled-coil dimers is dependent on the side chains of amino acids at the “a”
and “d” positions in the heptad repeat and the presence of polar or charged residues at the
other positions. The side chains (knobs) of “a” and “d” amino acids on one helix pack into a
space (hole) surrounded by 4-aa side chains of the facing helix. Glycines lack side chains
and destabilize coiled-coil dimers especially if substituted for amino acids at the “a” or “d”
positions in the heptad motif. Moreover, although the yeast GCN4 leucine zipper
transcription factor tolerates single amino acid substitutions at “a” and “d” amino acids,
tandem mutations of “a” amino acids generally abolished activity (69). Thus, to assess the
importance of the predicted coiled-coil dimers of BTN3AL, adjacent “a” and “d” anchor
residues were mutated to glycine at five positions that were proximal, medial, or distal to the
transmembrane segment (Fig. 2A). The effect of these mutations was then assessed by
transfection of mutant or wild-type BTN3AL1 cDNA into HelL a cells treated with sSiRNA
specific for endogenous BTN3A1 as done previously (30, 37). Transfected HeLa cells were
then analyzed by flow cytometry for their surface and intracellular expression of BTN3A1
and for their ability to stimulate V-y2V82 T cells to proliferate and release TNF-a in
response to HMBPP or the PHA mitogen.

Transfection of BTN3AL cDNAs with glycine substitutions increased intracellular BTN3A1
levels compared with wild-type BTN3A1 cDNA. When assessed by anti-FLAG mAb, wild-
type BTN3AL was expressed at a mean fluorescence intensity (MFI) of 455 whereas the five
glycine mutants were expressed at MFIs between 810 and 1278 (Fig. 2B, third panels from
left). There were corresponding minor decreases in the surface expression of BTN3 (all <2-
fold) with an MFI of 1159 for wild-type BTN3A1 versus 610-1117 for the glycine mutants)
(Fig. 2B, left panels). The results suggest that there may be increased intracellular retention
of the mutant BTN3A1 proteins, perhaps due to decreased dimerization, misfolding, or
reduced association with BTN3A2 or BTN3A3 proteins (40). However, the magnitude of the
retention varied between experiments and thus additional studies will be needed to confirm
this finding.

J Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 11

Glycine mutations in BTN3A1 decreased or abrogated the stimulation of proliferation and
TNF-a release by Vy2V82 T cells in response to HMBPP. Mutation of anchor residues to
glycine in the middle of the coiled-coil dimer (E262G W265G and W265G K269G)
abrogated stimulation of Vy2V82 T cells by HMBPP with both proliferation and TNF-a
release at baseline levels (ECsq increased by >50-fold) but had no effect on stimulation by
the PHA mitogen (Fig. 2B, right four panels). Mutations of anchor residues close to or
distant from the membrane also decreased the potency of HMBPP stimulation by 6-fold for
the membrane proximal mutations (ECgq = 1.2 nM for K248G F251G) whereas distal
mutations decreased by 12.5-fold (ECgq = 2.5 nM) for Q272G V276G and 5-fold (ECsg =
1.0 nM) for V276G L279G. The potency of HMBPP stimulation for TNF-a secretion was
reduced by similar levels for the five mutant proteins (Fig. 2B, right panels).

The effect of mutations in the BTN3AL juxtamembrane region on the stimulation of
Vy2V62 T cells has been also extensively studied by the Scotet laboratory with 62
mutations located at fourteen sites (38). For most of their mutant BTN3AL1 proteins, five
contiguous residues at a site were replaced with AAGAA. Five of their mutant BTN3A1
proteins had alanine mutations in the same residues where glycine mutations were made in
this study (Fig. 3A). For example, the mut05 BTN3A1 protein had alanine mutations at the
predicted anchor residues, aspartic acid 262 and tryptophan 265, instead of the glycine
mutations made in this study.

Although glycines may destabilize a helices because of their lack of side chains and high
conformational flexibility, this is dependent on their relative position in the helix and on the
surrounding amino acids (70, 71). The BTN3A1 mutations reported in this study and in the
Scotet study did not alter the prediction that the juxtamembrane region assumes an a helix
(represented by the red line under the sequences in Fig. 3A). However, differences were
noted in coiled-coil dimer predictions. Unlike unmutated BTN3AL, BTN3AL proteins with
glycine mutations at anchor residues were not predicted to have a coiled-coil dimer (Fig.
3B), In contrast, four out of five BTN3AL mutant proteins from the Scotet study, were still
predicted to assume a coiled-coil dimer. This is consistent with studies on other proteins
with a coiled-coil dimer where substitution of alanine (with its short hydrophobic side chain)
at anchor residues only moderately affects coiled-coil stability whereas glycine substitutions
have severe effects (42, 43, 51). Importantly, the corresponding alanine mutations at anchor
residues in BTN3AL did not significantly affect stimulation of Vy2V82 T cells by the
aminobisphosphonate, zoledronic acid (which is functionally equivalent to using HMBPP)
(mutant protein activities summarized in Fig. 3C). In fact, none of the BTN3AL proteins
with mutations in the proximal juxtamembrane region exhibited significant decreases in their
ability to stimulate Vy2V82 T cells despite mutating 51 residues at twelve sites (38). Taken
together, these findings suggest that the juxtamembrane regions of BTN3AL assume a
helices that interact to form a critical parallel coiled-coil dimer with a gap in the a helices
near the B30.2 domain.
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Coiled-coil dimerization interface of BTN3A1 B30.2 domains is critical for the sensing of
prenyl pyrophosphates

The distal a-helical segment of the juxtamembrane region of BTN3A1 (Fig. 1A) forms a
second short coiled-coil dimer that dimerizes the B30.2 domains of BTN3A1 in crystal
structures (34, 36). Close up views show the positioning of tryptophan 302 (“d” residue) at
the center of the B30.2 dimer interface (Fig. 4). The importance of this region of BTN3A1 in
the sensing of prenyl pyrophosphates is supported by the fact that mutations in this region
abrogate stimulation of V-y2V62 T cells by zoledronic acid (38, 40). One mutant (mut13)
overlaps the area where the tryptophan at residue 302 lies and a second (mutl14) mutates
residues in the distal portion of the dimer interface (detailed in Fig. 5A). Models of the
interface for the two mutant BTN3A1 proteins as well as other potential mutant proteins are
shown in Fig. 5B.

To assess the effect of these and other amino acid substitutions in the coiled-coil dimer
interface region, molecular dynamics simulations of BTN3AL dimer stability were
performed and the RMS deviation was measured relative to the 4V1P B30.2 wild-type or
mutant dimer starting structure either for all the Ca atoms or for the Ca atoms of the helices
of the B30.2 dimer. An earlier study reported that the 4N71 BTN3A1 B30.2 dimer (residues
298-483) quickly dissociates (~100 ns) (66). To determine the stability of the longer 4V1P
BTN3AL B30.2 dimer (residues 295-483) used in this study, molecular dynamics
simulations were performed until an accumulated trajectory time of 400 ns was reached.
This was repeated 4 times. The 4V1P BTN3A1 B30.2 dimer was stable in all the replicates
and showed no evidence for dissociation (data not shown). In contrast, molecular dynamics
simulations performed using a truncated B30.2 dimer (residues 298-483) corresponding to
that used by Gu et al. (66), but based on the 4V1P structure, destabilized over ~80 ns with
each of the 4 replicates showing pronounced RMS deviations (data not shown).

