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Abstract

T cell costimulation is mediated by the interaction of a number of receptors and ligands present on the
surface of the T cell and antigen-presenting cell, respectively. Stimulatory or inhibitory signals from these
receptor-ligand interactions work in tandem to preserve immune homeostasis. BTNL2 is a type-1
membrane protein that provides inhibitory signal to T cells and plays an important role in several
inflammatory and autoimmune diseases. Therefore, manipulation of the molecular interaction of BTNL2
with its putative receptor could provide strategies to restore immune homeostasis in these diseases.
Hence, it is imperative to study the structural characteristics of this molecule which will provide
important insights into its function as well. In this study, the membrane-distal ectodomain of murine
BTNL2 was expressed in bacteria as inclusion bodies, refolded in vitro and purified for functional and
structural characterization. The domain is monomeric in solution as demonstrated by size-exclusion
chromatography and analytical ultracentrifugation, and also binds to its putative receptor on naive B cells
and activated T cell subsets. Importantly, for the first time, we report the structure of BTNL2 as
determined by solution NMR spectroscopy and also the picosecond-nanosecond timescale backbone
dynamics of this domain. The N-terminal ectodomain of BTNL2, which was able to inhibit T cell
function as well, exhibits distinctive structural features. The N-terminal ectodomain of BTNL2 has a
significantly reduced surface area in the front sheet due to the non-canonical conformation of the CC’
loop, which provides important insights into the recognition of its presently unknown binding partner.



Introduction

Naive T cells, which have undergone maturation in the thymus but are yet to encounter any
antigen, get activated following multi-step signaling cascades to generate effector T cells. The initial step
is the recognition of the peptide-loaded major histocompatibility complex (pMHC), which is expressed on
the surface of an antigen presenting cell (APC), by the T cell receptor (TCR). While the antigen-
dependent pMHC-TCR interaction initiates the process of T cell activation, a number of antigen-
independent signals are essential for optimal T cell function. These antigen-independent signals are
provided by interactions between costimulatory or coinhibitory receptors, expressed on the surface of T
cells, with their specific ligands present on the surface of APC. Naive T cells that only encounter the
peptide-antigen but do not undergo costimulation become non-responsive and may even perish (1-3).

While costimulatory signaling (derived from receptor-ligand pairs present on the T cell and the
APC respectively) leads to the activation of the T cell, to re-establish homeostasis, the activated T cell
must employ inhibitory receptors to regulate and suppress any unwanted and prolonged immune
response. This phenomenon is well illustrated by the CD28/CTLA-4: B7 ligands axis. Post TCR-pMHC
engagement, the interaction of the B7 ligands with the constitutively expressed costimulatory molecule,
CD28 leads to T cell activation. Interestingly, the engagement of those same set of ligands with CTLA-4,
a T cell coinhibitory receptor expressed on activated T cells, results in restoration of homeostasis by
dampening the response of the activated T cell (1, 4, 5). Similarly, the interaction of PD-1, an inhibitory
receptor on the T cells, with its ligands PD-L1 (B7-H1, expressed on many peripheral tissues) and PD-L2
(B7-DC, expressed mainly on APCs) leads to immune suppression and is one of the most important
peripheral tolerance mechanisms (6). Additional signaling from several other immune-modulatory
molecules with similar activating or inhibitory functions helps shape the final outcome of an adaptive
immune response as well as preserve tolerance to self-antigens in the periphery.

Butyrophilin-like 2 (BTNL2), a protein belonging to the butyrophilin-like (BTNL) protein family,
has been implicated in regulating immune responses (7, 8) in several inflammatory conditions such as
intestinal inflammation (9), graft-versus-host disease (10), type 1 diabetes (11) and infections like
cerebral malaria (12), in both mice and humans. Importantly, BTNL2 polymorphisms have been found to
have genetic association with different diseases like sarcoidosis (13-15), osteoarthritis (16),
cardiomyopathy (17) and ulcerative colitis (18). BTNL2 acts as T cell inhibitory molecule which can
induce FoxP3" Treg differentiation, thus effectively suppressing effector T cells during inflammation (8).
Such an action by BTNL2 has the potential to be manipulated to either induce immune-suppression
during unwanted autoreactive responses or to trigger stronger immune responses in the tumor
microenvironment. Indeed, missense mutations in the BTNL2 gene have been found to play an important
role in susceptibility to familial and sporadic prostate cancer development (19), thus underlining the
impact of this molecule in tumor development and progression.

