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Human leukocyte immunoglobulin-like receptors (LILRs)
typically regulate immune activation by binding to the
human leukocyte antigen class I molecules. LILRA2, a mem-
ber of the LILR family, was recently reported to bind to other
unique ligands, the bacterially degraded Igs (N-truncated
Igs), for the activation of immune cells. Therefore, LILRA2 is
currently attracting significant attention as a novel innate
immune receptor. However, the detailed recognition mecha-
nisms required for this interaction remain unclear. In this
study, using several biophysical techniques, we uncovered
the molecular mechanism of N-truncated Ig recognition by
LILRA2. Surface plasmon resonance analysis disclosed that
LILRA2 specifically binds to N-truncated Ig with weak affin-
ity (Kd = 4.8 mM) and fast kinetics. However, immobilized
LILRA2 exhibited a significantly enhanced interaction with
N-truncated Ig due to avidity effects. This suggests that cell
surface-bound LILRA2 rapidly monitors and identifies bi-
or multivalent abnormal N-truncated Igs through specific
cross-linking to induce immune activation. Van’t Hoff analy-
sis revealed that this interaction is enthalpy-driven, with a
small entropy loss, and results from differential scanning cal-
orimetry indicated the instability of the putative LILRA2-
binding site, the Fab region of the N-truncated Ig. Atomic
force microscopy revealed that N truncation does not cause
significant structural changes in Ig. Furthermore, mutagene-
sis analysis identified the hydrophobic region of LILRA2 do-
main 2 as the N-truncated Ig-binding site, representing a
novel ligand-binding site for the LILR family. These results
provide detailed insights into the molecular regulation of
LILR-mediated immune responses targeting ligands that have
been modified by bacteria.

Leukocyte immunoglobulin (Ig)-like receptors (LILRs or LIRs),
also known as Ig-like transcripts (ILTs) or the CD85 family, are
expressed on the surface of immune cells, such as monocytes,
macrophages, and dendritic cells (1). LILRBs (LILR subfamily B)

are considered immune checkpoint molecules, like PD-1 and
CTLA-4 (2, 3). LILRs belong to a paired receptor family that has
homologous extracellular domains but opposite intracellular sig-
naling motifs. The extracellular domains of most LILRs are com-
posed of four Ig-like domains (D1, D2, D3, and D4). LILRBs
(LILRB1, -B2, -B3, -B4, and -B5) have an immunoreceptor tyro-
sine-based inhibitorymotif (ITIM). For example, LILRB1 and -B2
on immune cells bind to the human leukocyte antigen (HLA) on
target cells to inhibit cellular activation (4–7). In contrast, LILRAs
(LILRA1, -A2, -A4, -A5, and -A6) have a positively charged Arg
residue in the transmembrane domain, which facilitates coupling
with molecules harboring the immunoreceptor tyrosine-based
activation motif (ITAM), such as the FcRg chain. The activating
receptor LILRA1 binds toHLA-B27, which is awell-known factor
for diseases like ankylosing spondylitis (8). LILRA1 and LILRA3
preferentially bind to b2 microglobulin-free HLA-C, which is
associated with symptoms of HIV infection (9). The stimulation
of immune cells, such as monocytes, macrophages, eosinophils,
and basophils, by anti-LILRA2 leads to the secretion of inflamma-
tion cytokines (10–13). Recently, Hirayasu et al. reported that
LILRA2 ligands are cleaved Igs whose VH domain is cleaved by
proteases secreted by bacteria, such as Legionella pneumophila,
Haemophilus influenzae, Streptococcus pneumoniae, and myco-
plasma (14). The cleaved Igs were found in L. pneumophilia-
infectedmice and pus fluid from S. pneumoniae-infected patients
(14). Moreover, Mycoplasma Ig binding protein has been
reported to recruit Mycoplasma Ig protease to cleave the heavy
chain of Ig (15). Therefore, the cleavage of Igs is considered a
highly conserved immune evasion mechanism for bacteria (14).
In contrast, Hirayasu et al. also found that LILRA2 ingeniously
bound to the cleaved Igs and stimulated the immune system to
inhibit bacterial growth. For example, the growth of L. pneumo-
phila was inhibited by stimulating primary monocytes with
LILRA2 (14). This is a novel immune activation mechanism for
sensing immune evasion by bacteria; however, the detailed mo-
lecular recognitionmechanism remains unknown.
Here, we report the biophysical characteristics of the interac-

tion between LILRA2 and N-truncated Ig. We purified WT
LILRA2 and N-truncated Ig and determined the binding
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affinity, kinetics, and thermodynamic characteristics of the
LILRA2/N-truncated Ig interaction using surface plasmon reso-
nance (SPR). Furthermore, we identified the N-truncated Ig
binding site on LILRA2 using mutagenesis studies. We also
observed N-truncated Ig and full-length Ig structure by high-
speed atomic force microscopy (HS-AFM). These results pro-
vided important molecular insights into microbially cleaved Ig
recognition by LILRA2 as well as strategies for suitable regula-
tion of host immune systems.

