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SUMMARY

The members of the immunoglobulin superfamily
(IgSF) control innate and adaptive immunity and are
prime targets for the treatment of autoimmune
diseases, infectious diseases, and malignancies.
We describe a computational method, termed the
Brotherhood algorithm, which utilizes intermediate
sequence information to classify proteins into func-
tionally related families. This approach identifies
functional relationships within the IgSF and predicts
additional receptor-ligand interactions. As a specific
example, we examine the nectin/nectin-like family of
cell adhesion and signaling proteins and propose re-
ceptor-ligand interactions within this family. Guided
by the Brotherhood approach, we present the high-
resolution structural characterization of a homophilic
interaction involving the class-l MHC-restricted
T-cell-associated molecule, which we now classify
as a nectin-like family member. The Brotherhood
algorithm is likely to have a significant impact on
structural immunology by identifying those proteins
and complexes for which structural characterization
will be particularly informative.

INTRODUCTION

The immunoglobulin superfamily (IgSF) includes hundreds of
structurally similar cell-surface and secreted proteins that sup-
port a wide range of recognition and adhesive processes
required for complex morphogenetic and developmental path-
ways and for the protective advantages afforded by innate and
adaptive immune responses. The comprehensive identification
of these proteins and the complexes they form, along with
molecular-level mechanistic understanding, is essential for
defining the repertoire of physiological and pathological immune
responses. These proteins represent important targets for im-
mune-based therapeutics for the treatment of infectious dis-
eases, cancer, and autoimmune diseases.

766 Structure 21, 766-776, May 7, 2013 ©2013 Elsevier Ltd All rights reserved

Based on the mechanistic and therapeutic importance of
these molecules, a systematic structural analysis of the
entire ensemble of cell-surface immune regulatory proteins
and their cognate complexes remains one of the major
goals of structural immunology. Indeed, large-scale efforts
are now beginning to focus on this task, including the
SPINE2 program supported by the European Commission
(http://www.spine2.eu) and the Immune Function Network
supported by National Institutes of Health Protein Structure
Initiative (http://sbkb.org/kb/centers.jsp?pageshow=20). How-
ever, given that the number of targets is estimated to be in
the thousands (considering all full-length proteins, protein
domains, and protein complexes involved in the immune
response), it remains impractical for one laboratory, or even
a substantial consortium of laboratories, to structurally and
functionally characterize all targets. These goals are further
complicated by the fact that many of the biologically important
receptor-ligand interactions remain unknown. Therefore, there
exists a need to develop complementary strategies to identify,
select, and prioritize protein targets for experimental analysis.

Clustering of macromolecules into groups or families on the
basis of sequence similarity frequently permits the prediction
of at least some aspects of function and mechanism. Beyond
simple assignment of putative function based on sequence
similarity to an already annotated protein (i.e., annotation trans-
fer), clustering can generate specific hypotheses that drive the
identification of proteins for which direct structural and func-
tional analyses are most likely to yield novel insights. Computa-
tional methods for clustering typically rely on the assumption
that proteins with similar sequences are evolutionarily related
and share similar structural features (Rost, 1997). CD-HIT (Li
and Godzik, 2006) and BLASTCLUST (Dondoshansky, 2002)
are widely used methods that cluster homologous proteins on
the basis of explicit pairwise sequence comparisons. Other
methods, such as SCI-PHY (Brown et al., 2007), utilize multiple
sequence alignments and phylogenomic inferences to function-
ally classify superfamilies. In contrast to these approaches,
which directly compare sequences or their profiles, are
methods that exploit intermediate (i.e., transitive) sequences.
These methods assume that evolutionary relationships de-
tected by sequence similarity are transitive. For example, if
the sequences of proteins A and B are similar and the
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sequences of proteins B and C are similar, then proteins A and
C are considered to be evolutionarily related, even if direct
pairwise similarity between A and C cannot be established
(Gerstein, 1998; John and Sali, 2004; Park et al., 1997; Pegg
and Babbitt, 1999; Salamov et al., 1999). Whereas all of these
computational methods have provided considerable insight into
sequence and structural relationships, there is a continued
need for the development of computational approaches that
yield enhanced functional insight. The successes of existing
methods in defining protein function are limited, as they are
prone to false-positive errors and therefore require relatively
high similarity between the compared sequences. This require-
ment may leave many functionally related proteins unclassified
(i.e., false-negatives) (Gerlt and Babbitt, 2000; Jeong and Chen,
2001; Rost, 1997; Schnoes et al., 2009). These complications
are of particular relevance to large and functionally diverse
superfamilies, such as the IgSF, which can exhibit low
sequence identity (i.e., < 15%) among its members.