Immunotherapeutic applications of BTNL2 require its structural description as well as the
identification of its binding partner but these are yet to be determined. The extracellular region of BTNL2
comprises of multiple immunoglobulin variable (IgV) and immunoglobulin constant (IgC) domains,
followed by a single pass transmembrane region and a short cytoplasmic region (7). Unlike most of the
other butyrophilin and butyrophilin-like members, BTNL2 does not contain the cytoplasmic B30.2
signaling domain (20). Although its binding partner remains unidentified, in vitro studies have shown that
B cells express receptors for BTNL2 on their surface, while CD4" and CD8" T cells do so upon activation
(7, 9). The use of BTNL2 as a potential therapeutic agent for restoring immune-tolerance under
inflammatory conditions, as well as manipulation of BTNL2-mediated immune response for the
development of novel therapeutics can be fully realized if its structure-function relationship can be
elucidated at a molecular level. Here, we report the solution NMR structure of the N-terminal IgV domain
of mouse BTNL?2, which shares 65% sequence identity with its human counterpart. We also demonstrate
that the N-terminal IgV domain of mouse BTNL?2 is able to recognize its putative binding partner present
on naive B cells and also on phorbol myristate acetate (PMA)/ionomycin activated CD4" and CD8" T
cells, which suggest that the purified IgV domain is functionally active. Additionally, this IgV domain
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alone is shown to inhibit [L-2 secretion by activated CD4+ T cells, indicative of the ability of the IgV1
domain alone to execute the T cell inhibitory function of BTNL2 unlike previous studies where full-
length ectodomains of BTNL2 or Fc-fused BTNL2 were used for functional studies (7, 9). Being the first
atomic level structure from the BTNL family across all species, the current study also provides insights
into how BTNL2 recognizes its binding partner in a manner distinct from the classical B7 family of
immune receptors.

Results

BTNL?2 exists as monomer in solution

We have characterized the N-terminal IgV domain of mouse BTNL2 containing residues D28 to
A143 (BTNL2P®#A%) " which are renumbered as D2 to A117 (Fig 1A). The first 27 residues of BTNL2
form the signaling sequence and hence are not considered. In size exclusion chromatography (SEC),
refolded BTNL2 eluted as a single sharp peak indicating a monodispersed and homogeneous protein
sample (Fig. 1B). BTNL2 eluted at 93.7 ml, which corresponds to an estimated molecular mass of
15.4kDa (Fig. S1). This is in good agreement with its theoretically calculated molecular mass of 13.3kDa
and indicates a monomeric protein. The eluted protein from SEC was highly pure as determined by SDS-
PAGE (Fig. 1B).

BTNL2 was further characterized by analytical ultracentrifugation (AUC), which provides insight
into biophysical parameters such as the hydrodynamic size, shape and mass of proteins in bulk solution.
From sedimentation velocity experiment, the Stokes radius of 1.98 nm, sedimentation coefficient (Sw) of
1.57 S and frictional ratio of 1.256 was determined for BTNL?2 (Fig. 1C, D). The Sy value correlates to a
molecular weight of 13.5 kDa, which closely matches with the expected value. Additionally, the frictional
ratio of 1.256 for BTNL2 strongly suggests that it is a globular protein (21, 22). The C(s) distribution
model for fitted data clearly indicates the presence of a single dominant species in solution (Fig. 1D)
which reiterates that BTNL2 exists as a homogeneous monomeric protein in solution.

For functional assays of BTNL2, a tetrameric protein was generated by binding biotinylated
BTNL2 to streptavidin in a 4:1 stoichiometric ratio. This protein complex eluted out at 69.2 ml in SEC
column (Fig. 2A). This corresponds to 109 kDa (Fig. S1), which is in good agreement with the expected
molecular weight of 112 kDa for the complex.

Refolded BTNL?2 recognizes its putative binding partner present on naive B cells, and activated T
cells and is functionally active

In order to ascertain whether refolded BTNL?2 is able to bind to its putative receptor present on
naive B cell or in vitro activated T cell subsets, the monomeric BTNL2 membrane-distal IgV domain was
tetramerized using PE-conjugated streptavidin for flow cytometry-based cell binding assays. The data
clearly demonstrated the binding of the BTNL2 IgV domain to CD19" B cells (Fig. 2B). This is in good
agreement with the previous report that naive B cells express binding partner for BTNL2 on their surface
(7). Additionally, it was also found that BTNL2 tetramer was able to bind to in vitro activated CD4" and
CD8" T cells (Fig. 2C). Both of these findings unequivocally demonstrated that the N-terminal IgV
domain of BTNL2, expressed in E.coli and refolded in vitro is able to bind to its putative receptors
present on naive B cells and activated CD4 and CD8 T cells.