Results

Expression and purification of LILRA2 and N-truncated Ig

The constructs used for the expression of proteins in this
study are summarized in Fig. 1, A and B, and Fig. S1A. The N-
terminal domains 1 and 2 (D1D2) of the extracellular region
of human LILRA2 receptor (residues 1–195, here designated
LILRA2D1D2) were expressed in Escherichia coli as inclusion
bodies and refolded in vitro by a dilution method (4). The
refolded LILRA2D1D2 was purified by size exclusion chroma-
tography and eluted as a monomer based on analysis using cali-
bration standards (Fig. S1B). SDS-PAGE analysis indicated that
the protein obtained was highly purified and suitable for further
experiments (Fig. S1C). The domains 1 to 4 (D1D4) of the
extracellular region of LILRA2 (residues 1–409, here desig-
nated LILRA2D1D4) was fused to a His tag and expressed in
HEK293S GnTI(2) cells. The recombinant protein was puri-
fied by Ni-affinity chromatography. The subsequent size exclu-
sion chromatogram showed that LILRA2D1D4 also eluted as a
monomer (Fig. S1, D and E). Previous reports showed an un-
usual refolding of the LILRA2 mutant (R142C) forming a do-
main-swapped dimer (16, 17). However, the ectodomain of the
WT LILRA2 exists as a monomer. LILRA2 D1D4 fused with
the Fc region (residues 1–409 of LILRA2 fused with Fc, here
designated Fc fusion LILRA2D1D4) was transiently expressed
by HEK293T cells as a secreted protein, as described previously
(14). The protein was purified from the culture supernatant by
protein G affinity chromatography followed by size exclusion
chromatography.
Full-length Ig (amino acid residues 1–495 of heavy chain and

amino acid residues 1–217 of light chain) and N-truncated Ig
(corresponding to amino acid residues 106–495 of the heavy
chain of full-length IgG3 and amino acid residues 1–217 of the
light chain) were also expressed and purified by the samemethod
as the Fc fusion LILRA2D1D4 described above. The purity of the
protein was confirmed by SDS-PAGE analysis (Fig. S1F).

SPR analysis of the LILRA2–N-truncated Ig interaction

SPR analysis was performed to elucidate the molecular rec-
ognition mechanism of LILRA2 by N-truncated Ig, using
the purified recombinant proteins obtained above. Soluble
LILRA2D1D2 protein was injected onto a CM5 sensor chip
where N-truncated Ig or full-length Ig (as a negative control)
was directly immobilized by the amine coupling method. Spe-
cific binding of LILRA2 to N-truncated Ig was observed but not
to the full-length Ig (Fig. 1C). LILRB2D1D2 did not show spe-
cific binding to N-truncated Ig by SPR analysis, despite having
a sequence similarity of almost 79% to LILRA2D1D2 (Fig. 1D).

This result was consistent with previous flow cytometric analy-
sis, which indicated that Fc-LILRB2 did not bind to N-trun-
cated Ig, using the coexpression system with CD79a/b on
HEK293T cells (14). We injected LILRA2D1D2 (from 0.16 mM

to 40 mM) or LILRA2D1D4 (from 0.12 mM to 15 mM) to N-trun-
cated and full-length Igs immobilized on the chip to determine
the dissociation constants (Kd) by equilibrium binding analysis
(Fig. 1, E–H). The dissociation constants of the interaction
between LILRA2D1D2 or LILRA2D1D4 and N-truncated Ig
were determined to be 4.83 6 0.05 mM and 12.7 6 0.3 mM,
respectively. These data indicate that D1-D2 domains, not D3-
D4 domains, of LILRA2 play a pivotal role in the N-truncated
Ig binding. LILRA2D1D2 (0.63, 1.3, and 2.5 mM) was injected
onto an N-truncated Ig immobilized chip to determine the ki-
netic parameters by global fitting analysis, using a 1:1 Langmuir
binding model (Fig. 1I). The association and dissociation rate
constants were 1.1 6 0.0 (105 M21·s21) and 0.23 6 0.00 (s21),
respectively. The Kd derived from the kinetic parameters was
2.0 6 0.0 mM. Similar Kd values obtained from the kinetic and
equilibrium analysis provide further evidence of the accuracy of
these kinetic parameters.

Bivalent effect on LILRA2-N-truncated Ig interaction

Antibodies typically have two or more antigen binding sites
and, therefore, demonstrate strong binding potential against
antigens expressed on the cell surface due to an avidity effect.
The N-truncated Ig presumably has two potential receptor bind-
ing sites and, thus, may also exhibit the avidity effect on LILRA2
expressed on the cell surface. To examine this avidity effect, N-
truncated Ig was injected onto the LILRA2D1D2 immobilized
sensor chip. It showed a slower dissociation sensorgram than the
opposite orientation (Fig. 2A). Furthermore, to verify the slow
dissociation in solution, mixtures of either LILRA2D1D2 (one
ligand binding site) or Fc fusion LILRA2D1D4 (two ligand bind-
ing sites) and N-truncated Ig were analyzed by size exclusion
chromatography. The size exclusion chromatogram of the mix-
ture of LILRA2D1D2 and N-truncated Ig showed separate elu-
tion peaks for each component protein, while that of Fc fusion
LILRA2D1D4 and N-truncated Ig showed an earlier elution
peak, which was not observed for each component protein (Fig.
2B). SDS-PAGE analysis revealed that this peak contained Fc
fusion LILRA2D1D4 and N-truncated Ig (Fig. 2C). These data
indicated that N-truncated Ig has two LILRA2 binding sites and
a significant avidity effect for LILRA2 binding.

