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The myeloid inhibitory receptor LILRB4 (also called ILT3,
LIR-5,CD85k), amemberof the leukocyte immunoglobulin-like
receptors (LILRs/LIRs), is an important mediator of immune
tolerance. Up-regulated on tolerogenic dendritic cells, it has
been shown to modulate immune responses via induction of T
cell anergy and differentiation of CD8� T suppressor cells and
may play a role in establishing immune tolerance in cancer.
Consequently, characterizing the molecular mechanisms in-
volved in LILRB4 function and in particular its structure and
ligands is a key aim but has remained elusive to date. Here we
describe the production, crystallization, and structure of the
LILRB4 ectodomain to 1.7 Å using an expression strategy
involving engineering of an additional disulfide bond in the D2
domain to enhance protein stability. LILRB4 comprises two
immunoglobulin domains similar in structure to other LILRs;
however, the D2 domain, which ismost closely related to the D4
domains of other family members, contains 310 helices not pre-
viously observed. At the D1-D2 interface, reduced interdomain
contacts resulted in an obtuse interdomain angle of �107°.
Comparison with MHC class I binding Group 1 LILRs suggests
LILRB4 is both conformationally and electrostatically unsuited
to MHC ligation, consistent with LILRB4 status as a Group 2
LILR likely to bind novel non-MHC class I ligands. Finally,
examination of the LILRB4 surface highlighted distinctive sur-
face patches on the D1 domain and D1D2 hinge region, which
may be involved in ligand binding. These findings will facilitate
our attempts to precisely define the role of LILRB4 in the regu-
lation of immune tolerance.

The balance between activation and inhibition of effector
immune responses is pivotal for appropriate regulation of the
immune system and is crucial for maintaining the health of the
host. Although initiation of the immune response by innate
immune receptors has been relatively well studied (1), the fac-
tors underlying induction of immune tolerance are relatively
poorly understood but are highly relevant to understanding
immune responses during infection, malignancy, and autoim-
mune disease (2, 3). In addition to central tolerance, whereby
thymocytes with high affinity for self-peptide/major histocom-
patibilty complex (MHC) complexes are deleted during T cell
development in the thymus (4), complex tolerancemechanisms
exist to control immune responses in the periphery. In partic-
ular, regulatory T lymphocyte cells (Treg) and tolerogenic anti-
gen-presenting cells are central in this regard (5, 6). As well as
CD4�CD25�FoxP3� Tregs, a distinct population of CD8� T
cells with suppressive activity, characterized by their lack of
CD28, has also been identified and termedT suppressor cells (7,
8). How critical tolerogenic signals are transmitted from regu-
latory populations to effector cells is not completely under-
stood, although it is clear that both soluble mediators of toler-
ance, for example interleukin-10 and transforming growth
factor-�, as well as cell-cell contact mechanisms utilizing regu-
latory immune receptors and their ligands, are involved. A
comprehensive understanding of these issues is crucial andmay
enable rational design of therapeutic strategies that suppress
tolerance mechanisms during malignancy or pathogen infec-
tion and stimulate tolerancemechanisms during autoimmunity
or after transplantation.
The leukocyte immunoglobulin-like receptors (LILRs/

LIRs),3 also called immunoglobulin-like transcripts (ILTs)
(9–12) or CD85 (13), are a family of regulatory immune recep-
tors expressed predominantly on myeloid subsets, with emerg-
ing roles in the regulation of immune tolerance, in addition to
their other known functions (14). Encoded in the leukocyte
receptor cluster on human chromosome 19 (15), they are struc-
turally and functionally related to other leukocyte receptor
cluster receptors, such as the killer cell immunoglobulin-like
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receptors, and have been reported to regulate a broad range of
cells involved in the immune response (13, 16–20). In addition,
the LILR family is relatively conserved evolutionarily, consis-
tent with important immune functions (15, 21, 22). The LILR
family has 13 members (including two pseudo-genes), charac-
terized by different transmembrane and cytoplasmic domains,
delivering either activating or inhibitory signals (11, 12, 16).
Inhibitory LILR members have a long cytoplasmic tail contain-
ing different sets of immunoreceptor tyrosine-based inhibitory
motifs that recruit phosphatases and thus contribute to down-
stream inhibitory signaling pathways (23, 24), whereas activat-
ing members have truncated cytoplasmic regions and are
thought to associate with activating adaptor proteins via a pos-
itively charged amino acid in the transmembrane domain (e.g.
LILRA2 and LILRA4 both associate with the � chain of Fc�RI
(25, 26)). The ligands for some of the LILRs are known, and the
structural and biophysical basis of these recognition events
have recently been resolved (27–33). LILRB1 (ILT2/LIR-1/
CD85j) and LILRB2 (ILT4/LIR-2/CD85d) interact with both
classical and non-classical MHC class I molecules and the class
I-like molecule UL18 encoded by the human cytomegalovirus
(30, 32, 33). Based on the analysis of the structure of LILRB1
(ILT2/LIR-1/CD85j) in complex with human leukocyte antigen
(HLA)-A2/�2m, Willcox et al. (32) proposed the two-group
classification of the family. So-called “Group 1” receptors,
which include LILRB1 (ILT2/LIR-1/CD85j), LILRB2 (ILT4/
LIR-2/CD85d), LILRA1 (LIR-6/CD85i), LILRA2 (ILT1/LIR-7/
CD85h), and LILRA3 (ILT6/LIR-4/CD85e), were noted to have
high conservation of MHC binding residues and were hypoth-
esized to interact with MHC class I or MHC class I-like pro-
teins. In contrast, “Group 2” family members, which include
LILRB3 (ILT5/LIR-3/CD85a), LILRB4 (ILT3/LIR-5/CD85k),
LILRB5 (LIR-8/CD85c), LILRA4 (ILT7/CD85g), LILRA5
(ILT11/LIR-9/CD85f), and LILRA6 (ILT8/CD85b), have low
conservation of such residues and are thought to recognize
novel ligands not associated with �2-microglobulin (32). A
recent study appears to have confirmed this prediction for the
Group 2 receptor LILRA4 (ILT7), which was shown to nega-
tively regulate Toll-like receptor-mediated plasmacytoid den-
dritic cell function by binding to bonemarrow stromal cell anti-
gen 2 (BST2) (34). This finding highlights the potential
importance of Group 2 LILRs in regulation of myeloid/den-
dritic cell function and emphasizes the requirement for a more
detailedmolecular understanding of these poorly characterized
receptors.
A substantial body of data has highlighted theGroup 2 recep-