Furthermore, when CD4" T cells were cultured in presence of plate bound anti-CD3 and BTNL2
IgV1 monomer, there was significant inhibition of IL-2 secretion by the T cells in 24 hours, which was
further down-regulated after 56 hours of culture (Fig. 2D). This observation is strongly indicative of the
ability of the IgV1 domain of BTNL2 to execute its previously reported T cell inhibitory function by
down-regulating IL-2 secretion.



Backbone assignment reveals well-folded BTNL2 comprising mostly of beta strands

The refolded BTNL2 was structurally characterized by solution NMR spectroscopy. The '*N-
HSQC spectrum of BTNL2 has well-dispersed peaks, thereby indicating a properly folded domain (Fig.
3A). Apart from the N-terminal non-native methionine, out of 110 non-proline residues 107 N-H peaks
from the protein backbone have been assigned, which corresponds to 97.3% completion of the backbone
assignment. The backbone chemical shifts of 'H®, 'HY, N, *C¢, *CP and "*CO were used to compute the
secondary structure propensity of BTNL2 using MICS (23). This indicates the presence of nine beta
strands and two short helical turns, which is in good agreement with many proteins of the
immunoglobulin superfamily (Fig. 3B).

BTNL2 has two cysteine residues, Cys24 and Cys98 (Fig. 1A), which are typically involved in
the formation of a disulfide bond in IgV folds (24). The C? chemical shifts of cysteines are very sensitive
to the oxidized state of the adjacent sulphur atom. For oxidized and reduced states the chemical shift
value is greater than 40 ppm and less than 35 ppm, respectively (25). The C? chemical shifts of Cys24 and
Cys98 of BTNL2 are 49 ppm and 41.6 ppm, respectively. This strongly suggests that Cys24 and Cys98
form a disulfide bond.

The IgV domain of BTNL2 adopts an immunoglobulin (Ig) fold

The structural ensemble of BTNL2 was calculated using PONDEROSA-C/S coupled with Xplor-
NIH (26, 27). Nuclear Overhauser enhancement (NOE)-derived distance and backbone chemical-shift-
derived dihedral angle restraints were used for structure calculation (Table 1). An ensemble of 10 best
energy minimized models has a backbone atom RMSD of 0.56A and heavy atom RMSD of 0.76A across
all rigid residues which form regular secondary structural elements (Fig. 4A).

The mouse IgV domain of BTNL2 adopts a beta sandwich fold consisting of nine beta strands
and two short helical turns (Fig. 4B). The canonical beta sandwich topology of the immunoglobulin-fold
is formed by A, B, E and D strands present on the back sheet and A’, C, C', F and G strands present on the
front sheet. In case of BTNL2, the A strand splits into A and A’ strands; while the A strand remains with
the back sheet, the A’ strand get included in the front sheet of BTNL2. The two beta-sheets are bridged by
a canonical disulfide bond formed between Cys24 on the B strand and Cys98 on the F strand (Fig. 4C).

>N backbone dynamic studies reveal that BTNL?2 is a rigid domain with a few flexible loops

The global hydrodynamic and local dynamic properties of BTNL2 were determined using the
amide "N Ry, R,, and heteronuclear NOE relaxation experiments at 25°C (Fig. 5). Heteronuclear {'H}—
N NOE values are very sensitive to the fast-internal backbone motions in the picosecond to nanosecond
timescale. These values are approximately + 0.8 for rigid "N—'H" bond vectors in a folded domain and
rapidly decrease to — 4.0 for disordered regions with high mobility (28). The heteronuclear NOE values of
residues in the beta strands are ~ 0.78 & 0.05, indicating that they are well ordered on this fast timescale
(Fig. 5A). In contrast, loop regions show NOE values as low as ~ 0.5, indicative of enhanced fast
backbone dynamics. These observations are consistent with increased RMSDs of the loop regions in the
structural ensembles indicating increased flexibility of these regions (Fig. 4A).
Using the R»/R; ratios for rigid residues, the isotropic tumbling correlation time 1. for BTNL2 was
calculated to be 6.79 + 0.02 ns. This global 1. value is consistent with the molecular mass of the protein
and confirms that it is indeed monomeric under these experimental conditions, which is also consistent
with our SEC and AUC studies. The "N relaxation data were fit according to isotropic model-free
formalism (29). The amides in B-strands are well-ordered, whereas those at the termini and in loop
regions are more flexible. Overall, the dynamics studies show that BTNL2 is a monomer in solution and
has a rigid structure.