Thermodynamic properties of the LILRA2–N-truncated Ig
interaction

We investigated the thermal stability of N-truncated Ig by
differential scanning calorimetry (DSC) analysis to further
understand its thermodynamic properties (Fig. 3A). Deconvo-
lution analysis of the N-truncated Ig shows two peaks, with
melting temperatures (Tms) of 57.8 and 66.3 °C. To clarify the
assignment of these transitions, DSC analysis of the full-length
Ig was also performed (Fig. 3B). It showed two major peaks,
with Tms of 69.0 and 73.5 °C, corresponding to the unfolding
temperatures of Fc and Fab, respectively, as previously de-
scribed by Garber et al. (18). Since the N-truncated Ig was
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Figure 1. Binding analysis between LILRA2 and N-truncated Ig. A, Schematic structures of LILRA2. SP, signal peptide; D, domain; TM, transmembrane do-
main. B, Schematic structures of N-truncated Ig. C, The SPR sensorgrams of injection of LILRA2D1D2 over N-truncated Ig (solid lines) or full-length Ig (dotted
lines) are shown. D, Interaction analysis of LILRA2D1D2 or LILRB2D1D2 with N-truncated Ig. N-truncated Ig was immobilized on a sensor chip at 20,000 RU.
9 mM LILRA2D1D2 or LILRB2D1D2 was injected as the analyte. E, SPR sensorgram of continuous injection of LILRA2D1D2 at various concentrations, from
0.16 mM to 40 mM, over N-truncated Ig immobilized sensor chip. F, Equilibrium analysis of panel E. The black line represents nonlinear fits of the 1:1 Langmuir
binding fitting. Kd value is presented as mean6 standard deviation from three experiments. G, SPR sensorgram of continuous injection of LILRA2D1D4 at vari-
ous concentrations, from 0.12mM to 15mM, over N-truncated Ig immobilized sensor chip. H, Equilibrium analysis of panel G. The black line represents nonlinear
fits of the 1:1 Langmuir binding fitting. Kd value is presented as mean6 range from two experiments. I, The kinetic analysis of LILRA2 binding to N-truncated
Ig. SPR sensorgram of LILRA2 at various concentrations, from 0.63 mM to 2.5 mM, over N-truncated Ig immobilized sensor chip, is shown. Circle, triangle, and
square show the fitting curve based on the global fitting analysis using the 1:1 Langmuir bindingmodel.
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purified by protein G affinity chromatography, the Fc portion
of the N-truncated Ig presumably has a structure similar to that
of full-length Ig. Therefore, the Tm of 66.3 °C in N-truncated Ig
was assigned to the unfolding temperature of the Fc of N-trun-
cated Ig. The otherTm of 57.8 °C inN-truncated Ig was assigned
to the unfolding temperature of the truncated Fab of N-trun-
cated Ig. The Tms of N-truncated Ig, especially that of the trun-
cated Fab, were lower than that of full-length Ig, suggesting
that Fab truncation reduces the stability of N-truncated Ig,
especially affecting the stability of the Fab region.
We performed van’t Hoff analysis using the Kd determined

by SPR, at different temperatures (10–30 °C), to further clarify
the thermodynamic aspect of this interaction. The binding en-
thalpy (DH), entropy (DS), and heat capacity (DCp) were deter-
mined by using the nonlinear van’t Hoff equation as described in

the Experimental procedures (Fig. 3C). 2TDS was found to be
0.856 0.03 kcal·mol21 andDHwas28.26 0.0 kcal·mol21, indi-
cating that this interaction is enthalpically driven with a slight en-
tropy loss at 25 °C (Fig. 3D and Table S1). DCp was calculated as
20.566 0.02 kcal·mol21·K21 (Fig. 3D andTable S1).

AFM analysis of N-truncated Ig and full-length Ig

High-speed atomic force microscopy (HS-AFM) was utilized
to examine the structural features of N-truncated Ig. AFM
images of full-length Igs in Fig. 3E and Fig. S2 show that full-
length Ig exhibits two representative images, Y-shaped (flat-on)
and dumbbell-like (side-on) structures. The Fab and Fc re-
gions are relatively distant (the average distance is 216 3 nm,
mean 6 S.D., n = 10) compared with IgG1 structures previ-
ously reported (19). Moreover, Movie S1 shows that the connec-