tor LILRB4 (ILT3/LIR-5/CD85k) (35), which is expressed on
dendritic cells, monocytes, and macrophages, as playing an
important role in the regulation of immune tolerance (36–39).
In particular, T suppressor cells were found to induce the up-
regulation of expression of LILRB4 and LILRB2 on antigen-
presenting cells (35, 39–43), rendering them tolerogenic to T
cells. In addition, recombinant LILRB4-Fc has also been shown
to modulate T cell responses via induction of T helper cell (Th)
anergy and differentiation of CD8� T suppressor cells (44), and
soluble LILRB4 has been detected in the blood of patients with
cancer and can promote tolerance of tumor grafts in a human-
ized mouse model (44, 45). However, the molecular basis of

such effects is unclear, because in contrast to LILRB2, both the
ligands and structure of LILRB4 have remained elusive. Inter-
estingly, LILRB4 is somewhat unusual as whereas most family
members contain four Ig-like domains in their extracellular
region (designated D1, D2, D3, and D4), LILRB4 is one of two
members that only possess two Ig-like domains (the other one
is the closely related activating receptor LILRA5 (46)). In addi-
tion, previous studies found that LILRB4 behaves as an “outlier”
in family phylogenetic analysis (15). Collectively, these findings
strongly justify further investigation of the structure and func-
tion of this important regulatory receptor.
To shed light on the function of LILRB4, we carried out

recombinant expression of its complete extracellular domain
and introduced a new disulfide bond to stabilize the protein for
crystallization, a strategy we previously applied to LILRA2 (28).
Using this approach, we successfully crystallized LILRB4 and
here report its crystal structure to 1.7 Å. Our results show that
the LILRB4 ectodomain adopts an unusually obtuse interdo-
main angle, which is stabilized by poor hydrophobic interac-
tions, relative to other LILRs. They also reveal novel 310 helical
regions in the D2 domain, which is most closely related in
sequence to theD4 domain of other LILRs. Finally, our analyses
indicate that LILRB4 has a tertiary structure and surface charge
distribution unsuitable for binding MHC class I proteins and
highlight two distinct surface patches, on the D1 domain and at
the D1D2 hinge region, that may form components of a ligand
binding site.

EXPERIMENTAL PROCEDURES

Cloning and Stability Engineering of LILRB4—DNA encod-
ing the extracellular region of LILRB4 (residues 1–196 of the
mature protein, comprising the two Ig-like domains, termedD1
and D2) was amplified by PCR using the forward primer
LILRB4Fw (5�-CCAACATATGGGGCCCCTCCCCAAACCC-
3�) and the reverse primer LILRB4Rv (5�- CCGCTCGAGTTAT-
CCTGAGACTATGAGCTCCAGGGGGTC-3�), which intro-
duced non-coding mutations to limit RNA secondary structure
and improve codon usage as previously described (47). PCR
products were digestedwithNdeI andXhoI and ligated into the
pET21a plasmid vector (Novagen). DNA fragments corre-
sponding to stability-engineered LILRB4D1D2mutant (I133C,
H143C, termed the LILRB4cc mutant, see “Results” section)
were generated by PCR mutagenesis using the LILRB4 D1D2-
pET21a plasmids as templates and the following primers
(mutated nucleic acids are shown in bold and underlined):
LILRB4mu1, CTTCTGTGCAAGGAGCGGGCAGCCCATC-
CCCTACTGTGTCTGAGATC; LILRB4mu2, GATCTCAGA-
CACAGTAGGGGATGGGCTGCCCGCTCCTTGCACAG-
AAG. PCR products corresponding to LILRB4cc were digested
and ligated into pET21a as described above.
Expression and Purification of both LILRB4wt and LILRB4cc—

Inclusion bodies of both recombinant proteins were expressed
in Escherichia coli strain BL21(DE3) pLysS and prepared using
existing protocols (47–49). Briefly, the inclusion bodies were
washed with washing buffer (0.5% Triton X-100, 50 mM Tris-
HCl, pH 8.0, 300 mM NaCl, 10 mM EDTA, 10 mM �-mercapto-
ethanol (�-ME), and 0.1% NaN3), resuspension buffer (50 mM

Tris, pH 8.0, 100 mM NaCl, 10 mM EDTA, 10 mM �-ME, and
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0.1%NaN3) and then dissolved overnight in a denaturing buffer
(6 M guanidine hydrochloric, 50 mM Tris-HCl, pH 8.0, 100 mM

NaCl, 10 mM EDTA, 10% (v/v) glycerin, and 10 mM DTT). The
inclusion bodies were renatured by dilution refolding at 4 °C
using the following refolding buffer: 100 mM Tris-HCl, 2 mM

EDTA, 400 mM L-arginine-HCl, 0.5 mM oxidized glutathione, 5
mM reduced glutathione, 0.1mMPMSF, and 0.1mMNaN3, with
the pH adjusted to 8.0. The refolding solution was incubated
overnight and then concentrated using a stirred cell and ultra-
centrifugal filter devices (Millipore). Refolded proteinwas puri-
fied by size exclusion chromatography using a HiLoadTM
Superdex 75 16/60 PG column with AKTA FPLC (GE
Healthcare).
Analytical Ultracentrifugation Analysis—Analytical ultra-

centrifugation was performed on a Beckman XL-A ana-
lytical ultracentrifuge (Fullerton, CA). The protein samples
(LILRB4wt and LILRB4cc) were used at an initial concentration
of A280 � 1.0 absorbance units and dissolved in 20 mM Tris-Cl,
150mMNaCl, pH 8.0. Samples (400 �l) and reference solutions
(400 �l, 20 mMTris-Cl, 150mMNaCl, pH 8.0) were loaded into
a conventional double-sector quartz cell and mounted in a
Beckman Coulter An-60 Ti 4-hole rotor. Sedimentation veloc-
ity experiments were performed at a speed of 54,000 rpm. The
protein profiles were measured by UV absorbance at 280 nm in
a continuous mode with time intervals of 480 s. The recorded
scans for the various time points were collected and analyzed
using the c(s) continuous size distribution model with the
SEDFIT program Version 11.3b (50). Molecular weights were
estimated using the c(M) model after fitting the frictional ratio
(f/f0).
Multiple Alignments and Phylogenetic Analysis—To investi-

gate the evolutionary relationships of the LILR family, we ana-
lyzed sequences of the 13 family members (including the two
pseudo-genes, LILRP1 (ILT 9) and LILRP2 (ILT10)) using the
following accession codes of protein in GenBankTM: LILRA2,
Q8N149; LILRB1, Q8NHL6; LILRB4, Q8NHJ6; LILRB2,
Q8N423; LILRB3, O75022; LILRA3, Q8N6C8; LILRA4,
P59901; LILRA6, Q6PI73; LILRP1, AF072102; LILRP2,
AAC99762; LILRA5, A6NI73; LILRA1, O75019; LILRB5,
O75023. We used LILRB1, LILRB2, and LILRA5 as reference
templates to identify the different domains for each protein.
Approximately, we defined the domains as follows: amino acids
23–118, domain 1 (D1); 119–219, domain 2 (D2); 220–318,
domain 3 (D3); 319–420, domain 4 (D4). Multiple alignments
were performed usingClustalX (Version 2.09) with the full pro-
tein sequence and D1D2, D3D4 and D4 fragments. Phyloge-
netic trees were prepared by Phylip (Version 3.67).
Crystallization and Data Collection—Both purified