Discussion

Butyrophilins, that include both butyrophilin (BTN) and butyrophilin-like (BTNL) families, are
single-pass type-1 membrane glycoproteins and are considered to be related to the B7 family of
costimulatory receptors and ligands (20). Especially, members of BTNL family cluster well with B7
family of ligands such as B7-1, B7-2, B7-H3, B7-H4, as well as PD-L1 and PD-L2 (Fig. S2). While the
majority of B7 ligands have been crystallized, either alone or in complex with their respective binding
partner, and their structure-function relations are well established, our solution NMR structure of BTNL2
is the first representative structure of BTNL family.

The membrane distal IgV domain of BTNL2 was expressed as inclusion bodies, refolded and
purified. Both SEC and AUC studies suggest that BTNL2 exists as stable monomeric population in
solution even in a very high concentration, which makes it an ideal candidate for NMR studies. Since this
protein has been refolded in vitro, a series of cell binding experiments have been performed to assess
functionality. Splenic B cells, and in vitro activated CD4" and CD8" T cells are used to demonstrate the
binding of BTNL2 tetramer with its putative binding partner that has been reported to be present on the
surface of these cells. Apart from showing that the N-terminal ectodomain of BTNL?2 is functional, the
results of these cell binding assays indicate that BTNL2 tetramer, produced inexpensively from bacterial
over-expression system, can be exploited for large scale experiments to identify binding partner(s) of
BTNL2. Moreover, these results confirm that BTNL2 receptors are expressed in all of these three cell
types. Furthermore, the ability of the monomeric IgV1 domain of BTNL2 to inhibit IL-2 secretion from in
vitro activated CD4" T cells is indicative of the importance of this domain in the interaction of the
BTNL2 protein with its putative receptor. Such data, along with our structural studies of the IgV1 domain
of BTNL2 can provide important insights on its binding partner as well.

Our solution NMR studies reveal that the membrane-distal N-terminal domain of BTNL2 adopts a
canonical beta sandwich topology of the immunoglobulin folds where the G, F, C, C' and A’ strands
constitute the front sheet and the A, B, E and D strands constitute the back sheet of the IgV domain (Fig.
4B). Cys24 present on B strand and Cys98 on F strand are engaged in the formation of a disulfide bond, a
characteristic feature of an Ig fold which helps to hold these two beta sheets together. It is interesting to
observe that positively and negatively charged residues cluster on the protein surface. The front face
contains largely positively charged residues whereas the back face has largely negative charged residues.
A stretch of arginine residues is present on the front face of the IgV domain. Arg4 on A strand, Arg38 on
C strand, Arg52 on C’ strand, Arg99 on G strand and Argl07 on the F strand form this unique stretch of
positively charged residues (Fig. S3B). Interestingly, Arg4, Arg38 and Arg52 in this stretch of arginine
residues are conserved across species (Fig. S3A).

Another intriguing feature of the BTNL2 structure is the presence of a non-canonical conformation of the
CC' loop. The CC' loop is partially peeled off, away from the hydrophobic core of the IgV domain and is
closer to the FG loop. In contrast, in a large number of IgV structures in related families, the CC' loop
packs with the hydrophobic core of the domain. In all 10 models of the BTNL2 structure, the CC’ loop
adopts this rigid non-canonical conformation (Fig. 6A). This relative rigidity of the CC’ loop is also
evident from the "’N-NOE data (Fig. 5A), which shows the central loop residues D45 and M46 with NOE
values of ~0.8, similar to the rigid residues in the protein. In comparison, multiple residues in the C’D and
DE loops have NOE values as low as 0.6, thereby indicating their flexible nature (Fig 5). The CC’ loop is
rich in prolines and its conformation appears to be stabilized by CH/zn interactions between Pro44 (CC’
loop) and Trp97 (F strand) and also between Tyr40 (C strand) and Pro47 (CC’ loop) (30, 31) (Fig. 6B).
All these residues are completely conserved in BTNL2 (Fig. S3A). The four hydrophobic residues Tyr40,
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Pro44, Pro47 and Trp97 on the surface exposed region of the CC' loop form a small hydrophobic patch,
which might also provide additional stability for this non-canonical CC’ loop conformation. The loop is
further stabilized by a potential hydrogen bond between Tyr40 and Ser42 (Fig. 6C), which are also
conserved residues (Fig. S3A). Taken together, all of these interactions most likely stabilize the rigid non-
canonical conformation of the CC' loop in BTNL2. However, it should be noted that at this point we do
not have functional data to explain the biological significance of this unique CC’ loop conformation.