Here, we describe an intermediate sequence search
method, termed the “Brotherhood” method, which relies solely
on sequence data to classify proteins into functional families.
Using the Brotherhood method, we generated a global similar-
ity network map of the complete set of human extracellular
and integral membrane proteins within the IgSF, which
provides an overview of families and ungrouped proteins
(i.e., singletons). This mapping results in hypotheses regarding
structural and functional similarities both within and between
protein families and immediately allows for the prioritization
of targets for structural, biochemical, and functional analyses.
The nectin/nectin-like family serves as a case study to highlight
the potential of the Brotherhood method to expand established
functional families by the inclusion of previously unassigned
proteins, as well as the potential to deorphan receptors and
ligands by identifying uncharacterized receptor-ligand interac-
tions. We also report the 2.3 A resolution crystal structure of
the class-I-restricted T-cell-associated molecule (CRTAM),
which the Brotherhood method suggests is evolutionarily and
functionally related to the nectin-like proteins. CRTAM is a
costimulatory protein that binds nectin-like 2 (nec-12) and has
been implicated in promoting NK-cell cytotoxicity, the secre-
tion of cytokines (e.g., interferon-y and IL-22) in CD8+ and
CD4+ T cells (Boles et al., 2005), and late-stage polarization
in T cells (Yeh et al., 2008). Consistent with our computational
analysis, the crystal structure of CRTAM revealed an antipar-
allel homodimer with high structural similarity to nectin-like 1
(nec-11) and nectin-like 3 (nec-13) from the nectin-like subfam-
ily, thereby supporting its placement within this subfamily
and validating the utility of the Brotherhood method. This
structure suggests that CRTAM forms a previously unappreci-
ated homophilic transinteraction involved in modulating im-
mune function. Finally, the computational classification of
the IgSF into evolutionarily related families immediately
identifies proteins predicted to possess unusual structural
and functional features. The family classification obtained
from this study is currently used to guide target selection for
structural and functional studies at the New York Structural
Genomics Consortium and the Immune Function Network
(http://www.nysgrc.org/; http://www.sbkb.org/kb/centers.jsp?
pageshow=20).

RESULTS

The Brotherhood Algorithm

The method examines the relationship between two query pro-
teins by determining the number of intermediate sequences
shared by the two proteins relative to the total number of evolu-
tionarily related sequences for each of the two proteins (Fig-
ure 1A). This overlap fraction (i.e., number of BLAST hits shared
by two sequences normalized by the total number of BLAST hits
for each sequence) represents a powerful metric for defining
functional relatedness. We generated a family classification of
561 human IgSF proteins by the Brotherhood method (Figure 1A),
with an overlap threshold set at a minimum of 45%. These results
were compared with three popular methods: (1) CD-HIT (Li and
Godzik, 2006), with a range of sequence identity thresholds, (2)
SCI-PHY (Brown et al., 2007), and (3) all-to-all pairwise BLAST
comparisons (Atkinson et al., 2009), using a range of e-value
thresholds. The all-to-all BLAST comparisons performed simi-
larly to CD-HIT; therefore, we present a detailed comparison of
the performance of the Brotherhood method with CD-HIT and
SCI-PHY.

To assess the ability of each method to cluster functionally
related proteins, we utilized 14 known and well-curated fam-
ilies within the IgSF. The Brotherhood method generated 17
clusters and four singletons, with 11 of the 14 test families re-
maining intact (Figure 1B). The SCI-PHY method generated
22 clusters and 27 singletons, with only 3 of the 14 test fam-
ilies remaining intact (Figure 1C). The CD-HIT30 method re-
sulted in 20 clusters and 26 singletons, with four of the test
families remaining intact (Figure 1D). At the thresholds em-
ployed, none of the methods resulted in clusters that mixed
members of the original 14 families. Decreasing the sequence
identity threshold for CD-HIT below 30% reduces the
numbers of clusters, ungrouped family members, and false-
negatives; however, this is accompanied by a significant in-
crease in false-positives, (i.e., clustering together proteins
from different families; Figure 1; see also Figure S1 available
online).

An examination of the distribution of pairwise protein
sequence comparison scores among proteins that belong to
the same (“intrafamily”) and different test families (“inter-
family”) clearly demonstrates that direct pairwise comparison
cannot fully distinguish between true and false matches (Fig-
ure 2A). In contrast, the distribution of intrafamily and inter-
family Brotherhood pairwise scores shows that an overlap
threshold of ~0.45 is able to completely discriminate true and
false matches for all 14 test families (Figure 2B). The only ex-
ceptions are the CD2 and CD58 proteins, presumed to belong
to the SLAM family; it is notable that at least one previous
report does not consider CD2 and CD58 to be members of
the SLAM family (Engel et al., 2003). In another example, using
pairwise BLAST comparisons, the CD28-CTLA-4-ICOS family
can be constructed by connecting CD28 to CTLA-4 with a
log(e-value) of —11.3 and CD28 with ICOS with a log(e-value)
of —10.4 (Figure 2A). However, the assumption of functional re-
lationships in this score range introduces 167 false-positive
(interfamily) connections into the functional similarity network.
In contrast, the Brotherhood method connects CD28 to both
CTLA-4 and ICOS with overlap scores of 90% and 55%,
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Figure 1. A Graphical Presentation of Functional Families within the IgSF Using Three Clustering Strategies

(A-D) Each member of the IgSF is represented by a circle. Members of 14 hand-curated families are represented with colored circles. (A) Schematic repre-
sentation of the Brotherhood method. The groups of evolutionarily related proteins are generated for each protein using BLAST. Proteins are matched if their
BLAST-groups intersect (gray area) and do not differ (white area) above a certain threshold. (B) Clusters generated using the Brotherhood method, with an overlap

threshold of 0.45. (C) Clusters generated by SCI-PHY. (D) Clusters generated by CD-HIT with a 30% sequence identity threshold.