Given the stability of the wild-type B30.2 dimer, the stability of B30.2 dimers with
mutations in the dimerization region were next assessed using models based on the 4V1P
structure and measuring the RMS deviation relative to the 4V1P B30.2 wild-type or mutant
dimer starting structure for the Ca atoms of the helices of the B30.2 dimer. B30.2 dimers
with mutation of tryptophan 302 to glycine showed poor stability of the dimer interface over
an 80-ns simulation (Fig. 6A). In contrast, B30.2 dimers with single glycine mutations in
residues 301, 303, 304, 307, 308, 309, and 310 were stable, consistent with a critical role for
tryptophan 302 in determining dimer stability. Molecular dynamics simulations of dual
glycine mutants underscore the importance of tryptophan 302 because only mutant B30.2
dimers with a tryptophan 302 to glycine mutation were unstable (Fig. 6B). B30.2 dimers
with mutations to other aromatic amino acids (Y299W W302Y) or to glycines at leucine 306
and phenylalanine 307 were stable. Finally, the mut13 BTN3A1 B30.2 dimer, where
tryptophan 302 is mutated to alanine and other adjacent residues to either alanine or glycine,
was also unstable (Fig. 6C). Although mut14 was not as destabilizing as mut13, this
mutation did destabilize the dimer to a moderate degree and also introduced an alanine at
proline 309. Proline residues introduce kinks in a helices, so this mutation likely alters the
orientation of the helix to the B30.2 domain. Both mut13 and mut14 mutations completely
abrogate zoledronic acid stimulation of Vy2V&2 T cells (38). Qualitatively similar results
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were noted in a second series of molecular dynamics simulations (4 replicates each, 80 ns)
in which the RMS deviation for all the Ca atoms was measured relative to the 4V1P B30.2
wild-type or mutant dimer starting structure (data not shown). Therefore, molecular
dynamics simulations of mutant BTN3A1 proteins point to a critical role for tryptophan 302
in stabilizing the B30.2 dimer. Moreover, mutation of the residues surrounding the
tryptophan (changing Glu-Trp-Lys to Asp-Trp-Arg) did not affect stimulation whereas loss
of the tryptophan (changing Glu-Trp-Lys to Asn-Lys-Ser) abolished stimulation (40). The
loss of BTN3AL function with mutation of tryptophan 302 and adjacent residues suggests
that dimerization of B30.2 domains is required for the function of BTN3A1.

Juxtamembrane regions of human and murine BTN and BTNL family proteins have
conserved exons for coiled coil and B30.2 dimerization and are predicted to assume a
helices that, for longer regions, may associate to form parallel coiled-coil dimers

BTN and BTNL proteins are evolutionarily conserved and can be found in fish, amphibians,
reptiles, birds, and mammals. To determine if the juxtamembrane regions of other human
and mouse BTN and BTNL proteins show similarities to BTN3 proteins, their
juxtamembrane sequences were analyzed along with the BTN3A3 homologs from alpacas
and dolphins (Fig. 7). The transmembrane regions were predicted for each protein and
varied in length from 20 to 28 aa in length (shaded blue in Fig. 7A). The juxtamembrane
regions are encoded on between one and seven exons, with those with B30.2 domains having
between three and seven exons, except for BTNL10m that has one exon (exon boundaries
are delineated by amino acids in red, Fig. 7A). Like BTN3 proteins, all BTN and BTNL
proteins with B30.2 domains (except for BTNL10m) were predicted to have juxtamembrane
regions that assume a helices (predicted a-helical regions are underlined with red lines, Fig.
7A). The juxtamembrane regions of human and murine BTN and BTNL proteins have zero
(six proteins), one (seven proteins), or two (four proteins) predicted gaps in their a helices
that could allow for bending of the helix. There is only one BTN/BTNL protein, BTN1A1h,
with a proline residue in its juxtamembrane region, although the gap in its a helices does not
include the proline residue.

One juxtamembrane exon is conserved between most BTN and BTNL proteins, whether or
not they contain B30.2 domains, including those from birds (chickens [ Gallus gallus]) and
amphibians (frogs [ Xenopus tropicalis]) (Fig. 7B). Only BTNL2 proteins that have minimal
juxtamembrane segments with no B30.2 domains and the BTNL10 proteins (which may be a
pseudogene in humans and may not be expressed in mice) lack this exon. The exon has
seven residues (nine if boundary residues are included) with the leucines at positions 2 and 6
being highly conserved. BTN1A1 and MOG proteins have conservative replacements at
position 2, and only BTNL4m has a basic residue at position 6. There is also a leucine or a
glutamine at position 3 for 14 out of 19 proteins. The spacing of the leucine/glutamine
residues allows them to potentially function as “d” (position 2) and “a” (position 6) or as “a”
(position 3) and “d” (position 6) anchor residues for a coiled-coil dimer (Fig. 7B). This
could allow the dimerization of this region.

The exon encoding the B30.2 dimerization domain of BTN3AL is also conserved in all
BTN/BTNL proteins with B30.2 domains (except for BTNL10m) (Fig. 7C). A tryptophan at
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position 1 is conserved for all BTN/BTNL proteins, except for BTN1A1m. This is the
residue that is predicted to be critically important in maintaining B30.2 dimerization in
BTN3AL in our molecular dynamics simulations (Fig. 6). A basic arginine or lysine residue
at position 2 is also present in all of the BTN/BTNL proteins with B30.2 domains.
Underscoring its importance, mutations in this region of BTN3A1 abrogate sensing of
prenyl pyrophosphate (38). Moreover, frogs (class Amphibia) and chickens (class Aves) also
conserve this region as a separate exon with similar sequences. The high conservation of this
region in human and murine BTN/BTNL proteins (mammalian) as well as in amphibian and
avian BTN proteins with B30.2 domains suggests that dimerization of B30.2 domains may
occur in other BTN/BTNL proteins besides BTN3AL and have similar important roles.

Given the conservation of the dimerization exons prior to B30.2 domains, models of B30.2
dimers for human and murine BTN and BTNL proteins were made based on the structure of
the BTN3A1 B30.2 dimer (PDB 4V1P) (Fig. 8). Although the positioning of the binding
sites is predicted to be similar to that of BTN3AL (Fig. 8, left and middle panels for side
views and top views), the conformation and surface potential of the biding sites can be very
different, with surface potentials ranging from acidic to basic and from pockets (BTN3Alh
and BTN3A3h) to more elongated sites (BTNL9h and BTNL9m) (Fig. 8, right panels).
However, the characteristics of the binding sites are conserved between human and mouse
orthologous proteins, such as BTNL9 and ERMAP.