Most IgV domains bind their receptors via the front-sheet (32, 33). In mBTNL2, this putative
interaction interface has a continuous stretch of positively charged arginine residues and also has
significantly reduced surface area for binding to its presently unknown receptor, due to the non-canonical
conformation of the CC’ loop. The distance between the CC' loop and the FG loop in the canonical IgV
domain of the immune checkpoint receptor PD-1 is ~34A, whereas in mBTNL2 these loops are separated
by a distance of ~ 17A, thereby significantly reducing the available surface area of the front-sheet of
mBTNL2 (Fig. 7A). This non-canonical conformation of the CC' loop of BTNL2 is similar to that
observed in immune checkpoint receptors like CD160 in the CD160:HVEM complex (PDB: 6NG3) and
BTLA in the BTLA:HVEM complex (PDB: 2AW?2), where a similar non-canonical conformation of CC’
loop is stabilized by a non-canonical disulfide linkage (34, 35). The binding partner, HVEM, is a TNF
superfamily member and is significantly narrower than a typical IgV domain, thus being able to fit the
smaller binding surface of the partner proteins. The distance between the CC' loop and FG loop of BTLA
is ~25A, similar to that of mBTNL2 (Fig. 7A). The CC’ loop of BTLA and CD160 restricts the interaction
of these proteins with partner molecules whose interacting domains are significantly narrower than IgV
domain (Fig. 7B). Moreover, mutations in the CC’ loop of CD160 have been shown to substantially
reduce the binding affinity with HVEM (34). Hence, it can be postulated that the non-canonical
conformation of the CC' loop of mBTNL2 could prevent its interaction with other IgV domains. This also
indicates that the binding partner of mBTNL2, if it interacts with the front face of BTNL2, would possess
a structural domain narrower than a canonical IgV domain. It should be noted here that this hypothesis is
based on the structural data and needs to be explored further through functional assays.

Although this is the first structural report of any of the BTNL family members, the structure of
BTN3A1l, a member of BTN family that modulates y& T cell function was reported earlier (36).
Interestingly, it has been suggested that a positively charged pocket present on the IgV domain of
BTN3A1 can bind to phosphorylated antigens (36), although later studies show that instead, it is the
B30.2 domain located in the cytoplasmic region of BTN3A1 which interacts with the phosphoantigens
(37, 38). Notably, a positively charged stretch also exists on the front sheet of the N-terminal IgV domain
of BTNL2, which incidentally, lacks the B30.2 domain. Although, a number of studies highlight the
functional relevance of BTNL family members especially for BTNL2, the binding partner of BTNL2
remains to be identified. The current study provides thorough structural insights of a functionally active
BTNL2 through solution NMR studies that could help us to identify its presently unknown binding
partner.

Materials and methods

Cloning, expression, refolding and purification of BTNL?2

A gene construct corresponding to the extracellular N-terminal IgV domain (residues Asp28 to
Alal43) of mouse BTNL2 (Uniprot ID: O70355) with an additional N-terminal methionine was cloned
into pET3a vector and transformed into £. Coli BL21 (ADE3) strain. Transformed bacteria were grown in
Luria Bertani broth (Miller) at 37°C till ODggo of 1.0, induced with ImM IPTG and harvested after five
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hours. The cell pellet was resuspended in lysis buffer containing 20 mM Tris-HCI1 (pH 8.0), 100 mM
NaCl, 1 mM EDTA, 20% sucrose and freshly prepared 10 mM dithiotreitol (DTT), sonicated and
centrifuged at 16000xg for 15 minutes. Since BTNL2 is over-expressed as inclusion bodies, the pellet
was collected and washed vigorously with buffer containing 10 mM Tris-HCI (pH 8.0), 100 mM NacCl, 1
mM EDTA, 0.5% Triton X-100, and 10 mM DTT. It was then centrifuged at 16000xg for 15 minutes at
25° C. The supernatant was discarded and washed two more times. The final pellet was homogenized
with wash buffer devoid of Triton X-100 and centrifuged as before. The resulting washed inclusion
bodies were dissolved in buffer containing 6 M guanidine hydrochloride, 10 mM sodium acetate, 5 mM
EDTA and 1 mM DTT. This was then centrifuged at 16000%g for 15 minutes at 4° C and the supernatant
containing solubilized BTNL2 was collected.