Figure 2. Bivalent effect of the interaction between LILRA2 and N-truncated Ig. A, 47 nM N-truncated Ig was injected over the LILRA2D1D2 immobilized
(100 RU) sensor chip. The black solid line represents raw data. The dotted line represents the fitting curve based on the bivalent analyte model. The ka1, kd1, ka2,
and kd2 of the interaction were determined by bivalent fitting to be 1.6 (105 M21·s21), 0.080 (s21), 0.35 (RU21·s21), and 0.094 (s21), respectively. B, The size
exclusion chromatogram of the mixture of Fc fusion LILRA2D1D4 or LILAR2D1D2 and N-truncated Ig (blue line). The chromatogram of free Fc fusion
LILRA2D1D4 or LILRA2D1D2 and N-truncated Ig are also shown as a pink line and gray line, respectively. Approximate positions of molecular weight standards
are shown above the chromatogram. C, SDS-PAGE of the eluted fraction of the complex of Fc fusion LILRA2D1D4 and N-truncated Ig from size exclusion chro-
matography of panel B.
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tion between Fab and Fc regions (two or three spots) of Ig par-
ticles are highly mobile, while the longest distances are 26 nm.
Since the full-length Ig is IgG3 type and has a long linker region,
these structural and dynamic features are reasonable for IgG3-
type antibodies. On the other hand, N-truncated Ig (Fig. 3F, Fig.
S3, and Movie S2) exhibited Y-shaped and dumbbell-like struc-
tures with highly mobile features, similar to full-length Ig (the av-
erage distance is 206 4 nm, mean6 S.D., n = 10). These results
indicate that N truncation does not cause any significant changes
in overall structure and that the movement of Fab is independent
of that of the Fc region (Fig. 3, E and F, Fig. S2 and S3, andMovies
S1 and S2).

Identification of amino acid residues of LILRA2 critical for
N-truncated Ig binding

We designed LILRA2 mutants based on a comparison of the
primary sequence of LILRA2 and group 1 LILRs to determine
the N-truncated Ig binding site on LILRA2 (Fig. 4A). Unique

residues in LILRA2 with completely conserved corresponding
amino acid residues in other group 1 LILRs were identified to
prepare Q31E, E33Q, N41K, R48T, P53L, G54V, L112S, R142S,
andW154Rmutants (Fig. S4).We also focused on residues that
are not universally conserved among group 1 LILRs and con-
structed the following LILRA2D1D2 mutants: I50_Q51insR/
Q51P, H73G/Y85L, and H79R/N80A/H81R/S82W (Fig. S4).
CD spectra of all mutants were generally similar to that of the
WT protein (Fig. S5). SPR analysis of LILRA2 mutants showed
that all domain 1 mutants (Q31E, E33Q, N41K, R48T, P53L,
G54V, I50_Q51insR/Q51P, H73G/Y85L, and H79R/N80A/
H81R/S82W) and two domain 2 mutants (L112S and R142S)
bound to the N-truncated Ig with Kd similar to that of the WT.
However, one domain 2 mutant, W154R, did not bind to the
N-truncated Ig (Fig. 4B, Fig. S6, S7, and S8A, Table 1, and
Table S2). These results suggest that the region surrounding
Trp154 on LILRA2 domain 2 is involved in N-truncated Ig
binding. We constructed an LILRA2D1-LILRB2D2 chimeric
protein to test this hypothesis (Fig. S4). CD spectra of the

Figure 3. Thermodynamic features of LILRA2/N-truncated Ig interaction and structural characteristics of N-truncated Ig. A–B, DSC analyses of N-trun-
cated Ig (A) and full-length Ig (B) are shown. Solid lines represent raw data. Dotted lines represent fitting curves. C, Thermodynamic analysis of LILRA2 binding
to N-truncated Ig. The interaction was measured at several temperatures (10–30 °C) and converted into the standard free energy of binding (DG). Values for
the enthalpic (DH) and standard entropic (–TDS) changes (at 25 °C) and the specific heat capacity (DCp) were calculated by fitting the nonlinear form of the
van’t Hoff equation to these data (see Experimental procedures). Error bars show the range from two independent experiments. D, Comparison of thermody-
namic properties (at 25 °C) of several cell surface intermolecular interactions. Data for LILRB1/HLA-G1 and TCR/peptide–MHC interactions are from references
37 and 26, 38–42, respectively. Data for protein–protein interactions (excluding antibody–antigen interactions) are from reference 28. Themean and standard
error of 30 types of protein–protein interactions are depicted. E–F, Representative HS-AFM images of full-length Ig (E) and N-truncated Ig (F) (scale bars, 25
nm). The images show full-length Ig and N-truncated Ig absorbed on mica in different orientations. Schematic images corresponding to the above HS-AFM
images show presumed absorbed protein structure. The upper right image of panel Fwas selected from Fig. S3 as a representative of the flat-on structure.
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chimera were similar to that of the WT protein (Fig. S5). SPR
analysis showed that the chimeric protein does not bind to the
N-truncated Ig (Fig. 4B). More LILRA2 mutants (V121E,
D127G, H146Q, S147P, and W152S) were designed to further
clarify the N-truncated Ig binding region surrounding Trp154,
based on the structures of the LILR family members and pre-
pared by the refolding method. SPR analysis showed that
LILRA2 D127G, H146Q, and S147P bound to N-truncated Ig
but LILRA2 V121E and W152S did not (Fig. S8B). Mapping of

these residues on the LILRB2 structure (PDB entry 2GW5)
showed that these residues are located on the same surface of
domain 2 (Fig. 4C). Based on the mutagenesis study, we pro-
pose amodel of the LILRA2/N-truncated Ig complex (Fig. 4D).