LILRB4wt and LILRB4cc were concentrated to 20 mg/ml in a
buffer consisting of 20 mM Tris, pH 8.0, 50 mM NaCl. Initial
screening of crystallization conditions was performed using
sparse matrix approaches with commercial screening kits sup-
plied by Hampton Research. All crystallization experiments
were performed using the vapor diffusion method at both 18
and 4 °C.
Diamond-shaped crystals of LILRB4cc were obtained in

hanging drops equilibrated against a reservoir solution contain-
ing 0.2 M sodium sulfate heptahydrate, 20% (w/v) polyethylene

glycol 3350 at 4 °C. For data collection, ideal crystals were
soaked in reservoir buffer supplementedwith 15% (v/v) glycerol
for 60 s before they were flash-cooled to 100 K in a nitrogen gas
stream.X-ray diffraction datawere collected to 1.7Å resolution
using an in-house Rigaku MicroMax007 x-ray generator
(CuK�; � � 1.5418 Å) equipped with an R-AXIS IV�� image-
plate detector. X-ray data were processed, scaled, and merged
using the HKL2000 program package (51). Data processing sta-
tistics are listed in Table 1.
Structure Determination and Refinement—The crystal be-

longed to the tetragonal space group P41212 (unit cell con-
stants: a � b � 61.86 Å, c � 115.83 Å, � � � � � � 90°), with
one LILRB4cc molecule per asymmetric unit corresponding to
51.2% solvent content (52). The LILRB4cc structure was solved
by molecular replacement using MOLREP (53) and PHASER
(54) as previously described (29, 55). The search probe con-
sisted of the LILRA5 structure (PDB code 2D3V) (31) with
regions that are incompatible to LILRB4 and all flexible loops
omitted. Unambiguous rotation and translation function solu-
tions for each domain were found independently using data to
3.5 Å resolution.
Initial restrained rigid-body refinementwas carried out using

REFMAC5 (56), interspersed with iterative manual rebuilding
with the program COOT (57). Subsequent 2Fo � Fc and
annealed omit electron densitymaps allowed for the placement
of all LILRB4 residues. After further cycles of refinement, the
Rfactor andRfree converged to 18.7 and 21.8%, respectively, for all
data between 22.5 and 1.7 Å. The refinement statistics are listed
in Table 1.
Ramachandran plot and secondary structure assignments

were generated with SFCHECK (58). Analysis of the Rama-
chandran plot reveals that the LILRB4model contains 90.1% of
the residues in the most favored region, 9.3% in the additional

TABLE 1
Data processing and refinement statistics for LILRB4

LILRB4

Data processing
Space group P41212
Unit cell dimensions a � 61.86, b � 61.86, c � 115.83 (Å)

a � 90, � � 90, � � 90 (°)
Resolution (Å) 50-1.7 (1.76-1.7)a
Observed reflections 172,331 (11,061)
Unique reflections 24,975 (2,458)
Multiplicity 6.9 (4.5)
Completenessb (%) 98.2 (98.6)
Rmerge

c (%) 5.0 (23.7)
I/�(I) 33.8 (6.8)

Refinement
Resolution (Å) 22.5-1.7
Rfactor

d (%) 18.7
Rfree

e (%) 21.8
Root mean square deviations
Bond lengths (Å) 0.004
Bond angles (°) 0.943

B-factors (Å2)
Protein 23.5
Water 33.7

aNumbers in parentheses apply to data in the highest resolution shell.
bCompleteness � (number of independent reflections)/(total theoretical number).
c Rmerge (I) � (��I(i) � �I(h)��/�I(i)), where I(i) is the ith observation of the inten-
sity of the hkl reflection, and �I� is the mean intensity from multiple measure-
ments of the h, k, l reflection.

dRfactor (F) � �h�Fobs(h)� � �Fcalc(h)�/�h�Fobs(h)�, where �Fobs(h)� and �Fcalc(h)� are
the observed and calculated structure factor amplitudes for the h, k, and l
reflection.

e Rfree is calculated over reflections in a test set not included in atomic refinement.
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allowed region, 0.6% in the generously allowed region, and no
residues in the disallowed region. For analysis of interdomain
angle and buried surface areas, D1 was defined as residues
1–96, and D2 was defined as residues 97–196, as for LILRA5
(31). Interdomain contact residues were identified using the
program CONTACT (55) and were defined as residues con-
taining an atom of �4.0 Å of the target partner. Buried surface
areas were calculated using SURFACE (55) with a 1.4 Å probe
radius. Figure were prepared with POVSCRIPT (59) and POV-
RAY. Electrostatic surfaces were calculated using GRASP (60).

RESULTS AND DISCUSSION
Bioinformatic Analysis of the LILRB4 Ectodomain—To shed

light on the distinct structural features of LILRB4,we compared
the sequence of the LILRB4 ectodomainwith that of other LILR
receptors. Phylogenetic trees constructed on the basis of com-
parison of D1D2 fragment sequences highlighted a delineation
between Group 1 receptors and Group 2 receptors, consistent
with previous structural results that initially proposed the
Group1/2 classification based on conservation (Group 1) or
lack of conservation (Group 2) of amino acids involved inMHC
class I binding (32). Consistent with its poor conservation of
residues involved in MHC class I binding, comparison of the
complete LILRB4 ectodomain sequence placed it close to other