The solubilized protein was refolded by fast dilution method as described earlier (39, 40). Briefly,
solubilized protein was injected in refolding buffer containing 400 mM arginine monohydrochloride, 100
mM Tris-HCI (pH 8.0), 1 mM EDTA, 5 mM reduced glutathione and 0.5 mM oxidized glutathione at 4
°C with constant stirring. The refolded protein was concentrated and exchanged to final working buffer
comprising of 10 mM Tris-HCI (pH 7.4) and 150 mM NaCl using Amicon™ stirred cell. The resulting
solution was then injected into a HiLoad™ 16/600 Superdex™ 200 size exclusion chromatography (SEC)
column (GE Healthcare) pre-equilibrated with buffer containing 10 mM Tris-HCI (pH 7.4) and 150 mM
NaCl. The fractions were collected and analyzed for purity by SDS-PAGE.

Analytical ultracentrifugation sedimentation velocity studies

Sedimentation velocity studies of BTNL2 were carried out at 20° C in a Beckman Coulter
ProteomeLab XL-I analytical ultracentrifuge. The epoxy double-sector centerpiece was filled with 400ul
of sample buffer and 380 ul of BTNL2 having an Az value of 0.7, respectively. The protein was
centrifuged at 40,000 rpm and Axgo scans were acquired at an interval of three minutes till sedimentation
was completed (~28 hours). The viscosity and density of the sample buffer, as well as the partial specific
volume of the protein were determined using SEDNTERP and the sedimentation data was analyzed using
SEDFIT (41). Final figures were made using GUSSI (42).

Sample preparation for NMR studies

For NMR studies, E.Coli BL21(ADE3) transformed with pET3a that contains BTNL2P2!% gene
was grown in M9-minimal media containing 3g/L "*C glucose and 1g/L >N ammonium chloride, as sole
carbon and nitrogen source, respectively. The expression and purification steps were similar to unlabeled
samples as described earlier. Final samples had 0.6 mM protein in 500uL of 20 mM sodium phosphate at
pH 6.5, 50 mM NaCl and 7% D-O for spin lock. For the long-term stability of the samples, 0.4 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.04% NaN3 were also added.

Cloning, expression and purification of BTNL?2 with a C-terminal AviTag™

The gene corresponding to BTNL2P*41* was cloned into pNIC28-Bsa4 vector with appropriate
primers in order to code for an additional C-terminal AviTag™. The AviTag™ comprises of a 15 amino
acid sequence GLNDIFEAQKIEWHE to which biotin can be conjugated in an ATP dependent manner by
biotin ligase enzyme BirA (43, 44). This BTNL2-AviTag construct was over-expressed in £. Coli BL21
(ADE3) as inclusion bodies, refolded in vitro and purified using the same protocol as described.

Preparation of BTNL2 tetramer for functional studies

BTNL2-AviTag was incubated with biotin ligase BirA at 25°C for 3 hours in buffer containing
20mM Tris-HCI (pH 7.4), 150 mM NaCl, 3mg/ml ATP, 7.5 mM MgCl, and 50uM D-biotin. The
biotinylated protein was purified by SEC and added to streptavidin in a 4:1 stoichiometric ratio. This was
incubated at room temperature for 15 minutes and the efficacy of tetramer formation was assessed by
SEC. For flow cytometry-based experiments, biotinylated BTNL2 was incubated in a 4:1 stoichiometric
ratio with streptavidin conjugated with phycoerythrin (PE-streptavidin).
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Animals

BALB/c mice were procured from National Institute of Nutrition, Hyderabad, India and were
maintained in the central animal research and housing facility, IIT Kharagpur. All experiments involving
mice were carried out in compliance with guidelines established by the Institutional Animal Ethical
Committee, IIT Kharagpur.

Flow cytometry-based cell binding assay

All flow cytometric experiments were carried out in a BD LSR Fortessa™ instrument and
analyses were done using FlowJo™ software (for Windows), version 10.6.0. Ashland, OR: Becton,
Dickinson and Company; 2019. In order to establish the functionality of refolded and purified IgV
domain BTNL2, splenocytes were isolated from healthy BALB/c mice and stained with B cell specific
anti-CD19 antibody (BD Biosciences™) prior to incubation with PE-conjugated BTNL2 tetramer or
biotinylated streptavidin-PE to account for non-specific binding. To further check the ability of the
BTNL2 tetramer to bind to its putative receptor on in vitro activated CD4" and CD8" cells, splenocytes
were isolated from BALB/c mice and cultured with or without 10 ng/ml PMA and 500 ng/ml ionomycin
for 24 hours. The cells were collected and stained with fluorophore tagged anti-CD3, anti-CD4 and anti-
CDS8 antibodies (BD Biosciences™), followed by incubation with PE-conjugated BTNL2 tetramer
(S5pg/ml) for 20 minutes. Cells were then washed, fixed and analyzed by flow cytometry for binding of
PE-conjugated BTNL2 tetramer on CD4" or CD8" cells.