The parallels between BTN3A1 proteins and other BTN and BTNL proteins suggest that
other BTN/BTNL proteins might also be predicted to form coiled-coil dimers. When
analyzed by the MARCOIL program, BTN2A1h, BTN2A2h/m, BTNL9h/m, and
ERMAPHh/m were all predicted to have coiled-coil dimers. Proteins such as ERMAPh/m and
BTNLSh have a single predicted heptad register of >95% probability (Fig. 9). In contrast,
proteins with short juxtamembrane regions, such as BTNL3h, BTNL8h, and BTN1Alh/m
(juxtamembrane regions of 29, 30, and 34/34 residues, respectively), were predicted to
assume a helices but not coiled-coil dimers (Figs. 7, 9 and Table I). However, there were
also several BTNL proteins with long juxtamembrane domains without predicted coiled-coil
dimers (BTNL1m [69 aa], BTNL4m [70 aa], and BTNL6m [68 aa]), suggesting that length
was only one determinant of the presence of coiled-coil dimers (Table I) or that they might
form heterodimers that cannot be predicted with present programs. Thus, the juxtamembrane
regions of other BTN/BTNL proteins that have B30.2 domains show similarities to BTN3A1
in that most assume a helices with many longer regions predicted to form coiled-coil
structures. They share an exon that could allow for dimerization of the intervening region
and another exon for dimerization of the B30.2 domain. Our results suggest that an
intracellular coiled-coil dimer stalk might serve to connect the extracellular domains of
BTN3AL to a B30.2 dimer (Fig. 10A, extended model). It is possible that the B30.2 domains
alter their position relative to the coiled-coil stalk upon binding prenyl pyrophosphates (Fig.
10A, compact model). Based on the proposed structures, various models can be proposed for
the molecular basis for BTN3AL stimulation of Vy2V62 T cells (Fig. 10B).
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Discussion

The intracellular juxtamembrane region of BTN3AL is essential for its function, but the role
it plays is unclear. In this study, we find that the juxtamembrane region is predicted to form
an a helix that starts at the cell membrane and extends to the B30.2 domain, with one gap at
residues 291-293. The presence of the a helix and the gap is confirmed by a crystal
structure of the B30.2 domain (PDB 5HM?7) that includes this gap and the distal portion of
the a helix (66). Most of the a helix is predicted to homodimerize to form a parallel coiled-
coil dimer that extends from the membrane to residue 281. Consistent with this prediction,
glycine mutation of adjacent anchor residues in the coiled-coil dimer (that are essential for
stabilizing the coiled-coil structure) either partially or completely abrogated the ability of
BTN3AL to support HMBPP-stimulation of V-y2V82 T cells. Although mutant BTN3A1
proteins were present on the cell surface at near-normal levels, there were higher
intracellular levels, suggesting reduced transport to the surface, possibly due to disruption of
protein interactions or protein misfolding.

A second short coiled-coil/dimerization region is found immediately before the B30.2
domains in BTN3A1 B30.2 dimers (34, 36). On molecular dynamics simulations, mutation
of the tryptophan residue at position 302 to glycine either alone or in combination with other
mutations destabilizes this dimer. Consistent with the simulation results, mutation of this
residue and others in its immediate vicinity abrogates stimulation of Vy2V82 T cells (38).
Moreover, this tryptophan residue is encoded on a short exon that is conserved in almost all
BTN and BTNL proteins with B30.2 domains in mammals (humans and mice) as well as in
chickens and frogs. These findings suggest that the B30.2 dimer structure is conserved for
other human BTN and BTNL proteins as well as between species. A second conserved exon
is predicted to be part of the coiled-coil dimers that are predicted in many but not all BTN
and BTNL proteins. The conservation of these exons and predicted coiled-coil dimers
suggests that the juxtamembrane regions have similar but not identical structure for many
BTN and BTNL proteins with B30.2 domains.

The molecular dynamics simulation results reported in this study differ from those of the
Adams laboratory, who reported that the BTN3A1 B30.2 dimer quickly dissociates (~100
ns) in molecular dynamic simulations with the CHARMM force field (66). In contrast, we
observed no destabilization of the B30.2 dimer in four simulations of 400 ns (data not
shown). A possible reason for this difference is that the Adams laboratory used a shorter
B30.2 dimer (PDB 4N71) starting from residue 298, whereas we used a longer B30.2 dimer
(PDB 4V1P) starting from residue 295. In our simulations, we observed that hydrogen bonds
formed between 451N:2960 and 298N:4490. The deletion of residues 295-297 and the
capping of N termini by NH3* groups, as in the 4N71 dimer, results in the loss of these
hydrogen bonds that likely explains the differences in stability. To confirm this, we
performed simulations with a B30.2 dimer based on 4V1P in which residues 295-297 were
deleted. Deletion of residues 295-297 tended to destabilize the B30.2 dimer in 80-ns
simulations. Thus, in addition to exon 8 (spanning residues 301-310 of BTN3A1) that is
conserved between BTN and BTNL proteins, additional residues from exon 7 (spanning
residues 292—-300) are required for efficient stabilization of the BTN3A1 B30.2 dimers.
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Coiled-coil dimers in the juxtamembrane segment of BTN3A1 and the other BTN3 proteins
are predicted by several programs. All of these programs are based on analyzing the
sequences of proteins with and without coiled-coil domains identified in crystal structures
(the learning set) to obtain amino acid probability distributions for each of the heptad
positions of coiled-coil segments. Then algorithms are used to predict the presence of
coiled-coil regions from the amino acid sequence of a protein. Coiled-coil prediction
programs were recently tested with 1042 proteins with 2176 coiled-coil domains and 601
proteins without coiled-coil domains, as determined from their crystal structures (72). The
most-accurate programs all use some form of hidden Markov model. The CCHMM_PROF
program made 219 true predictions had no false-positive predictions for 100% precision (the
CCHMM program was not tested). Multicoil2 is also very precise (precision was 99%)
while MARCOIL-H is slightly less precise (precision was 95%). Thus, although many
proteins with coiled-coil domains are not identified, when coiled-coil domains are predicted,
these programs are correct with few or no false predictions. The study found that the
CHHMM_PROF and the Multicoil2 programs were the most accurate for the detection of
coiled-coil domains of both short and long lengths (72). In an earlier comparison,
MARCOIL was felt to be superior to the COILS, PCOILS, PairCoil2, and MultiCoil
programs and was especially good for proteins with short coiled-coil domains (73), like
those predicted for BTN proteins. In light of these results, the fact that all of the programs
predict coiled-coil dimers in the juxtamembrane region of BTN3 including human BTN3A1
and BTN3A3 proteins strongly supports their presence.

The existence of coiled-coil dimers in human BTN3 proteins is also supported by the fact
that the alpaca and dolphin BTN3A3 proteins are highly homologous with human BTN3AL,
sharing 71.0% and 71.4% sequence identity, respectively (Supplemental Figs. 2-4). In
studies in which the structures of related proteins were compared, proteins sharing >50%
sequence identity and without major insertions or deletions have common core structures
that differ little from each other (<1 A RMS deviation) (74). However, if the homology
drops to <20%, then there can be large structural differences. Given the high homology of
the BTN3 proteins (even the coiled-coil regions of BTN3AL are 36.6% homologous to
alpaca and dolphin), it is likely that human BTN3 proteins share key structural elements,
including the coiled-coil dimers predicted with high certainty by all of the prediction
programs for BTN3A3a and BTN3A3d.

We found that glycine mutations in anchor residues in the predicted coiled-coil dimer of
BTN3AL1 either diminished or nearly abolished stimulation of Vy2V62 T cells by prenyl
pyrophosphates. In contrast, the Scotet laboratory reported that alanine mutations of many of
the same residues did not significantly decrease zoledronic acid stimulation of Vy2V62 T
cells (38). The difference in BTN3A1 function observed between glycine mutants and
alanine mutants could be either because of their effects on coiled-coil stability or because
they introduce gaps or kinks in the a helices that are required for coiled-coil structures.
Glycines lack side chains that help stabilize both coiled-coil dimers and a helices. For
coiled-coil structures, the lack of a side chain does not allow for the knob-in-hole interaction
between the a helices to form the coiled-coil structure (41, 46, 75). Consistent with this fact,
glycine mutations at anchor residues diminish coiled-coil structure probability much more
than alanine mutations, such that the MARCOIL program no longer predict coiled coils in

J Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 17

BTN3AL proteins with two glycine mutations, while still predicting these structures in most
BTN3AL proteins with alanine mutations (Fig. 3B).