Group 2 receptors (Fig. 1A). More detailed analysis of the indi-
vidual domains of the receptor highlighted that although the
D1 domain bore similarity to other LILR D1 domains, the
LILRB4 D2 domain shared highest identity with the D4
domains of other family members, as previously noted (9) (Fig.
1, B and C). In contrast, the D2 domain of LILRA5, the other
Group 2 receptor with only 2 extracellular immunoglobulin
domains, shared highest sequence identity with other LILR
D2 domains (Fig. 1, B and C). In addition, alignment of the D2
domain of LILRB4 and LILRA5 with the D4 domains of other
LILR receptors revealed LILRB4 shares a characteristic Leu res-
idue with D4 domains, whereas LILRA5 has a Trp at this posi-
tion, typical of all other LILRD2domains (Fig. 1D). Because this
Trp residue is important inmediating interdomain interactions
in LILRs analyzed structurally to date, this suggested that
LILRB4 may have an altered D1-D2 interdomain interface rel-
ative to other LILRs. Therefore, in summary, LILRB4 is distin-
guished by an unusual domain organization comprising a clas-
sical LILR D1 domain juxtaposed to an immunoglobulin
domain that is most similar to the membrane-proximal D4
domain of other LILR receptors.
Stability Engineering Facilitates the Crystallization of LILRB4—

Previously, the extracellular domain of wild type LILRB4 D1D2

FIGURE 1. Bioinformatic analysis of LILRB4. Phylogenetic trees were generated using PHYLIP employing maximum likelihood methods. Analyses were based
on comparison of D1D2, D2, and D4 sequences of LILR family members, omitting the two pseudo-genes LILRP1 (ILT9) and LILRP2 (ILT10). Group 1 members are
labeled in black, and Group 2 members are shown in blue. A distance scale is included, in centimorgans. LILRB4 is shown in bold (B4). A, analysis of the D1-D2
domains of the LILR family highlights separate clusters of Group 1 and Group 2 receptors. B, shown is a comparison of D2 domains, indicating LILRB4 D2
represents an outlier. C, shown is a comparison of the D2 domain of LILRB4 and LILRA5 with the D4 domains of other LILRs, indicating LILRA5 D2 but not LILRB4
D2 is an outlier relative to the D4 domains of other family members. D, shown is alignment of the D2 domain of LILRB4 (top) and LILRA5 (bottom) with the D4
domains of other LILR receptors. The Leu/Trp residue is highlighted in bold, and residue numbering is for LILRB4.
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(LILRB4wt) was produced using E. coli expression and refold-
ing approaches for structural and ligand identification analyses.
Although pure, antibody-reactive material was produced to
high levels (48) (Fig. 2), its stability was limited in vitro, and it
showed pronounced precipitation during concentration steps.
Despite great efforts, attempts at LILRB4 D1D2 crystallization
only produced microcrystals (47), and diffraction quality crys-
tals were not obtained. These results suggested alternative
strategiesmight be required for successful LILRB4D1D2 struc-
tural analysis.
Inspection of the LILRB4 sequence in relation to other LILRs

indicated conservation of canonical cysteines in D1 (at 26 and
75) and D2 (at 121 and 172) that form intradomain disulfide
bonds. However, LILRB1 and LILRB2, which both crystallized
readily, contained an additional pair of Cys residues in the C-C�
loop in D2 that formed a second intrachain disulfide in the D2
domain. In contrast, LILRB4 lacked these additional cysteines,
the corresponding C-C� loop residues being Ile-133 and His-
143 (Fig. 2A). In previous work on LILRA2, we overcame the
obstacle of LILRA2 instability by introducing a Cys residue to
form an additional disulfide bond in this D2 C-C� loop, which
enhanced the production of the D1D2 of LILRA2, allowing

crystallization and structure solution (28). This disulfide bond
was found to make the neighboring loop region less flexible
without influencing the overall topology of the structure (61).
We hypothesized that, as for LILRA2, the absence of such a
bond may result in high flexibility of this region, decreasing
protein stability and inhibiting crystallization. To rectify this,
we introduced an artificial disulfide bond in this region by using
site-directedmutagenesis to generate the mutations I133C and
H143C, resulting in a protein termed LILRB4cc. The engi-
neered LILRB4cc protein was found to have higher stability,
could be concentrated to much higher levels than the wild type
(LILRB4wt), and displayedmuch less precipitation during con-
centration steps. To exclude the possibility that the Cys resi-
dues introduced by the site-directed mutations caused the
recombinant production of LILRB4 to behave abnormally, we
compared the profile of the LILRB4wt and LILRB4cc proteins
on size exclusion chromatography (Fig. 2, A and B) and analyt-
ical ultracentrifugation (Fig. 2C). LILRB4wt and LILRB4cc pro-
teins eluted at essentially identical volumes on size exclusion
(Fig. 2A), consistent with a similar overall size and shape. In
addition, the peaks eluted between the 29.0- and 13.7-kDa
marker proteins, indicating that both LILRB4wt and LILRB4cc

FIGURE 2. Biochemical and biophysical characterization of LILRB4wt and LILRB4cc proteins. A, mutated sites and introduced disulfide bond are indicated
(left panel) with size exclusion chromatography elution profiles of refolded LILRB4wt and LILRB4cc proteins (right panel). The LILRB4wt and LILRB4cc size
exclusion chromatography profiles are shown in solid and dashed lines, respectively. The profiles are marked along with approximate positions of molecular
mass standards of 43.0, 29.0, and 13.7 kDa. B, reducing (R) and non-reducing (NR) SDS-PAGE analysis of refolded size exclusion-purified LILRB4 proteins.
C, sedimentation velocity analytical ultracentrifugation profiles of LILRB4wt (left) and LILRB4cc (right) show the sedimentation coefficient distribution analysis
c(s) and the corresponding molecular weights, as determined from size distribution (c(M)) analyses.
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(MW �21 kDa) behave as monomers in solution. Also, sedi-
mentation velocity analytical ultracentrifugation measure-
ments of both LILRB4wt and LILRB4cc proteins (Fig. 2C) indi-
cated for each sample a single predominant species in the
sedimentation coefficient distribution c(S), and transformation
to a molar mass distribution c(M) confirmed a similar peak
mass �21 kDa, confirming each protein was monomeric in
solution. Furthermore, the more convergent profile of the
LILRB4cc (Fig. 2C, right panel) protein also suggested that rel-
ative to LILRB4wt (Fig. 2C, left panel), LILRB4cc had more
restricted flexibility.
Extensive crystallization trials of native LILRB4 D1D2 sug-

gested the protein was intransigent to crystallization. More-
over, this protein was clearly susceptible to proteolytic cleavage
between the D1 and D2 domains, as crystals of a fragment cor-
responding to the D1 domain resulted from trials of intact
LILRB4 D1D2 protein, suggestive of substantial interdomain
flexibility. Consistent with the higher stability and lower con-
formational flexibility of the LILRB4cc in solution, LILRB4cc
crystallized readily at 4 °C, in contrast to wild type protein,
allowing the LILRB4cc structure to be solved to 1.7 Å.
Overall Structure of LILRB4—The refined crystal structure of