IL-2 ELISA from in-vitro activated T cells

CD4" T cells were isolated by magnetic separation using MACS CD4+ T cell Isolation kit,
(Miltenyi Biotec Inc.). The isolated CD4" T cells were stimulated with 2pg/ml plate-bound purified anti-
mouse CD3e antibody (clone: 145-2C11; BD Pharmingen) antibody and cultured in presence or absence
of immobilized BTNL2 IgV1 monomer (20ug/ml) for 24 hours and 56 hours. The supernatant were
collected and analyzed for IL-2 secretion by ELISA using manufacturer’s instructions (mouse IL-2
Duoset ELISA kit, R & D Systems).

Chemical shift assignment and structure calculation

All NMR experiments were carried out at 25° C in a cryoprobe equipped Bruker Avance 111 600
MHz spectrometer. Spectra were processed using NMRPipe (45) and analyzed by NMRFAM-Sparky
(46). Signals from the backbone 'H, "N and *C nuclei of BTNL2 were sequentially assigned by
analyzing a set of triple resonance experiments CBCA(CO)NH, HNCACB, HN(CA)CO, HNCO and
HN(CA)NNH. Aliphatic side chain "H and ">C nuclei chemical shifts were assigned using HCCH-
TOCSY, HBHA(CO)NH, H(CC)(CO)NH-TOCSY, (H)CC(CO)NH-TOCSY and '"N-HSQC-TOCSY
experiments (47). For distance restraints, "N and "*C edited NOESY experiments with a mixing time of
110ms were collected. The chemical shifts of the backbone nuclei were used to determine the secondary
structure propensity using MICS (23).

The solution structure of BTNL2 was determined using PONDEROSA-C/S suite (26) in
conjunction with Xplor-NIH (27). Well-resolved NOE crosspeaks were assigned manually, followed by
automated assignment using AUDANA (48). Structure calculations were performed in an iterative
manner. At the initial stages, each cycle yielded 40 structures of which the 20 lowest energy structures
were used as the basis for further spectral analysis and structure calculations. Once sufficient number of
distance restraints were acquired, explicit water refinement was done to determine the final 100
structures. The best 10 structures having lowest energy were deposited in RCSB with PDB Id 6L.7Z. The
associated chemical shifts data have been deposited in BioMagResBank with accession number 28032.

Backbone amide °N relaxation



Backbone amide "°N relaxation data i.e. Ri, R, and heteronuclear NOE, were acquired at 25 °C.
Spectra for R; (50, 100, 150, 200, 400, 600, 900, 1200 ms) and R (25, 50, 75, 100, 125, 150, 200, 250,
300, 400 ms) time series were collected in random sequence for each set. The relaxation rate constants for
each residue were obtained by fitting peak heights to an exponential decay using in-house scripts. The
residue wise heteronuclear {'H}~'"°N NOE values was determined from the ratio of peak heights versus a
reference spectrum devoid of proton saturation. The backbone relaxation data and structural coordinates
of BTNL2 were used as input in the program TENSOR2 (49) in order to determine the order parameter
(S?) and global rotational correlation time (tc) by Lipari Szabo model free formalism.

Accession Numbers

The solution structure ensemble of BTNL2 comprising of best 10 structures having lowest energy
has been deposited in RCSB with PDB Id 6L.7Z. The associated chemical shifts data have been deposited
in BioMagResBank with accession number 28032.
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Figure Legends

Figure 1: BTNL2 IgV1 domain exists as a monomer in solution

A. Domain architecture of full-length mouse BTNL2 showing four extracellular domains, a membrane-
spanning region followed by a short cytoplasmic stretch. The N-terminal IgV domain is highlighted
(dashed lines) and the corresponding sequence is indicated. B. BTNL2 elutes at 93.5 ml (solid line) in
HiLoad™ 16/600 Superdex™ 200 pg SEC column. Molecular weight standards are shown as broken
lines, and their absorbance is plotted as a secondary Y-axis. Inset shows SDS PAGE gel of purified
BTNL2, indicated by an arrow. C. Sedimentation profile of absorbance at 280nm for BTNL2. Residuals
indicate the goodness of fit. D. Continuous sedimentation coefficient distribution, c(S) curve, for BTNL2,
shows the presence of a single dominant population in solution. The table lists biophysical parameters
determined by sedimentation velocity analytical ultracentrifugation.