Similar mutations have been used to study the role of the coiled-coil domain of myotonic
dystrophy protein kinase (51). Glycine mutations in three anchor residues of the coiled-coil
region of this protein impair its ability to homo- and heteromultimerize. The glycine
mutations also partially diminish the activity of its kinase domain and abolish its localization
to mitochondria (51). Their results and ours are consistent with a study that found that
glycine mutation at a “d” anchor residue in the center of a typical coiled-coil segment results
in the lowest coiled-coil stability out of the 19 aa (43) and the 16th-lowest stability out of 18
aa at an “a” residue (42). Moreover, glycines are rarely present at the “a” and “d” positions
in coiled-coil dimers (42, 43).

In contrast to their effects on coiled-coil predictions, glycine mutations did not affect the
predictions for a helices in the juxtamembrane region of BTN3AL (Fig. 3B). Glycines
confer less stability to a helices because their lack of side chains gives them high
conformational flexibility, making them entropically expensive to adopt constrained a.-
helical structures (71, 76). However, the magnitude of this effect depends upon their
position, as they are less destabilizing at the ends of coiled-coil domains (70, 77, 78), and
lone glycine residues by themselves do not cause bends or gaps in a helices (79). Instead,
glycines tend to be located at the hinge points of bends that are initiated by other upstream
and downstream residues (79). Proline residues are the most common cause of bends in a
helices (79). Consistent with straight a helices, the only prolines in the juxtamembrane
regions of human and mouse BTN and BTNL proteins are one in BTN1A1h (with its very
short juxtamembrane region) and one in the B30.2 dimerization domains of BTNL4m (Fig.
7A). There are prolines in BTN3Alh and BTN3A3h, but they are at the start of the B30.2
domain. Bends in a helices are also caused by upstream and downstream oppositely charged
amino acids, serines/threonines, or aromatic amino acid motifs separated by 2-3 aa (79) and
these are present at the few predicted gaps in the a helices of the juxtamembrane region of
BTN and BTNL proteins (Fig. 7A). However, none of these motifs are present in the
juxtamembrane region of BTN3A1, and the dual glycine mutations made do not create any
new bend motifs because three glycines are required to create GXXGxxXG and GxxxGxxG
bend motifs (79, 80). Therefore, based on our present understanding of the effects of glycine
as detailed above, we interpret the loss of function by the glycine mutations to be due to
their disruption of the coiled-coil structure rather than the a helices of BTN3AL.

Attempts to determine the structure of the juxtamembrane region by small-angle x-ray
scattering found evidence for a relatively globular structure with nuclear magnetic resonance
analysis predicting only a short a helix at the C-terminus (39). This study used the entire
juxtamembrane region (68 aa) that had poor solubility rather than the predicted coiled-coil
segment (N-terminal 40 aa) of human BTN3A1 molecule that might form a more-stable
structure. Also, the transmembrane segment is omitted that might serve to help stabilize the
membrane-proximal portion of the coiled-coil dimer. The crystal structure of the B30.2
domain and juxtamembrane region reveal that at least the C-terminal 34 aa residues of the
region assume an a helix with a single gap (66), consistent with the prediction of the JPred4
program. It remains possible that a portion of the juxtamembrane coiled-coil dimer is
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actually disordered, which would allow the region to assume a more-globular shape or to
fold/bend more acutely than allowed by a relatively rigid coiled-coil dimer. Also, the coiled-
coil dimer of dolphin BTN3AS3 is predicted with high confidence (Fig. 1B) and therefore
might be more stable and more amendable to structural analysis.

The high confidence prediction (>97% in one heptad register) for a coiled-coil dimer in the
juxtamembrane region of the orthologous BTN3A3 protein from bottlenose dolphins
provides further support for the presence of coiled-coil dimers in human BTN3A1, as
discussed above. Given the strong homology between the amino acid sequence of dolphin
BTN3AS3 and other BTN3 proteins (69-86% amino acid identity, Supplemental Figs. 2-4),
we feel that it is likely that the corresponding juxtamembrane regions of other BTN3
proteins also form coiled-coil structures. Moreover, many human and mouse BTN/BTNL
proteins are predicted to have coiled-coil dimers (Figs. 7, 9). Proteins such as BTN2A1h,
BTN2A2h/m, BTNL9h, and ERMAPh/m are predicted to have juxtamembrane coiled-coil
dimers at high confidence (>95% in one heptad register, in some cases). Also, more BTN
proteins are predicted to have coiled-coil dimers, compared with BTNL proteins (Figs. 7, 9).
BTN/BTNL proteins with shorter juxtamembrane regions, such as BTN1A1h/m, BTNL3h,
and BTNLS8h, are not predicted to have coiled-coil dimers, although these proteins did have
the conserved exon corresponding to BTN3A1 exon 5 that could potentially be a short
dimerization motif in lieu of a longer coiled-coil dimer. BTNL proteins that have longer
juxtamembrane regions but not predicted to have coiled-coil dimers (such as BTNL1m,
BTNL6m, BTNL3h, and BTNL8h) need to form heteromeric complexes to function (40, 81,
82) so it is possible that they form heterodimeric coiled-coil dimers that cannot be predicted
with existing programs.

Models of BTN3AL structure were made based on the presence of a coiled-coil dimer and a
helices and the two different crystal structures for BTN3A1 B30.2 dimers (34, 36, 66). In the
extended model, the initial juxtamembrane segment is a coiled-coil dimer ending at exon 5
as two a helices that extend to the dimerization segment (exon 9) of the BTN3A1 B30.2
domains, as in the 4V1P and 4N71 structures (Fig. 10A). In the compact model, the initial
juxtamembrane segment is again a coiled-coil dimer whose end in exon 5 overlaps the a
helix of the alternate 5SHM7 B30.2 dimer structure (Fig. 10A). However, for this structure to
exist, the angle between the dimerization domain and the proximal a helix region would
need to be less acute to prevent steric clash with the coiled-coil dimer. Also, the location of
the proximal a helix prevents dimerization of the B30.2 domains through the dimerization
segment. As noted above, the 5SHM7 B30.2 structure confirms the presence of the distal a
helix and the gap/bend between residues 291 and 293. Converting between the two states
would require disrupting exon 9 dimerization and rotating the B30.2 domain upwards
towards the cell membrane.

Other proteins use coiled-coil dimers for similar functions as those proposed for BTN3AL.
B30.2 domains in TRIM proteins are positioned over coiled-coil dimers (83-85). These
proteins are abundant and present in both vertebrates and invertebrates (86). Besides
functioning in development and cell growth, many TRIM proteins function in immunity by
enhancing innate immune responses at multiple levels in the signaling process (87, 88).
TRIM proteins are dimerized by antiparallel coiled-coil dimers, and many have B30.2/PRY-
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SPRY domains (86, 89, 90). The coiled-coil dimers position binding domains at the ends of
the proteins while short disordered linkers position the B30.2 domains over the center of the
coiled-coil dimer (83-85). Similar to the proposed BTN3AL1 structure, Rho-associated,
coiled-coil containing kinase contain a homodimeric parallel coiled-coil stalk with two
globular kinase domains at its end (91). The kinesin motor protein, nonclaret disjunction,
also uses a homodimeric parallel coiled-coil dimer as a “neck” to orient and link the two
catalytic subunits on microtubules (92). Thus, similar to what is proposed for BTN3AL,
several classes of proteins use parallel coiled-coil dimers as stalks with globular domains
present at their ends (41).