LILRB4 contained onemolecule per crystallographic asymmet-
ric unit. LILRB4 comprised two immunoglobulin-like domains,
D1 and D2 (defined as residues 2–96, and 97–195), each com-
posed of� strands arranged into two anti-parallel� sheets, with
one �-sheet containing three anti-parallel �-strands (A, B, and
E) and the second containing five anti-parallel �-strands (C�, C,
F, G, and A�). As expected, disulfide bonds were observed
between Cys residues 26 and 75 in D1 and in D2 first between
121 and 172 as well as the additional artificial disulfide between
position 133 and 143, analogous to the additional native disul-
fide observed in LILRB1/2 D2. Arguably the most striking fea-
ture of the structure was the interdomain angle. In contrast to
the previous LILR structures, where the D1-D2 interdomain
angles are �84–90° in their ligand-free forms, the LILRB4
structure displayed an obtuse D1-D2 interdomain angle of 107°
(Fig. 3,A and B). Comparison of the D1-D2 interdomain angles
of LILRA5 (Fig. 3B, left), LILRB2 (Fig. 3B, right), and LILRB1,
indicates the presence/absence of the additional disulfide
between C and C� in the LILR D2 domain does not correlate
with the D1-D2 interdomain angle. Both LILRB1/B2 possess
this disulfide in native form, whereas it is absent in LILRA5;
notably all three receptors have an interdomain angle of �90o.
Therefore, the obtuse D1D2 interdomain angle observed in
LILRB4 most likely reflects the distinct characteristics of the
LILRB4 D1-D2 interface rather than being dependent on the
non-native disulfide bond. Consistent with this, our studies on
PD-L1 have shown that the angle between neighboring Ig
domains can shift as a result of altered interactions of hydro-
phobic residues (62), as observed for LILRB4 compared with
other family members (see below). These considerations
strongly suggest that the unconventional orientation of LILRB4
D1-D2 domains reflects distinct intrinsic features of the inter-
face of this two domain molecule.
The topology of the LILRB4 domains was similar to that of

other LILRs but with some distinctive features (Fig. 3). In the
D1 domain, LILRB4 displays some topological differences com-

pared with LILRB1/2. In LILRB1/2, the region between the C
and E strands, which in many immunoglobulin domains forms
a strand termedD, instead includes helical secondary structural
elements (29, 33). In contrast, in LILRB4D1, the corresponding
region is replaced by a �-strand termed C� that pairs with
strand C (Fig. 3C), as in the killer cell immunoglobulin-like
receptors. Interestingly, recent studies have shown that the 310
helix region between the C-E strands in LILRB2 D1 is directly
involved in the recognition of the �3 domain of HLA-G (30),
and the corresponding region of LILRB1 also forms interac-
tions with the �3 domain of HLA-A2 (32). Alterations in this
region of LILRB4 relative to LILRB1/2 could affect LILRB4
ligand interactions. Notably, the C� strand we observe in
LILRB4 has previously been noted in LILRA2 and LILRA5 (Fig.
3D), suggesting this topological feature can be present in both
Group 1 andGroup 2 receptors and in Group 2 is not restricted
to LILRA5. In contrast to the loss of helical elements in this
region in LILRB4, the 310 helix observed between E and F
strands in LILRB1/LILRB2/LILRA5 (29, 31, 33) is preserved in
LILRB4.
In D2, LILRB4 displays two novel 310 helical regions not pre-

viously observed in other LILR receptors; one located between
the C-C� strands and another between the E and F strands (Fig.
3C). For the C-C� helix, we cannot exclude the possibility that
introduction of the additional disulfide bond into this region
affects that propensity for 310 helix formation. However, nota-
bly LILRB1 andLILRB2 contain this additional disulfide in their
native form and do not have a helix in this region, suggesting
instead the divergent sequence of LILRB4 in this region relative
to other LILRs may underlie this novel structural feature.
Finally, in addition to 310 helical regions, LILRB4 also contains
a region of polyproline II helix in the F-G loop of each domain
(Fig. 3C), and this is also present in LILRA2/5 and LILRB1/2 as
well as other leukocyte receptor cluster receptors such as killer
cell immunoglobulin-like receptors (63) and NKp46 (64).
Structural Features at the D1-D2 Interface—Previous studies

have indicated the interdomain interface of LILR receptors is
stabilized by both interdomain hydrogen bonds and hydropho-
bic interactions that are relatively conserved across the family
(28, 29, 31, 33). For LILRB1, LILRB2, and LILRA5, the hydro-
phobic interdomain contact region comprisesD1 residues from
strands A� (Val-15) and G (Val-94, Val-95 in LILRB1, equiva-
lent to residues Val-93 and Met-94 of LILRB4) as well as resi-
dues from the 310 helix located between the E and F strands
(including Trp-67 and residues Ala-70, Gly-71, and Arg-72 in
LILRB1), the G-A loop region that connects the D1 and D2
domains, and by D2 residues from the C� strand (Leu-145 in
LILRB1, equivalent to residue Leu-144 in LILRB4) and in the F
strand (Tyr-175 in LILRB1, equivalent to residue Phe-173 in
LILRB4) as well as the WSXPS motif (Leu-187, Pro-188 in
LILRB1, equivalent to residues His-185 and Pro-186 of
LILRB4). In addition to these amino acids, previous studies
have highlighted two conserved D2 aromatic residues in the
F-G loop, Tyr-183 and Trp-185 in LILRB1 (equivalent to resi-
dues Tyr-181 and Leu-183 in LILRB4, respectively), that con-
tribute a majority of the interdomain interactions. Collec-
tively, these interactions enable an interdomain interaction
surface comparable in size to that of other leukocyte recep-
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tor cluster-encoded receptors, with the total solvent-acces-
sible area buried at the D1-D2 interface 946 Å2 for LILRB1
(33) compared with 949 and 891 Å2 for KIR2DL2 andNKp46,
respectively (64, 65).
Analysis of the LILRB4 D1-D2 interdomain interface indi-