Discussion

In this study, we performed kinetic analysis using SPR to
reveal the mechanistic details of the interaction between

Figure 4. Mutagenesis analysis for LILRA2 binding mode toward N-truncated Ig. A, Alignment of group 1 LILRs. The asterisks below the sequence indi-
cate the LILRA2 unique residues among group 1 LILRs. The mutated residues that did not affect N-truncated Ig binding are shown with orange background.
The identified residues involved in ligand binding are shown with blue background. B, Mutagenesis analysis using SPR. LILRA2 mutants were injected onto N-
truncated Ig immobilized chip. Kd value is presented as mean 6 range from two experiments or mean 6 standard deviation from three experiments. N.B.
means no detectable binding. C, Mapping of mutated amino acid residues of LILRA2. Blue spheres represent the residues that are involved in N-truncated Ig
binding. Orange spheres represent the residues that are not involved in N-truncated Ig binding. The structure was based on LILRB2 (PDB entry 2GW5). D, Pro-
posedmodel of N-truncated Ig recognition by LILRA2.
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LILRA2 and N-truncated Ig. LILRA2 binds to N-truncated Ig
with a relatively fast association rate constant (1.1 3 105

M21·s21) and dissociation rate constant (0.23 s21) compared
with those of general protein–protein interactions, suggesting
that LILRA2 can rapidly detect N-truncated Ig in blood. The
weak affinity of LILRA2/N-truncated Ig interaction (Kd of;4.8
mM) is typically observed in interactions which control cell–cell
recognition (Table S3).
A strong avidity effect was observed in SPR when N-trun-

cated Ig was injected onto an LILRA2 immobilized chip (Fig.
2A). In addition, the size exclusion chromatogram of the mix-
ture of Fc fusion LILRA2D1D4 and N-truncated Ig showed an
earlier elution peak, which contained the Fc fusion LILRA2D1D4
and N-truncated Ig, whereas that of LILRA2D1D2 and N-trun-
cated Ig showed separate elution peaks for each component pro-
tein (Fig. 2B). These data suggest that LILRA2 binds to N-trun-
cated Ig strongly by avidity effect. The avidity effect is observed
in other ITAM/ITIM-harboring molecules, such as FcaR and
LILRB1 and -B2 (20–24). We propose that the dimerization,
which occurs by cross-linking upon the binding of N-truncated
Ig, triggers immune activation through LILRA2. Thus, the
LILRA2 expression level is also an immune-regulating factor.
Considering the characteristics of the LILRA2 ligand, IgM-

expressing cells cultured with bacteria secreted not only the
cleaved heavy chain but also the intact heavy chain (14). A pre-
vious study showed antibodies with one cleaved heavy chain
and another intact heavy chain inWestern blotting under non-
reducing conditions (15). Our monovalent binding analysis in
SPR indicated that these antibodies bind to LILRA2 but are rap-
idly dissociated. In contrast, the antibodies that contain two
cleaved heavy chains have stronger binding affinity at nanomo-
lar range and activate immune cells through LILRA2. There-
fore, when LILRA2 encounters Igs that have both cleaved Fab
domains, it is able to bind to them with strong affinity due to
avidity effect and initiate effective signal transduction to acti-
vate the immune system.
LILRA2 specifically binds to the N-truncated Ig but not to

the full-length Ig, suggesting that LILRA2 recognizes the

exposed VL and the N-terminal peptide of cleaved VH of N-
truncated Ig. DSC analysis showed the instability of the trun-
cated Fab. Generally, the VL domain interacts with the VH do-
main (25). Therefore, instability is considered to arise from the
flexibility of the exposed VL and N-terminus peptide of the
cleaved VH of N-truncated Ig. LILRA2–N-truncated Ig interac-
tion was characterized by enthalpically driven binding with
small entropy loss (Table S1). Initially, we proposed that
LILRA2 binding to N-truncated Ig causes the loss of dynamic
flexibility of the N-truncated Ig and results in binding with en-
tropy loss similar to that of T-cell receptor (TCR)/major histo-
compatibility complex (MHC) binding (26, 27). However, the
entropy loss was too low, with a 2TDS of 0.85 6 0.03
kcal·mol21, which is lower than that of the TCR–MHC interac-
tion (7.1 6 5.7 kcal·mol21) and larger than the average 2TDS
of protein–protein interactions (25.91 kcal·mol21) (Fig. 3D)
(28). In addition, we determined the heat capacity change upon
binding, which provided information about conformational
changes reflecting a change in the hydrated state (29, 30). For
example, gp120–CD4 interaction, which requires structural
changes for ligand binding, shows a large negative heat capacity
change (;21.8 kcal·mol21·K21) (31). The DCp of LILRA2/N-
truncated Ig was moderate (20.56 6 0.02 kcal·mol21·K21)
compared with the heat capacity change of cell surface recep-
tor–ligand interactions, such as gp120–CD4 and LILRB1–
HLA-G interactions, suggesting a change in protein flexibility
upon binding. The interaction shows fast association and disso-
ciation, with moderate heat capacity change and small entropy
loss, using the hydrophobic site composed of V121, W152, and
W154 of LILRA2. These results suggest a hydrophobic effect
and/or maintenance of conformational flexibility upon com-
plex formation.
The AFM observations of N-truncated and full-length Igs