How might coiled-coil dimers function in BTN3A1 sensing? Several possibilities can be
proposed based on the function of coiled-coil dimers in other proteins (46). First, the coiled-
coil dimers of BTN3 proteins may function as molecular spacers. In evolutionary studies, the
lengths of coiled-coil regions in eukaryotic orthologous proteins are ~8-fold more conserved
than the lengths of their non-coiled-coil regions (53). Insertions and deletions are also less
likely to occur in coiled-coil dimers than in other parts of a protein (53). The lengths of
coiled-coil dimers in orthologous proteins are more highly conserved than their sequences
(53). The coiled-coil dimers of BTN3 proteins show similar evidence that they are
functioning as molecular spacers. Whereas the IgV, IgC, and B30.2 domains are highly
conserved between BTN3 family members and species (averaging 75, 80, and 81% identity,
respectively, Supplemental Fig. 2), the coiled-coil dimers are only 39% conserved
(Supplemental Fig. 31, 3J). This difference is clearly demonstrated in exon 4, where the
extracellular and transmembrane regions of the exon are 85% conserved, whereas the coiled-
coil dimer of the exon is 36% conserved (Supplemental Fig. 3C-F). However, the predicted
lengths for all of the BTN3 coiled-coil dimers by the MARCOIL program are similar (Fig.
1, Supplemental Fig. 1). Moreover, while “a” and “d” anchor residues are 58.3% identical
between human BTN3AS3 and alpaca and dolphin BTN3A3, “b,” “c,” “e,” “f,” and “g”
residues are 41.4% identical. This difference in conservation is similar to that observed for
proteins that use coiled-coil dimers as spacers (93). In contrast, coiled-coil dimers in
proteins that have extensive contacts with other proteins or with other coiled-coil dimers
differ because they conserve both anchor and nonanchor residues (the nonanchor residues
are oriented to the outside of the coiled-coil interface) (93). Based on the differences in
sequence conservation between the different domains of BTN3 proteins, it is likely that one
function of the coiled-coil dimers of BTN3 proteins is to act as molecular spacers.

Another possible function for the coiled-coil dimer of BTN3AL is to serve as a binding site
for RhoB. RhoB and the closely-related RhoA and RhoC (~85% sequence identity), are
small GTPases that act as molecular switches. They bind to other effector proteins for their
function and play pivotal roles in the control of the actin cytoskeleton and in determining
cell morphology. RhoB is required for the optimal stimulation of V-y2V62 T cells (94).
Treatment of cancer cells with aminobisphosphonates leads to the redistribution of RhoB
from the nucleus to BTN3A1 (94). This is associated with a reduction in the mobility of the
BTN3AL protein. RhoB directly binds to BTN3AL through its juxtamembrane region (94).
However, the exact binding site on BTN3A1 has not been determined.
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Rho family members bind to specific effector proteins including serine/threonine protein
kinases and scaffold proteins (95, 96). Rho binding domains have been divided into three
types based on sequence/structural homology (95, 97). The domains bind to the same
general region on Rho proteins but differ in some of the contact residues. These contact
residues are conserved between RhoA, RhoB, and RhoC, and thus each can potentially bind
a similar array of effector proteins. Two of the three types of binding sites are coiled-coil
dimers. Binding to protein kinase C-related kinase 1, rhophilin, and rhotekin is through anti-
parallel coiled-coil fingers (98, 99). In vitro Rho binding to Rho-associated, coiled-coil
containing kinase 1/2, citron, and citron kinase is through parallel coiled-coil segments (100,
101), although this is controversial because binding may not take place in vivo (91). We
speculate that the coiled-coil dimer of BTN3A1 might interact with RhoB, perhaps at exon
5/6, which is critical for the activity of BTN3A1 and conserved between BTN3 family
members (36).

Several models can be proposed for how sensing of prenyl pyrophosphates leads to
stimulation of Vy2V82 T cells (Fig. 10B). In model 1, BTN3AL1 functions as both the
sensor for prenyl pyrophosphates and the ligand for the V262 TCR. This could be due to
a large rotational movement of the B30.2 domains that disrupts their dimerization and leads
to conformational changes in the extracellular domains of BTN3A1 (Fig. 10B, model 1a).
This level of alteration in BTN3A1 structure would be consistent with the large
conformational changes noted in the juxtamembrane domain on HMBPP binding by the
Weimer lab (39). Besides the juxtamembrane domain (35), the binding of prenyl
pyrophosphates to the B30.2 domain also alters its conformation (66, 102) in the V1 and V2
loops (37). However, these changes in the conformation of B30.2 are less extensive and
would be more consistent with model 1b. Either of these changes in the intracellular
conformation could extend to the extracellular domains of BTN3AL1 via the coiled-coil
dimer.

In model 2, BTN3AL also functions as a sensor and ligand for V-y2V62 T cells but requires
a second protein for activity. The Vy2V62 TCR then recognizes a conformational change in
the extracellular domains of BTN3AL or in the clustering at the cell membrane. Support for
model 2 comes from experiments using somatic hamster-human hybrid CHO cells (33).
CHO cells expressing only BTN3AL and treated with the 20.1 mAb stimulate Vy2V62 TCR
reporter cells. However, CHO cells treated with either HMBPP or zoledronic acid are unable
to stimulate (33). In contrast, hybrid CHO cells with human chromosome 6 (where BTN3
genes are located), stimulate V-y2V82 TCR reporter cells not only with the 20.1 mAb but
also with HMBPP or zoledronic acid (33). Similar results were obtained with somatic
mouse-human hybrid cells with the parm of human chromosome 6, where BTN3 genes are
located (32). Because only BTN3AL was transfected into the CHO cells, stimulation by the
20.1 mADb does not require another human protein(s) whereas stimulation by sensing
exogenous HMBPP or endogenous IPP induced by zoledronic acid, does. These results are
consistent with model 2 (Fig. 10B). The simplest mechanism of action for the second protein
is that it is recruited by the intracellular domain of BTN3AZ1 upon prenyl pyrophosphate
binding to B30.2 and then mimics 20.1 mAb binding to the IgV domain.
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In model 3 that we favor, the ligand for the V-y2V82 TCR is not solely BTN3 but also
involves another protein, either as a complex between the second protein and BTN3 or
through binding of both to different locations on the Vy2V62 TCR. The B30.2 domains,
positioned by coiled-coil dimers, function as sensors for HMBPP and IPP and upon binding,
the domains signal to the surface for Vy2V62 TCR stimulation. However, besides binding
of BTN3 to a portion of the V-y2V82 TCR, the other CDRs of the Vy2V62 TCR bind a
second ligand. This model of stimulation has been recently proposed for murine BTNL1/6
heterodimer stimulation of murine intestinal V-y7 T cells and for human BTNL3/8
stimulation of human V1.4 (also termed V-y4) T cells (103). In both cases, stimulation of
v8 T cells by BTNL heterodimers requires sequences in the hypervariable 4 region of the
Vy chain that is outside of the normal binding face of ap and -y6 TCRs. They can also
respond to ligands binding to the normal TCR Ag recognition site involving CDR1, CDR2,
and/or CDR3 regions (103). However, it is not clear whether such binding is required for
stimulation by BTNL molecules. For human Vy2V62 T cells, we previously found that
residues in the CDR1, CDR2, and CDR3 regions of both the human V2 and V62 chains are
required for stimulation by prenyl pyrophosphates—although largely independent of the
exact CDR36 sequence or length (26, 104-106). These findings suggest that both BTN3
binding and the recognition of a second ligand are required for sensor activation of V-y2V&2
T cells.