cated a buried surface area of 866 Å2 intermediate between that
of LILRB1 (946 Å2) and LILRB2 (776 Å2) and comparable with
LILRA5 (843 Å2). Consistent with a broadly similar interdo-
main interface, the hydrogen bonding interactions present at
the D1-D2 interface in LILRB1, LILRB2, and LILRA5 (from the
D1 G strand to the short strand bearing Tyr-183 and Trp-185
(equivalent to Tyr-181 and Leu-183 in LILRB4, respectively))
were conserved in LILRB4. In addition, some important hydro-
phobic interactions are conserved, in particular contacts
between Tyr-181 and residues Ala-70 and Arg-72 on or around
the F strand (Fig. 4,A andB). However, several other hydropho-

bic interactions were altered. First, Trp-67, which in LILRB1
and LILRB2mediates numerous hydrophobic interactionswith
Glu-184 for LILRB1 and Val-183 for LILRB2 (equivalent to
LILRB4 Leu-182), is replaced in LILRB4 by Glu-67 (Fig. 4B, top
panels). This decreases interdomain interactions, as Glu-67
mediates far fewer contacts to Leu-182. In addition, although
LILRA5 also has a Glu at position 67, this mediates compensa-
tory interactions with Phe-97, whereas this is not the case in
LILRB4, as Phe is replaced with the shorter Ala at this position.
A second alteration is at residue 173, which in LILRB4 is a Phe,
as opposed to a Tyr at the equivalent position in LILRB1,
LILRB2, and LILRA5 (Fig. 4, A and B). Although both side
chains interact with Thr-95 (or the equivalent), Phe-173 in
LILRB4 makes substantially fewer contacts. Finally, arguably
themost significant alteration at the LILRB4D1-D2 interface is
substitution of Trp at 185 (present in LILRB1 and at the equiv-

FIGURE 3. Overall structure of the extracellular region of LILRB4. A, shown is a ribbon diagram of the LILRB4 structure, with 310 helices indicated in green,
polyproline type II helices shown in red, disulfide bonds shown in yellow, and the introduced disulfide bond indicated by a violet circle. B, shown is a comparison
of D1-D2 interdomain angle of LILRB4 with LILRA5 (left panel) and LILRB2 (right panel). LILRB4, LILRA5, and LILRB2 chains are shown in cyan, green, and gray,
respectively. C, shown is a topological diagram of LILRB4 with 310 helices indicated in green and polyproline type II helices indicated in red; the approximate
orientation of the receptor relative to transmembrane and intracellular regions is shown. D, shown is a comparison of secondary structural elements in the D1
C-C� region of LILRB4 (cyan), LILRA5 (green), LILRB1 and LILRB2 (both gray). Helical elements in the C-C� region (only present in LILRB1 and LILRB2) are shown in
green, and � strands are shown in red.
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alent 184 in LILRB2, LILRA5) to the less bulky Leu at the cor-
responding position 183 in LILRB4 (Fig. 4B, lower panels).
Whereas Trp-185 forms extensive contacts to Val-15 and Val-
94, the shorter size of the Leu-183 side chain in LILRB4 results
in reduced contacts with these residues. To compare the differ-
ent abilities of Leu and Trp to form packing interactions at the
interdomain interface, we compared the number of contacts

mediated by Leu and Trp in LILRB4 and LILRB1/LILRB2/
LILRA5, respectively. Strikingly, Leu-183 of LILRB4 only
makes 22 contacts to neighboring atoms (	4.00 Å), whereas
the equivalent Trp-184 in LILRA5 forms 44 contacts. These
observations indicate that the LILRB4 D1-D2 interface,
although of a similar size to that of other LILR family members,
involves considerably fewer stabilizing hydrophobic interac-

FIGURE 4. Structural features at the LILRB4 D1D2 interface. A, superimposition of LILRB4 and LILRB1/2, LILRA2/5, and NKp46, with LILRB4 residues involved
in the D1D2 interdomain interface interactions marked with an asterisk. Residues conserved in all receptors are shaded in red. Cysteine residues involved in
disulfide bonds are shaded in yellow, with the position of the engineered cysteines (I133C and H143C) indicated. Secondary structure elements of LILRB4 are
shown above the sequence, with 310 helices marked in green and polyproline type II helices (PP) depicted in red. The GenBankTM and PDB accession codes for
each protein are, respectively: LILRB4 (Q8NHJ6, 3P2T); LILRA5 (A6NI73, 2D3V); LILRA2 (Q8N149, 2OTP); LILRB1 (Q8NHL6, 1G0X); LILRB2, (Q8N423, 2GW5); NKp46
(NP_004820, 1P6F). B, critical differences in the D1-D2 interfaces of LILRB1 and LILRB4 are shown. Top left and top right represent residues Trp-67, Ala-70, Arg-72,
Tyr-183, and Glu-184 of LILRB1 and the equivalent residues of LILRB4, Glu-67, Ala-70, Arg-72, Tyr-181, and Leu-182, respectively. Bottom left and bottom right
show residues Val-15, Val-94, Thr-96, Tyr-175, and Trp-185 from LILRB1 compared with Val-15, Val-93, Thr-95, Phe-173, and Leu-183 from LILRB4, respectively.
For both receptors the D1 domain is shown in red, with D2 domain in blue. Amino acids involved in stabilizing the interdomain interface are highlighted in ball
and stick.
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tions. In addition, another distinct feature of the LILRB4 inter-
domain interface is involvement of residues from the unique
LILRB4 D2 C-C� 310 helix (Fig. 4B, lower right panel) and in
particular Pro-140, which is absent in other LILRs (see Fig. 3C
and above). Because the novel 133–143 disulfide would be
expected to stabilize this region of the molecule and the inter-
domain contacts it is involved in, this could explain why intro-
duction of the novel disulfide favors crystallization, namely by
reducing interdomain flexibility.
LILRB4 Is Conformationally and Electrostatically Unsuited

for Recognition of MHC Class I—The crystal structures of
LILRB1-HLA-A2 (32) and LILRB2-HLA-G complexes (30)
showed that the ligand binding portion of LILRB1/2 comprises
residues located in two distinct surface patches, first, a mem-
brane distal portion of theD1domain that forms contacts to the
HLA �3 domain and, second, in the interdomain D1D2 hinge
region, which contacts the �2m domain. These interacting res-
idues are highly conserved among Group 1 receptors but are
extremely poorly conserved in Group 2 receptors including
LILRB4 and LILRA5 (32). Determination of the LILRB4 struc-

ture allowed the conformation and electrostatic properties of
these potential interaction surfaces to be examined as well as
alterations in the LILRB4 interdomain orientation relative to
MHC class I-bound forms of LILRB1 and LILRB2 to be
assessed.
Superimposition of LILRB4 D1 and D2 onto the structure of