revealed that both of them exhibit not only Y-shaped but also
dumbbell-like structures. These different images likely arise
from the absorbed orientation of the proteins toward mica, as
similarly pointed out for the IgG structure before (32). We also
observed that interdomain Fab-Fc connections for both N-
truncated and full-length Igs are highly mobile due to the long
hinge region. Therefore, the structure and dynamics of N-trun-
cated and full-length Ig were similar to each other, suggesting
that N truncation does not affect overall structure and mobility
(Fig. 3, E and F, and Movies S1 and S2). We further performed
the preliminary AFM experiments of a mixture of Fc-fusion
LILRA2D1D4 and N-truncated Ig, which is mainly eluted as a
complex by size exclusion chromatography, as shown in Fig. 2B
(the details will be published elsewhere). Many particles pre-
sumably considered to be dimers and multimers were found,
while such dimer/multimer particles were rarely observed in
each AFM image of Fc-fusion LILRA2D1D4 or N-truncated Ig
only, suggesting the direct recognition of LILRA2 toward N-
truncated Ig.
Similar Kd values were observed for the interaction between

LILRA2D1D2 or LILRA2D1D4 and N-truncated Ig (Fig. 1,
E–H). In addition, LILRA2D1-LILRB2D2 chimeric protein did
not bind to the N-truncated Ig (Fig. 4B). These results suggest
that domain 2 is crucial for N-truncated Ig binding. Our muta-
tional study further revealed that V121 on strand B and W152

Table 1
Summary of binding affinities (Kd) of LILRA2 mutants for N-truncated
immunoglobulinsa

LILRA2D1D2 n Kd (mM)

Wild type 3 4.836 0.05
Q31E 3 4.016 0.02
E33Q 2 3.236 0.01
N41K 3 3.386 0.03
R48T 3 3.986 0.05
P53L 2 2.876 0.21
G54V 3 2.746 0.05
I50_Q51insR/Q51P 2 6.106 0.04
H73G/Y85L 2 4.816 0.03
H79R/N80A/H81R/S82W 2 6.726 0.05
L112S 2 7.196 0.04
V121E 3 N.B.
D127G 2 1.036 0.09
R142S 3 5.826 0.10
H146Q 3 4.416 0.04
S147P 3 4.936 0.22
W152S 3 N.B.
W154R 3 N.B.
aNumbers of experiments are shown as n. Kd values are presented as means6 standard
deviations from three experiments or means 6 ranges from two experiments. N.B.
means no detectable binding.
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andW154 on the loop between strands C9 and E of LILRA2 do-
main 2 contribute to N-truncated Ig binding. Mapping of
LILRA2 V121,W152, andW154 on the LILRB2 structure (PDB
entry 2GW5) showed that these amino acid residues are located
in the proximal region of the hinge region (Fig. 4C). The corre-
sponding residues, E123 (V121 in LILRA2), S154 (W152), and
R156 (W154), on the LILRB2 structure (PDB entry 2GW5) are
located on the surface of the protein and are almost exposed
(Fig. S9). We propose that the hydrophobic surface composed
of V121,W152, andW154 is important for the interaction with
the exposed VL and N-terminus peptide of the cleaved VH of
the N-truncated Ig. Several kinds of N-truncated Igs can be
recognized by LILRA2, with the hydrophobic feature being
common among N-truncated Igs. Therefore, hydrophobic
interaction might enable LILRA2 to recognize a broad range of
N-truncated Igs specifically. Hirayasu et al. found that LILRA2
bound to N-truncated Ig, whose VH domain was cleaved at the
amino acid positions 11, 12, 13, or 14 of the J region but not at
position 15 or 16 (14). This result suggests that the section of
the exposed J region (11 residues at the C-terminal side) of the
VH domain after cleavage is important for binding. In addition,
the mutagenesis analysis reveals that residues crucial for N-
truncated Ig are located around positions 10 and 95, close to
the tip of the C domain and the side of the VL domain, respec-
tively, exposed after the cleavage. On the other hand, the pres-
ent mutagenesis data on LILRA2 suggests that the binding site
for N-truncated Ig is a small hydrophobic patch on the surface
of the side of the LILRA2D2 domain. Therefore, the hydropho-
bic residues of the LILRA2 D2 domain would interact with the
exposed hydrophobic surface of N-truncated Ig, the left VH do-
main, the side of the VL domain, and/or the tip of the C domain.
Other LILR or KIR members (Fig. S10) have larger ligand bind-
ing sites. For example, LILRB2 binds to multiple Ig domains of
HLA proteins, both b2 microglobulin and the a3 domain (33).
Thus, future investigation is warranted to confirm whether
LILRA2 utilizes a wider surface for the binding. The hydropho-
bicity of LILRA2 V121, W152, and W154 is a distinct feature
among group 1 LILRs. For example, the corresponding amino
acid residue of LILRA2 W154 is typically arginine (Fig. 4A).
This could be the reason for LILRA2 not binding to HLAs,
which are common ligands for group 1 LILRs, except LILRA2.
The N-truncated Ig binding site on LILRA2 is also a novel
ligand recognition site among group 1 LILR family members
and other immunoglobulin-like receptors, such as KIR2DS2,
which bind to HLA. The hinge region between domain 1 and
domain 2 of LILRB1, LILRB2, and KIR2DS2 is reported as the
ligand recognition site (Fig. S10) (33–35). LILR genes suppos-
edly have evolved rapidly by pathogen-driven evolution (36).
Comparison of the ligand recognition sites suggests that
LILRA2 evolved to become a specialized receptor to sense
foreign antigens by sacrificing HLA recognition ability.