Expression of BTN3A2 or BTN3A3 augments stimulation of V-y2V82 T cells by BTN3A1
in experimental models (36, 40). However, BTN3A1 expression in human cells deleted of all
BTN3 genes partially restores the cell’s ability to stimulate V-y2V62 T cells (40, 66). Thus,
BTN3AL by itself is necessary and sufficient to stimulate Vy2V&2 T cells. This is consistent
with the fact that alpacas and dolphins have only one BTN3 isoform (67, 68). Coexpression
of BTN3A2 or BTN3A3 can increase surface expression of BTN3A1 perhaps by masking
juxtamembrane endoplasmic reticulum retention motifs in BTN3 heterodimers thereby
augmenting stimulation (40) and/or by forming coiled-coil heterodimers. Besides increasing
expression, the extracellular domains of BTN3A2 and BTN3A3 are highly homologous to
BTN3AL and are likely to undergo changes identical to those in BTN3A1 upon B30.2
sensing of prenyl pyrophosphates as they do when bound by the 20.1 mAb (29). Taken
together, BTN3A2 and BTN3A3 likely augment stimulation by BTN3AL1 sensing by
increasing BTN3AL levels and by undergoing changes in their extracellular domain identical
to BTN3A1, but are not absolutely required and, thus, do not appear to function as the
second protein in model 2.

All models require “inside-out” signaling to stimulate V-y2V&2 T cells through their
Vy2V82 TCRs. In these models, inside-out signaling results either in a conformational
change in the extracellular BTN3 IgV-IgC dimer or a change in BTN3A1 aggregation or
membrane distribution. The action of the 20.1 mAb provides evidence for a conformational
change in the extracellular domains of BTN3. BTN3 molecules form “V” shaped homo- and
heterodimers by interacting through their IgC domains (31, 66). The 20.1 mAb is specific
for an epitope on the outer face of the IgVV domain of BTN3 proteins (31). Its binding to the
IgV domain makes APC stimulatory for Vy2V62 T cells (29-31) and induces a 19-A
rotational shift in the BTN3AL1 dimer (31). This altered conformation could be what is
recognized by the V-y2V62 TCR. Further supporting the conformational change model, the
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Adams laboratory found that intracellular IPP accumulation in pamidronate-treated APC
decreases the fluorescence resonance energy transfer signal between the plasma membrane
and either the 20.1 mAb or the 103.2 mAb (specific for the top of the IgV domain) (94).
Moreover, introducing a disulfide bond between the 1gC domains that would reduce their
movement, decreased stimulation by the 20.1 mAb as well as by HMBPP and pamidronate
(66). Given the activity of the 20.1 mAb in CHO BTN3AL transfectants, these findings
support the hypothesis that at least part of the Ag/ligand for the Vy2V62 TCR is an altered
conformation of the BTN3 extracellular domains.

Other BTN and BTNL proteins may have similar structure to that proposed for BTN3AL.
Most, but not all, BTN and BTNL proteins are predicted to form parallel coiled-coil dimers
starting after the transmembrane segment and ending before the B30.2 domains. They also
express the dimerization coiled-coil exon positioned immediately before the B30.2 domain.
Consistent with a dimerization function, almost all of the BTN and BTNL proteins,
including orthologous BTN1A1 proteins from chickens and frogs, conserve the tryptophan
residue in this exon that we have shown is critical for the stability of the BTN3A1 B30.2
dimer. The binding sites of the B30.2 models, however, show differences in their shape and
surface potential (Fig. 8). Given the homologies between BTN3A1 and other BTN and
BTNL proteins, it is possible that they could function similarly as sensors for other
intracellular components such as small metabolites or proteins. Thus far, whereas
BTN3A1h/BTN3A2h or BTN3A3 heteromers are required for maximal stimulation of
human Vy2V62 T cells (40), BTNL1m/BTNL6m heteromers have been shown to be
required for development of murine gut epithelial & T cells bearing Vy7 TCRs (81, 82) and
BTNL3h/BTNL8h heteromers are required for stimulation of human gut Vy1.4V81 T cells
(40, 81). However, it is unclear whether sensing of ligands by the B30.2 domains of the
BTNL molecules results in similar inside-out signaling to alter stimulation of the 6 T cells
specific for these heteromers. This type of sensing and inside-out signaling may be a
common mechanism used by BTN/BTNL proteins to stimulate other y& T cell subsets,
providing an explanation for the activation of -y8 T cells bearing different y& TCRs and for
the difficulties in identifying ligands for y8 T cells. Although structural verification is
required to confirm their presence, coiled-coil dimers may play important roles in signaling
for many BTN and BTNL proteins.
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Key Points

Part of the juxtamembrane of butyrophilin 3A1 proteins forms a coiled-coil
dimer

The coiled-coil dimer is critical for BTN3A1 stimulation of Vy2V82 T cells

B30.2 domains of BTN3A1 proteins also dimerize through a short coiled-coil
region
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FIGURE 1.
Coiled-coil dimers are predicted for all BTN3 proteins in their juxtamembrane segments

immediately following their transmembrane segments. (A) Sequence of the juxtamembrane
segments of BTN3 proteins. Residues predicted to form transmembrane regions are shaded
cyan. Residues predicted to form an a helix are underlined in red with the gaps representing
gaps/bends in the helix. The gap in BTN3AL is based on the alternate B30.2 dimer structure
(5HM7) whereas the BTN3A3 and BTN3A2 a helices are predicted by the JPred4 program.
Residues predicted to be anchor residues (“a” or “d” positions) for coiled-coil dimers are
shaded green. Basic residues are colored blue and acidic residues are colored red. Exon
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locations and their proposed functions are shown for BTN3A1 below the sequences.
Numbering starts are residue 31 of the full length BTN3A1 protein. Note that two heptad
registers are predicted for alpaca BTN3A3 with approximately equal probabilities and the
one corresponding to human BTN3A2/BTN3A3 is shown. (B) Probability of coiled-coil and
transmembrane regions in BTN3 proteins. Numbering is for the full-length protein including
the signal peptide. The coiled-coil dimer probability is plotted (black lines) for the register
with the highest probability of forming a coiled-coil dimer, as predicted by the MARCOIL
v1.0 program. The transmembrane region probability is plotted (red lines) as predicted by
the TMHMM v2.0 program. Note that the coiled-coil dimers are all predicted to begin
immediately after the transmembrane segment and are of similar length. (C) Models of the
coiled-coil dimers of BTN3 proteins. Models of the coiled-coil dimers of BTN3 proteins.
Models of the predicted coiled-coil dimers (full length residues 273-312) were made using
the CCBuilder2 program. Models of human BTN3 proteins were optimized using the
CCBuilder2 function. Cartoons (left), ball-and-stick models (middle), and the surface
potentials (right) of the coiled-coil dimers (identically positioned) are shown, with the top of
the structure being closest to the cell membrane. Surface potentials are colored from red
(negative potential, =10 kT) to blue (positive potential, +10 kT). BTN3AL alternative
register model (lower left) is based with residue 273 at the “d” position rather than at the “c”
position (upper left).
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FIGURE 2.