Figure 2: BTNL2 IgV1 domain binds to its putative receptor expressed on naive B cells and in vitro
activated CD4" and CD8" T cells

A. Biotinylated BTNL2 was tetramerized using streptavidin, which elutes at 69.2 ml (solid line) in
HiLoad™ 16/600 Superdex™ 200 pg SEC column. Molecular weight standards are also indicated B.
BTNL2 was tetramerized with PE-conjugated streptavidin. Binding of BTNL2 tetramer was analyzed by
gating on CD19" B cells using biotinylated streptavidin-PE as a control to account for any non-specific
binding of the tetramer. C. Untreated as well as PMA/ionomycin activated splenocytes were stained with
fluorochrome-conjugated anti-CD3, and anti CD4 (left panel) or anti-CD8 (right panel) antibodies
followed by incubation with PE-conjugated BTNL2 tetramer. The solid gray histogram represents
BTNL2 tetramer binding to untreated cells, while the white histogram represents binding of the tetramer
to PMA/ionomycin treated cells. D. Sorted CD4" T cells were stimulated with plate-bound anti CD3
antibody with or without immobilized BTNL2 IgV1 monomer for 24 hours (p value = 0.0014) and 56
hours (p value < 0.0001). The supernatant were collected and analyzed for IL-2 secretion. Data represents
mean with SEM of 3 biological replicates for each set. p value was calculated using unpaired T test.

Figure 3: Backbone assignment and secondary structure propensity of BTNL2 IgV1 domain
A. Assigned "N-'"H HSQC spectra of mouse BTNL2 IgV1 domain. B. Secondary structure propensity
calculated from backbone chemical shifts using MICS. B-strands and a-helices are colored in red and
blue, respectively, and also shown as arrows and cylinders, respectively.

Figure 4: Solution NMR structure of BTNL2 IgV1 domain

A. Overlay of 10 lowest energy structures of BTNL2 determined by solution NMR spectroscopy. Loops
are colored in grey; the beta strands are colored in teal and green, respectively. The helical turns are in
blue. B. Cartoon representation of the lowest energy structure of BTNL2. The strands are labelled
following standard nomenclature. C. Topology diagram of BTNL2. The front face comprising of A’, G,
F, C and C’ strands is colored in teal, while the back face, comprising of A, B, E and D strands is colored
in green. The canonical disulfide bond bridging the B and F strands is in yellow.

Figure 5: Backbone dynamics of BTNL2 IgV1 domain

Heteronuclear {'"H}-""N NOE (A), amide "N R, (B) and amide "N R; (C) for BTNL2 indicate that the
protein has an overall rigid domain. Missing data correspond to prolines, residues with overlapping
signals, unassigned residues or residues not adequately fit during data analysis. D. Order parameter from
the above data has been determined using TENSOR?2.
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Figure 6: Non-canonical conformation of the CC’ loop of BTNL2

A. Lowest energy 10 structures of BTNL2 are shown in cartoon (cyan). Inset illustrates the rigid
conformation of the CC’ loop observed in all the structures. For comparison, the variability in
conformation for the C'D loop is shown. B. Pro44 (sticks, blue) on the CC’ loop potentially forms CH-n
interaction with Trp97 (sticks, cyan) present on the F strand. Similarly, Tyr40 and Pro47 on the CC’ loop
also interact in a similar fashion to stabilize and maintain the rigid non-canonical conformation of the CC’
loop. C. Potential hydrogen bond between Tyr40 and Ser42 is shown. This main-chain to main-chain H
bond helps supplement the non-canonical CC’ loop conformation by lifting up the loop and causing it to
peel away from the sheet surface.

Figure 7: Non-canonical CC’ loop reduces the surface area of the front face of BTNL2

A. Superimposed structures of BTNL2 (cyan), BTLA (blue) and PD-1 (magenta) depicts distances
between their respective CC' and FG loops. The CC' and the FG loops (magenta) of PD-1 (a canonical
IgV domain) flanks the front face binding interface and is separated by a distance of ~34A. Contrastingly,
the CC' and FG loops (blue) of BTLA which binds to HVEM (a TNF receptor superfamily member) is
separated by a distance of ~25A. The CC’ and FG loops (cyan) of BTLN2 is even closer and is separated
only by ~17A. B. The CC’ loop of PD-1 flanks the interaction interface area of PD-1 which interacts with
a wider IgV domain, whereas the CC' loop of BTLA (blue) flanks the front face of BTLA, which in turn
contributes to the binding of relatively narrow HVEM (grey). The CC’ loop of BTNL2 (cyan) appears to
assume a similar conformation to that of BTLA, which could hint at a non IgSF binding partner whose
interacting domain is of a similar size or even lower than HVEM. PDB files used are 2AW2 for BTLA
and 3RRQ for PD-1.
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