LILRB1 in complex with HLA-A2 revealed a similar interdo-
main orientation; however, comparison of individual domain
contacts to the HLA-A2molecule provided a clear rationale for
why thismode ofMHCclass I recognitionwould not be feasible
for LILRB4. In terms of contacts with the �3 domain, in
LILRB1, residues within strand C and the loop after strand C
(including Tyr-38, Lys-41, and Thr-43) as well as Tyr-76 in the
F strand form hydrophobic and van der Waals contacts to the
�3 domain of HLA-A2 (residues Val-194, Ser-195, Asp-196,
Thr-200, and Val-248). However, although in LILRB4 no dras-
tic steric clashes are evident, not only are the relevant amino
acids non-conservatively altered in many cases, but there are
also secondary structural rearrangements, with a 310 helix pres-
ent in LILRB1 replaced by the C� strand in LILRB4. Conse-

FIGURE 5. Conformational incompatibility at the LILRB4/MHC class I interface. A, shown is an analysis of the LILRB1/HLA-A2/�2m interaction (far left) and
expanded views of LILRB1 contacts with the �2m moiety (center) and of critical changes at the hypothetical LILRB4/�2m interface (right), with steric clashes
indicated by red circles. The HLA-A2 heavy chain is shown in gray, and the �2m moiety is shown in green, with LILRB1 in red and LILRB4 in cyan. B, analysis of the
LILRB2/HLA-G/�2m interaction (far left) is shown, with expanded views of LILRB2 contacts with the �2m moiety (top center) and of critical changes at the
LILRB4/�2m interface (top right) The lower expanded panels show LILRB2 contacts at the HLA-G �3 domain (center) and relevant alterations at the hypothetical
LILRB4/HLA-G/�3 interface (right). The HLA-G heavy chain is shown in gray, �2m is in green, and LILRB2 and LILRB4 are in yellow and cyan, respectively. As in A,
steric clashes are indicated by red circles.
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quently, the molecular contacts present at the LILRB1/�3
interface are likely to be lost for LILRB4.
At least as significant as these changes appears to be incom-

patibility at the LILR/�2m interaction site, where amino acid
changes in LILRB4 relative to LILRB1 would be predicted to
result in steric clashes and loss of individual contacts (Fig. 5A).
Whereas in LILRB1 Gln-18 hydrogen bonds to Gln-89 (�2m), a
non-conservative substitution to Trp-18 results in loss of this
interaction andwould cause a steric clashwithGln-89 (Fig. 5A).
Similarly, whereas in LILRB1 the Gln-125 side chain hydrogen
bonds with Gln-2 (�2m), introduction of Arg-124 at the equiv-
alent position in LILRB4 would abolish this interaction and
sterically clash with Gln-2 (Fig. 5A). Also, whereas Trp-67 of
LILRB1 hydrogen bonds with the backbone carbonyl of Ile-92
(�2m), in LILRB4 a nonconservative substitution to the shorter
Glu-67 would result in a loss of this contact as well as alter the
electrostatic properties of the interaction surface (Fig. 5A).

Finally, in LILRB4 there is an alteration to Asp at position 68,
which in LILRB1 (Glu-68) forms a bidentate salt bridge with
Lys-94 (�2m). Although this change preserves the charge rela-
tive to LILRB1, introduction of the shorter Asp-68 side chain
results in loss of these electrostatic interactions to Lys-94 (�2m)
(Fig. 5A).
A similar analysis reveals that the mode of HLA-G recogni-

tion adopted by LILRB2 is unfeasible for LILRB4 (Fig. 5B).
Superposition of the LILRB4 D1 and D2 domains onto those of
LILRB2 also highlighted a combination of steric clashes, loss of
contacts, and electrostatic repulsion effects at the interaction
surfaces, precluding a viable interaction. Relative to LILRB1
recognition ofHLA-A2, LILRB2 formsmore extensive contacts
with the HLA-G �3 domain (in particular residues Tyr-197,
Asp-227, Glu-229, and Thr-200) via residues in the loop after
the C strand and the adjacent 310 helix (Leu-37, Lys-41, Lys-42,
and Ser-43). Superimposition of the D1 and D2 domains of

FIGURE 6. Electrostatic incompatibility at the LILRB4/MHC class I interface. A, shown are electrostatic surface representations of HLA-A2 (left), LILRB1
(center), and LILRB4 (right). Red is electronegative, and blue is electropositive. For HLA-A2/�2m, amino acids involved in interaction with LILRB1 are indicated,
with �2m residues shown in black and �3 residues in green. LILRB1 residues involved in interaction with HLA-A2 are indicated, with those contacting �2m
residues in black and those contacting �3 residues shown in green. Equivalent residues on LILRB4 are all shown in black. B, shown are electrostatic surface
representations of HLA-G/�2m (left), LILRB2 (middle), and LILRB4 (right). As in A, HLA-G/�2m amino acids involved in interaction with LILRB2 are indicated, with
�2m residues shown in black, �3 residues in green. LILRB2 residues involved in interaction with HLA-G are indicated, with those contacting �2m residues in black
and those contacting �3 residues shown in green. Equivalent residues on LILRB4 are all shown in black.
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LILRB4 onto those of LILRB2 bound to HLA-G reveals a num-
ber of steric clashes between LILRB4 residues comprising the
C-C� loop and C� strand (Arg-36, Pro-43, Ala-44, Pro-45, and
Arg-48) with HLA-G �3 residues (Fig. 5B, lower panels). In
addition to these steric clashes, other substitutions lead to loss
of further �3 contacts. Substitution of Lys-41 (LILRB2) to
Glu-41 (LILRB4) eliminates a salt bridge to Asp-227 (HLA-G)
and introduces likely electrostatic repulsion. Similarly, substi-
tution of Lys-42 (LILRB2) to the smaller Ser-42 (LILRB4) elim-
inates a bidentate salt bridge to Glu-229 (HLA-G) with mini-
mum chance of compensatory interactions. In addition,
substitution of Ser-43 (LILRB2) to Pro-43 (LILRB4) causes a

change in secondary structure that results both in steric clashes
with Val-248 (HLA-G) and loss of contacts to Thr-200 (HLA-
G). Finally, whereas Ile-47 and Thr-48 of LILRB2 stabilize the
interface with HLA-G by mediating several hydrophobic con-
tacts with Phe-195 (HLA-G), these are substituted to Asp-47
and Arg-48 in LILRB4, resulting both in loss of hydrophobic
contacts (Arg-48 clashes with Phe-195) and radically different
electrostatic properties for the interaction surface.
For the interaction surface with �2m (Fig. 5B, upper panels),

substitution of Ala-126 (LILRB2) to Pro-126 (LILRB4) elimi-
nates hydrogen bonding with Gln-2 (�2m) and introduces a
potential steric clash. Also, substitution of Gln-18 (LILRB2) to