Mutation of anchor residues in the intracellular juxtamembrane coiled-coil dimer of
BTN3AL can reduce or abrogate prenyl pyrophosphate stimulation of V282 T cells. (A)
Location of anchor residue mutations in the predicted coiled-coil dimer of BTN3AL. Dual
glycine mutations were made in BTN3AL1 residues predicted to be adjacent “a” and “d”
anchor residues for the coiled-coil dimer at sites that are proximal, medial, and distal to the
transmembrane region. (B) BTN3 surface and intracellular expression by BTN3AL siRNA-
treated HeLa cells expressing mutant or wild-type BTN3AL (/eft panels). Effect of
mutations in BTN3AL on proliferation (/middle panels) and TNF-a secretion (right panels)
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by Vy2V82 T cells in response to PHA or HMBPP. BTN3AL residues predicted to anchor
the coiled-coil dimer (the “a” and “d” positions) were mutated to glycine by site-directed
mutagenesis at proximal, medial, and distal locations relative to the transmembrane region.
Glycine mutation of two adjacent anchor residues would be predicted to locally destabilize
the coiled-coil dimer. HeLa cells were transfected with a control siRNA, an siRNA specific
for the 3°UT region of endogenous BTN3A1, or co-transfected with an siRNA specific for
the 3’UT region of endogenous BTN3AL and either a wild-type or mutant BTN3AL cDNA.
After 72 h, the transfectants were harvested and a portion stained with either PE-P3 IgG1
control mAb or PE-20.1 mADb on intact cells to measure surface expression. To assess
intracellular expression, cells were permeabilized with saponin and stained with PE-P3 1gG1
control mAb, PE-20.1 mADb, or anti-FLAG mAb and analyzed using a LSR |1 flow
cytometer (/eft panels). The relative MFI was calculated as 20.1 mAb MFI minus isotype
control mAb MFI (shown on panels). The remaining cells were treated with mitomycin C
and then cultured with 12G12 Vy2V82 T cells and the PHA mitogen or HMBPP. After 24 h,
the supernatants were harvested and TNF-a. levels determined by ELISA. The cells were
pulsed with [3H]-thymidine and harvested 18 h later. Because of differences in their plateau
values, proliferative responses were normalized to set the HMBPP plateau values as 100%.
The ECsq values are shown on the right. Note that the HeLa cells still expressed the
BTN3A2 and BTN3A3 isoforms of BTN3 but lacked the critical BTN3AL isoform.
Representative of two experiments with singlicate dose response curves.
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FIGURE 3.
Effect of mutations in the juxtamembrane region of BTN3AL on coiled-coil dimer

probability and stimulation of Vy2V82 T cells. (A) Location of mutations in the
juxtamembrane of BTN3AL. Mutations were from this study and from the Scotet laboratory
(38) (mut02-mut08). Shading, exon location, and numbering are as in Fig. 1B. Note that all
mutant BTN3A1 proteins are predicted to form continuous a helices in their juxtamembrane
regions despite glycine substitutions. (B) Mutations in BTN3A1 affect the probability of
juxtamembrane coiled-coil dimers. Numbering is for the full-length protein including the
signal peptide. Note that the glycine mutations are predicted to eliminate the coiled-coil
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dimer. (C) Effect of mutations in the juxtamembrane region of BTN3A1 on stimulation of
Vy2V62 T cells. HMBPP responses for mutations from this study and zoledronic acid
responses for mutations from the Scotet laboratory (38) are shown. ++, 25-75% of control
response; +++, >75% of control response.
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Coiled coil
B30.2 dimerization B30.2

FIGURE 4.
Structure of the BTN3A1 B30.2 dimer and its coiled-coil dimerization interface. Surface

potential of the BTN3A1 B30.2 dimer in top, side, and bottom orientations as viewed from
the cell membrane (/eft structures). Surface potentials are colored from red (negative
potential, —10 kT) to blue (positive potential, +10 kT). Cartoon views of the BTN3A1 B30.2
dimer as viewed in three orientations (middle structures). Close-up views of the dimerization
interface with potential anchor residues shown as sticks (right structures).
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FIGURE 5.
Structures of BTN3A1 B30.2 dimers with mutations at the coiled-coil dimerization region.

(A) Sequence of the juxtamembrane region of BTN3A1 showing the location of mut13 and
mutl14 aa differences. The mutated sequences are shaded purple. The transmembrane regions
are shaded cyan and the predicted anchor residues are shaded green. (B) Structural models
of BTN3A1 B30.2 dimers with mutations in the coiled-coil dimerization region. Close-up
side views of the dimerization region are shown. The mutated residues are listed above each
panel. Residues were mutated to the indicated amino acid in silico for the BTN3A1 B30.2
dimer structure (PDB 4V1P) using the Mutagenesis Wizard in PyMOL v1.8.6.2.
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dimers as assessed by the RMS differences of the Ca. atoms of the helices of the BTN3A1

w
|

N
1

—y
1

0

Time (ns)

Time (ns)
F307G K308G P309G A310G
ug 3 ] ] N
f=
o
B 2 - 4 i
o
>
B 1- . y .
%’ MW\WV’ N
m 0 T T T T T T T T T T T T
0 20 40 60 800 20 40 60 800 20 40 60 800 20 40 60 80
Time (ns)
Y299G W302G Y299W L306G
wt W302G L306G w302y F307G
_ 1 ]
A AN o S oo
0 20 40 60 800 20 40 60 80O 20 40 60 800 20 40 60 800 20 40 60 80
Time (ns)
C wt mut13 mut14
og 34 4 _
c
o
s 2 - -
©
E W MMW
o
T 1 . .
g R e
m 0 T T T T T T T T T
0 20 40 60 800 20 40 60 800 20 40 60 80

dimer. (A) Effect of single glycine mutations, (B) dual mutations, and (C) multiple

mutations on the predicted stability of helices of the BTN3A1 B30.2 dimer. The mutations
in the BTN3A1 B30.2 dimerization region corresponding to mut13 and mut14 were reported
by the Scotet laboratory to abolish BTN3A1 mediated stimulation. Models of mutant dimers

were based on the crystal structure of BTN3A1 B30.2 residues 295-483 of the mature

protein (PDB 4V1P) and made using the MODELLER program. The stability of the mutant
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BTN3AL B30.2 dimers were then assessed by molecular dynamics simulations. Each panel
shows the average RMS deviation of the Ca atoms of the helices calculated using the initial
structure of the BTN3A1 B30.2 dimer as a reference for 80 ns for four replicate simulations.
The average RMS deviation is plotted as a dark blue line with the SD shown as light blue
shading.
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A

BTN3A1h DPFFRSAQRWIAALAGTLPVLLLLLGGAGYFLWQQQEEKKTQFRKKKREQELREMAWSTMKQEQSTR VKLLEELR WRSIQYASR GERHSAYN EWKKALFKPA -B30.2
BTN3A2h DPFFRSAQRWIAALAGTLPISLLLLAGASYFLWRQQKEITALSSEIESEQEMKEMGYAATEREISLR ESLQEELK RKKIQYLTR GEESSSDTNKSA ---
BTN3A3h DPFFRSAQRWIAALAGTLPISLLLLAGASYFLWRQQKEKIALSRETEREREMKEMGYAATEQEISLR EKLQEELK WRKIQYMAR GEKSLAYH EWKMALFKPA -B30.2
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BTNLSh DVFVPGASAWKSAFVATLPLLLVLAALALGVLRKQRRSR EKLRKQAEKRQ EKLTAEL EKLQTEL DWRRAEGQA EWRAAQKYAV -B30.2
BTNL9m  DVFLPRMSPWKKAFVGTLVVLPLSLIVLTMLALRYFYKLRSFQ EKQVKQGEEVR EKLQTEL DWRRSEGQA EWRAAQQYAA -B30.2
BTNL1Im  EPFFPKTCPWKVALVCSVLILLVLLGGISLGIWKEHQVKRREIKKWSKEHEEMLLLKKGTKSVLKIR DDLQADLD RRKALYKE DWKKALLYP DWRKELFQEA -B30.2
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BTNL6m  EPFFPKVSPWKPAFFVTLTMMGLLVLGTSYLFRRERSARLIVQELTGNLQRVEDNKAEEDTVRTI DALMVELA QRKAAYRA AWRKAQLYA DWRKEQFQAW -B30.2
ERMAPh  APSVGSLSPSAVALAVILPVLVLLIMVCLCLIWKQRRAK EKLLYEHVTEVD NLLSDHAKEK GKLHKAV_ KKLRSELK LKRAAANS GWRRARLHFV -B30.2
ERMAPm APERGSLSSPAVALSVVLPVLGLLILLGIWLICKQKKSK EKLLYEQAMEVE SLLEDHAKEK GRLHKAL KKLRSELK LKRAAANA GWRRARLHFV -B30.2
BTNL3h ETFFQPSPWRLASILLGLLCGALCGVVMGMIIVFFKSK GKIQAEL DWRRKHGQA EWRDARKHAV -B30.2
BTNL8h DTFFEPISWHLATKVLGILCCGLFFGIVGLKIFFSKFQ WKIQAEL DWRRKHGQA EWRDARKHAV -B30.2
BTN1A1h ASSLPRLTPWIVAVAVILMVLGLLTIGSIFFTWRLYNERPRERRNEFSSK ERLLEELK WKKATLHAV -B30.2
BTN1A1m APFVPRLTPWIVAVAIILLALGFLTIGSIFFTWKLYKERSSLRKKEFGSK ERLLEELR CKKTVLHEV -B30.2
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FIGURE 7.