Conclusions

In this study, we report that LILRA2/N-truncated Ig binding
shows relatively fast association and dissociation rates, as typi-
cally observed in cell-cell recognition mechanisms. However,
the affinity with immobilized LILRA2 becomes much stronger

due to the avidity effect, suggesting that strong affinity achieved
by the cross-linking of LILRA2 on the cell surface is crucial for
efficient signal transduction. Furthermore, DSC analysis showed
the instability of N-truncated Ig compared with full-length Ig.
Thermodynamic analysis showed that the interaction is en-
thalpy-driven, with low entropy loss and moderate heat capacity
change. The AFM results suggested that the structure andmobil-
ity of N-truncated Ig were similar to those of full-length Ig. In
addition, a mutagenesis study revealed that the N-truncated Ig
binding site on LILRA2 was the hydrophobic region on domain
2, suggesting that LILRA2 binds to the exposed VL domain and
left heavy chain, which is likely hydrophobic. The fast kinetics,
moderate heat capacity change, and slight entropy loss could be
explained by a hydrophobic effect and/or residual conformational
flexibility upon binding. The understanding of theN-truncated Ig
recognitionmechanism by LILRA2 in this study provides insights
into efficient strategies employed in effective regulation of host
immune systems. Furthermore, our study could form the basis
for the rational design of antibacterial drugs that activate LILRA2
in addition to innate N-truncated Ig.

Experimental procedures

Expression and purification of LILRA2D1D2, LILRA2D1D4, and
Fc fusion LILRA2D1D4

Expression and purification of LILRA2D1D2 was performed
as described previously for LILRB1 (24). Briefly, the extracellu-
lar domain of LILRA2D1D2 (residues 1–195) was cloned into a
pGMT7 vector. The resulting plasmid was transformed into
Escherichia coli BL21(DE3)pLysS and the LILRA2D1D2 protein
expressed as inclusion bodies. The inclusion bodies were washed,
solubilized with guanidine hydrochloride containing buffer, and
refolded using the dilution method previously reported (4). The
refolded LILRA2 was purified by size exclusion chromatography.
The extracellular domain of LILRA2D1D4 (residues 1–409) was
cloned into a pHLsec vector. Recombinant protein fused with a
63 His tag was transiently expressed in the culture supernatant
of 293SGnTI(2) cells and purified usingHisTrap FF (GEHealth-
care), followed by size exclusion chromatography. Expression
and purification of Fc fusion LILRA2 D1D4 was performed using
a modified version of a previously described method (14). Briefly,
Fc fusion LILRA2D1D4 transiently expressed in the culture su-
pernatant of 293T cells was purified using affinity chromatogra-
phy with protein G Sepharose resin (GE Healthcare), followed by
size exclusion chromatography.

LILRA2 mutant preparation

LILRA2 mutants (Q31E, E33Q, N41K, R48T, P53L, G54V,
I50_Q51insR/Q51P, H73G, H79R/N80A/H81R/S82W, L112S,
V121E, D127G, R142S, H146Q, S147P, W152S, and W154R)
were generated using the primer set listed in Table S4, using a
plasmid encoding LILRA2D1D2 as the template. In addition,
LILRA2 Y85L mutagenesis was performed using LILRA2
H73G plasmid as the template. The expression plasmid for
the LILRA2D1-LILRB2D2 chimeric protein (residues 1–97 of
LILRA2 fused with residues 99–196 of LILRB2) was con-
structed using the Gibson Assembly master mix (New Eng-
land BioLabs) with LILRA2D1D2 and LILRB2D1D2 expression

Mechanism of N-Truncated Ig Recognition by LILRA2

9538 J. Biol. Chem. (2020) 295(28) 9531–9541

https://doi.org/10.1074/jbc.RA120.013354
https://doi.org/10.1074/jbc.RA120.013354
https://doi.org/10.1074/jbc.RA120.013354
https://doi.org/10.1074/jbc.RA120.013354


plasmids as templates. All mutants were prepared by the same
method as theWTLILRA2D1D2.