FIGURE 7. Implications for LILRB4 ligand binding. Analysis of LILRB4 residues that may be involved in ligand binding. A, shown is a potential ligand binding
site on the ABE face (the solvent-exposed surface of A, B, and E �-strands) of the LILRB4 D1 domain, with surface tryptophans and adjacent charged residues
indicated. B, shown is the interaction of the binding site in A with a sulfate ion in the LILRB4 crystal structure. C, SPPIDER analysis of the LILRB4 protein indicates
three potential ligand interaction sites. The molecular surface is colored according to probability of interaction for each amino acid, as indicated in the key. Two
views are shown: toward the CFG face of the D1 domain (lower left panel) or toward the ABE face (lower right panel). Residues of interest above the 50%
probability are labeled.
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Trp-18 (LILRB4) results in a steric clash with Gln-89 (�2m).
Finally, substitution of Asp-177 (LILRB2) to His-176 (LILRB4)
results in a loss of a salt bridge to Lys-6 (�2m) and loss of a
hydrogen bond to Thr-4 (�2m).

Comparison of the electrostatic properties of the LILRB1 and
LILRB2 surfaces that interact with HLA-A2 and HLA-G,
respectively, indicated substantial differences with comparable
regions of LILRB4, suggesting LILRB4 was unsuited for MHC
class I recognition. Notably, the �3 region of the MHC class I
heavy chain for both HLA-A2 and HLA-G contacted by the
LILRs is predominantly negatively charged (Fig. 6,A andB) and
features numerous acidic residues. The �3-interacting surface
on both LILRB1 and LILRB2 is relatively positively charged
(Fig. 6, A and B), and several interacting residues are basic,
including Arg-39 and Lys-41 (on LILRB1) and Arg-36, Lys-41,
and Lys-42 (on LILRB2), suggesting substantial electrostatic
complementarity between the interacting surfaces. However,
the comparable LILRB4 surface that would contact the �3
domain residues is considerably less positively charged than
that of LILRB1 and LILRB2 (Fig. 6, A and B, right panels). Fur-
thermore, within this surface, there is a Lys-41 3 Glu-41
change that reverses charge and would introduce electrostatic
repulsion at the interface with MHC class I. In addition,
whereas in the LILRB2/HLA-G interaction hydrophobic inter-
actionswith the aromatic residue Phe-195 onHLA-G aremedi-
ated by Ile-47 and Thr-48 on LILRB2, in LILRB4 these are
changed to Asp-47 and Arg-48, respectively, resulting in a
highly charged surface in proximity to the hydrophobicHLA-G
residue (Fig. 6B). Furthermore, Asp-177 on LILRB2 forms salt
bridges to Lys-6 on HLA-G (�2m), whereas in LILRB4 this res-
idue is altered to His-176, eliminating this charged residue and
the interactions it mediates. Therefore, the electrostatic prop-
erties of LILRB4 are unsuitable for recognition of MHC class I
in comparison to the MHC class I-recognizing receptors
LILRB1 and LILRB2.
These findings collectively suggest that the region of LILRB4

equivalent to the ligand binding surface of LILRB1 and LILRB2
is unsuited forMHC class I interaction both in terms of confor-
mation and also the chemical nature of the surface. Consistent
with these differences, neither LILRB4 nor the related Group 2
receptor LILRA5 shows significant binding toMHCclass Imol-
ecules (31, 47).
Implications for Ligand Interactions Involving LILRB4—As

well as illustrating themolecular diversity within the LILR fam-
ily, the distinct structural features of LILRB4 relative to the
MHCclass I-recognizing receptors LILRB1 and LILRB2may be
important in allowing binding to novel non-MHC-like ligands.
Although the ligands of LILRB4 are unknown, analysis of the
LILRB4 structure highlighted two separate regions that could
form components of an interaction surface or surfaces for
ligand binding. First,manual inspection of theD1 domain high-
lighted a distinct group of residues on the ABE face (the sol-
vent-exposed surface of A, B, and E �-strands) of the domain
consisting of two surface-exposed hydrophobic residues (Trp-9
and Trp-25), with three charged groups in close proximity
(Glu-11, Lys-57, and Arg-59) (Fig. 7A). In particular, the pres-
ence of two surface-exposed Trp residues seemed especially
noteworthy. This site is relatively conserved across Group 2

LILRs (Trp-9, Glu-11, and Lys-57 are conserved; Trp-25 is con-
served except in LILRA5, where it is altered to Arg; Arg-59 is
largely conserved except in LILRB5 and LILRA4, where it is
altered to Lys). Intriguingly, in the LILRB4 crystal structure this
region was also found to interact with a sulfate anion (Fig. 7B).
Although these features are suggestive of potential as an inter-
action surface, it is unclear how they relate to physiological
ligand interaction.
Second, automated analysis of the LILRB4 ectodomain crys-

tal structure was conducted using the SPPIDER (solvent acces-
sibility based protein-protein interface Identification and rec-
ognition) algorithm, which can be used to predict residues at a
putative protein interface by considering a single protein chain
with a resolved three-dimensional structure. SPPIDER uses rel-
ative solvent accessibility-based methods and artificial neural
networks for prediction of protein-protein binding sites based
on discrepancies between predicted and observed (in an
unbound protein structure) surface exposure of amino acid res-
idues (66). SPPIDER analysis suggested 3 potential interaction
surfaces (Fig. 7C) in LILRB4; 1 at themembrane-distal tip of the
D1 domain (residues 2–5, 80–82, and 85), a second at the
D1D2 hinge region (residues 11–15 and 138–142), and a third
at the membrane proximal base of the D2 domain (principally
102–116, 158–165, and 189–195). Interestingly, the first and
second sites are close to the D1 tip and D1D2 hinge region
regions on LILRB1/LILRB2 involved in recognition of MHC
class I proteins, respectively. This could suggest that the ligand
binding surfaces of Group 2 receptors such as LILRB4 share
features with Group 1 LILRs that recognize MHC class I. In
contrast, its proximity to themembrane and the relatively short
stalk region connecting the transmembrane domain to D2 in
LILRB4 suggests site 3 may be principally involved in interac-
tions with the plasma membrane rather than cognate ligand
recognition. Finally, although SPPIDER predictions failed to
match the surface highlighted by manual inspection, notably
site 2 at theD1D2hinge region also includedGlu-11 and, there-
fore, overlapped minimally with this surface.
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