Comparisons between the juxtamembrane segment of human and murine BTN and BTNL
family proteins. (A) Sequence and exon boundaries of the juxtamembrane segment of
human and murine BTN and BTNL family proteins. The sequence of the juxtamembrane
regions is shown for the longest isoform for each protein. Amino acid residues highlighted
in cyan are predicted to be part of the transmembrane domain. Amino acid residues
highlighted in green are predicted to be anchor residues (“a” and “d” residues) in coiled-coil
dimers with >18% probability. Amino acid residues colored red delineate the junctions
between exons. Residues predicted to form an a helix are underlined in red with gaps
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representing breaks in the helix. The extracellular domains are located on the left of the
sequence whereas the B30.2 domains (if present) on the right. Note that all BTN and BTNL
proteins with coiled-coil dimers are predicted to have a helices between the membrane and
B30.2 with 0-2 gaps in the a helix, only 1 gap is due to a proline residue (BTNL1m). Also,
BTNL10h may be a pseudogene. (B) Conserved juxtamembrane exon in BTN and BTNL
proteins. This exon is found in all BTN and BTNL proteins except BTNL2 and BTNL10.
The leucine residues at position 3 and 7 are highly conserved. (C) Exon encoding the
dimerization region for BTN3A1 is conserved in all BTN and BTNL proteins with B30.2
domains. The exon immediately preceding the start of the B30.2 domain exon is conserved
in all BTN and BTNL proteins with B30.2 domains (except for BTNL10m that may not be
expressed and whose human ortholog lacks a B30.2 domain and is predicted to be a
pseudogene). Note that all exons start with tryptophan except for BTN1A1m. ¢, chicken; f,
frog (Xenopus); h, human; m, murine.

J Immunol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Binding site

FIGURE 8.

BTNL1m

BTN2A1h

BTN2A2h

BTN2A2m

BTN3A1h

BTN3A3h

ERMAPHh

ERMAPmM

BTNL6mM

BTNL4m

BTNLSh

BTNL9mM

BTNL3h

BTNL8h

Page 43

Models of B30.2 dimers for human and murine BTN and BTNL proteins. BTN and BTNL
B30.2 dimers were modeled using the MODELLER v2.0 plugin (PyMod 2.0) with Pymol
1.8.6.2. Surface potentials are colored from red (negative potential, —10 kT) to blue (positive

potential, +10 KT).
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Predicted locations of coiled-coil and transmembrane regions in human and murine

butyrophilin and butyrophilin-like family proteins. The transmembrane region probability
(red lines) and the sum of coiled-coil dimer probabilities (black lines) are shown for the
longest predicted mRNA species for each protein. Numbering is for the full-length protein
including the signal peptide. Leader and transmembrane regions were predicted by the
TMHMM v2.0 program. The sum of probabilities in all registers that a residue is part of a
coiled-coil dimer as predicted by the MARCOIL v1.0 program is plotted. Note that all
coiled-coil domains are predicted to begin immediately after the end of the transmembrane
regions and that coiled-coil dimer predictions are conserved between humans and mouse
orthologs. BTN3 predictions are higher than those shown in Fig. 1A in which the probability
of the best single register is shown rather than the sum of all registers. h, human; m, murine.
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FIGURE 10.
Models for the structure of BTN3A1 and mechanism of its action. (A) Potential structure of

BTN3AL in an extended or a compact form. In the both models, the juxtamembrane region
is shown as a coiled-coil dimer beginning immediately after the transmembrane segment and
ending at residue 282 (extending to the end of exon 5 shown in green). For the extended
model, the remainder of the a helix is from the extended B30.2 crystal structure (PDB
5HMT7) and ends at exon 8 (shown in red) from the BTN3AL B30.2 dimer (PDB 4V1P). For
the compact model, 5SHM7 B30.2 monomers were positioned at the ends of the coiled-coil
segments. Note that there is a steric clash that results suggesting that if this structure exists,
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the B30.2 domains would need to accommodate the a-helical regions. (B) In model 1,
BTN3AL functions as both the sensor and the ligand without requiring a second protein.
Sensing of prenyl pyrophosphates leads to a conformational change in the extracellular
domains of BTN3. This requires either major movement of the B30.2 domains with
disruption of the coiled-coil dimer interface (model 1a) or only a minor shift (model 1b). In
model 2, BTN3A1 functions as the sensor and the ligand as in model 1 but requires a second
protein(s) to function. Again, sensing of prenyl pyrophosphates leads to a conformational
change in the extracellular domains of BTN3. In model 3, BTN3AL functions as the sensor
for prenyl pyrophosphates and as a ligand. A second protein also functions as a ligand for
the Vy2V62 TCR. Note that in all models, BTN3A2 and BTN3A3 enhance surface
expression of BTN3AL and allow for maximum stimulation of Vy2V62 T cells.
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Table I.

Juxtamembrane segments of human and murine BTN and BTNL proteins

Human Murine Predicted domain structure
IgVv 1gC TM to B30.2 or end cc? CChI/ength B30.2
m
BN3A1l - + + 69 + 38 +
BN3A3 - + + 69 + 38 +
BN3A2 - + + 63 + 38 -
BTN2A1 - + + 58 + 47 +
BTN2A2 BTN2A2 + + 49/41 + 32/32 +
BTNL9 BTNL9 + + 51/47 + 29/28 +
ERMAP  ERMAP + =) /+m) 61/61 + 49/49 +
- BTNL1 + + 69 +/- 41 +
- BTNL4 + + 70 +- 42 +
- BTNL6 + + 68 +- 40 +
BTNL3 + + 29 - +
BTNLS8 + + 30 - +
BTN1A1 BTNI1Al + + 34/34 - +
BTNL10 BTNL10 + + 16/28 - - (h) /+ (m)
MOG MOG + - 20/15 - -
BTNL2  BTNL2  +(x2) +(x2) 4/37 - -

aBased on the sum of the predicted presence of coiled-coil (CC) segments by the MARCOIL v1.0 program; + = >40%,; +/- = 15-40%; — = <15%);
h, human; m, murine; TM, transmembrane.
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