Expression and purification of N-truncated Ig and
full-length Ig

Expression and purification of N-truncated Ig and full-length
Ig were performed using a modified version of a previously
described method (14). Briefly, recombinant proteins were
produced by cotransfection of plasmids encoding the heavy
chain and the light chain. Recombinant proteins transiently
expressed in the culture supernatant of 293T cells were puri-
fied using affinity chromatography with protein G Sepharose
resin (GE Healthcare), followed by size exclusion chromatog-
raphy (GE Healthcare).

Interaction analysis using SPR

SPR experiments were performed using a BIAcore3000 (GE
Healthcare). N-truncated Ig and full-length Ig (control protein)
were immobilized on a research-grade CM5 chip (GE Health-
care) at 1400 and 1300 response units (RU). The purified WT
LILRA2D1D2 and mutants in HBS-EP (GE Healthcare) were
injected onto an immobilized N-truncated Ig, at a flow rate of
10 ml/min for 30 to 60 s, for the equilibrium analysis. The bind-
ing response at each concentration (from 0.16 mM to 40 mM)
was calculated by subtracting the equilibrium response mea-
sured by the full-length Ig immobilized flow cell from the
response in the N-truncated Ig immobilized flow cell. The data
were analyzed using BIAevaluation software (v4.1) and Ori-
gin 7.0 software (OriginLab). Affinity constants (Kd) were
derived by nonlinear curve fitting of the standard Langmuir
binding isotherm. The purified LILRA2D1D4 (from 0.12 mM

to 15 mM) in HBS-EP (GE Healthcare) was injected over the
immobilized N-truncated Ig, at a flow rate of 10 ml/min for
60 s, for the equilibrium analysis. Kd values were determined
as described above.
For kinetics analysis, LILRA2D1D2 was injected onto an

N-truncated Ig immobilized chip (1400 RU) at a flow rate of
30 ml/min for 20 s. The global fitting analysis using the 1:1
Langmuir binding model was simultaneously performed
with the raw data for the association and dissociation
phases at different concentrations of the LILRA2 protein.
Curve fitting was performed using the BIAevaluation soft-
ware (v4.1).
The avidity effect was evaluated by sequential injection of 47

nM N-truncated Ig onto an LILRA2D1D2 immobilized chip
(100 RU) for 1 min. The curve-fitting analysis was performed
by using a bivalent analyte model as described above.

Binding analysis using size exclusion chromatography

For binding analysis, a mixture of Fc fusion LILRA2D1D4
(216 pmol) or LILRA2D1D2 (432 pmol) and N-truncated Ig
(205 pmol) in 250 ml 20 mM Tris-HCl, 100 mM NaCl, pH 8.0,
was incubated at room temperature for 1 h, followed by frac-
tionation on a Superdex 200 10/300 Increase size exclusion
column.

Thermal stability of N-truncated Ig by DSC

The thermal stability of N-truncated Ig and full-length Ig
was determined by microCal VP-capillary DSC (Malvern).
Briefly, 0.3 mg/ml of N-truncated Ig and full-length Ig were
prepared in 10 mM HEPES and 150 mM NaCl, pH 7.4, for DSC
analysis. Thermograms were collected at scan rates of 1 °C/min
from 20 to 95 °C. The data were analyzed using Origin 7.0 soft-
ware (OriginLab). The buffer reference scan was subtracted
from the thermograms of N-truncated Ig and full-length Ig.
The base line of the thermograms was determined by connect-
ing the pre- and posttransition state base lines. The transition
temperature (Tm) was calculated by fitting data to a non-two-
state thermal transitionmodel.

Thermodynamic analyses using SPR

Equilibrium analyses of LILRA2D1D2 were performed at
five temperatures (10–30 °C, every 5 °C). The amount of im-
mobilized N-truncated Ig was 1400 RU. The standard state
Gibbs energy change (DG) upon binding was obtained from
equation 1:

DG ¼ RT lnKd (1)

where Kd is the dissociation constant, expressed in units mol/
L, and R is the gas constant. DG of each data set was plotted
against the different temperatures and fitted with the nonlin-
ear van’t Hoff equation 2:

DG ¼ DH2TDS1DCpðT 2 298:15Þ2DCpT ln T=298:15ð Þ
(2)

where DH and DS are the binding enthalpy and entropy at
298.15 K, respectively, and DCp is the heat capacity, which is
assumed to be temperature-independent.

Structural analysis using HS-AFM

The HS-AFM experiments were performed using a Nano
Explorer high-speed atomic force microscope (Research Insti-
tute of Biomolecule Metrology Co., Ltd.) and a cantilever (BL-
AC10DS-A2, Olympus). N-truncated Ig and full-length Ig were
absorbed on a mica surface for 3 min and washed with Milli-Q
water. AFM images were obtained at a scan area of 500 by 500
nm2 with 200 by 200 pixels and a scan rate of 1 frame/s. All of
the images were analyzed by using Eagle and ImageJ software.
A flatten filter was applied for each AFM image. The distances
between Fab and Fc were calculated as those between the cen-
ter of mass of each domain.
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Data are available from the corresponding author upon rea-
sonable request.
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