See also Figures S1-S4.

respectively; these scores are significantly above the range of
false-positives (Figure 2B).

As demonstrated in past applications, the use of intermediate
sequences was expected to increase sensitivity in detecting
remote family members (Gerstein, 1998; John and Sali, 2004;
Park et al., 1997; Pegg and Babbitt, 1999; Salamov et al.,
1999); however, intermediate sequence analysis can also reduce
specificity. In practice, we observed that almost all IgSF mem-
bers of a given family are also connected through intermediate
sequences to non-family-related IgSF proteins. For example,
the protein sialic acid-binding Ig-like lectin 1 (sialoadhesin), 1
of 15 members of the SIGLEC family, can be linked to vascular
endothelial growth factor receptor 2 (VEGFR2), a member of
the platelet-derived growth factor receptors (PDGFR) family,

through 62 intermediate sequences. Therefore, it is critical to
properly control the signal-to-noise ratio used in the intermediate
sequence analysis. The Brotherhood method reduces this
“noise” by requiring a certain ratio of detected intermediate
sequences compared to the total number of related sequences.
In the example of sialoadhesin and VEGFR2, of 250 significant
hits returned by a BLAST search for each protein, only 62 are
shared, resulting in an overlap score of about 25%. This overlap
score is significantly smaller than the threshold required to reca-
pitulate the hand-curated functional families. In notable contrast,
within the SIGLEC and PDGFR families, the overlap scores
range from 51% to 99% and 73% to 91%, respectively, resulting
in the clear and accurate recapitulation of these hand-curated
families.
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A BLAST B Brotherhood Figure 2. Accuracy of Classifications
Generated by the BLAST and Brotherhood

0.89 0.59 Methods
i (A and B) Comparing the performances of two
- 0.6 g?iﬁ;”%%?g_ . Rt g.?fﬁ; methods (a) BLAST pairwise comparison and (b)
) 2 .3+ Brotherhood method, to discriminate between
S 0.4 ] CD28- l correct (true positives, in blue) and incorrect (false-
g | E 0.2+ ICOS positives, in red) family classifications, respec-
E, 0.2+ 0 l tively. The normalized distributions of scores are
= = 0.19 shown on each plot for 106 pairs of true and false-
© E positive cases. The true positive cases were ob-
& 0‘0_'50 40 .30 20 10 0 O‘CO 0 0'2 0'4 0[6 0'8 1'0 tained from the hand-curated set of IgSF proteins,
log{e-value) ’ ' Ov-eriap Scc':are ’ ’ by comparing pairs of proteins within the same

functional family, whereas the 106 false-positives
were selected as the highest scoring cases out of

5,861 comparisons in which proteins from different families were incorrectly clustered. The greater separation of true and false-positive scores in the Brotherhood
approach reflects a higher accuracy for functional classification. Arrows mark the two top scores (CD28-CTLA-4 and CD28-ICOS) that correspond to
the construction of the CD28 family by both methods; these validated relationships are well defined by the Brotherhood approach but are buried beneath the

false-positive signal generated by BLAST.

Validating a Functional Assignment

Brotherhood analysis of the entire ensemble of human-secreted
and integral membrane proteins in the IgSF yields 63 ungrouped
proteins (singletons), compared to 117 and 129 singletons
generated using CD-HIT30 and SCI-PHY, respectively (Figure 1).
The observation of fewer singletons and more highly populated
families suggests that the Brotherhood method can identify
family members that escape detection with the established
CD-HIT30 and SCI-PHY methods. For example, analysis of the
nectin/nectin-like cluster highlights the potential of the Brother-
hood algorithm to identify previously uncharacterized family
members and to provide functional insights, including the
prediction of unappreciated receptor:ligand interactions. The
nectin/nectin-like family is composed of nine cell-adhesion
proteins with a common ectodomain architecture consisting of
three Ig-like domains: two membrane-proximal 1g-C2 domains
and a membrane-distal Ig-V domain that is responsible for
Ca?*-independent adhesion through homophilic or heterophilic
transinteractions with other members of the family (Figure 1;
see also Figure S2). This family can be further classified into
two subgroups that consist of four nectin and five nectin-like pro-
teins based on their ability to directly bind afadin, a protein that
physically links the nectins to the actin cytoskeleton (Takai
et al., 2008). CD-HIT30, BLAST, and SCI-PHY were unsuccess-
ful at clustering all nine members of the nectin/nectin-like family
or separating them into the two subgroups (Figures 1C and 1D).
In contrast, the Brotherhood method successfully clustered all
nine nectin/nectin-like proteins into a single cluster with the
two subgroups (nectin and nectin-like) clearly segregated (Fig-
ure 1B). Contrary to its assigned name, the Brotherhood method
clustered the nectin-like 5 (nec-15) ectodomain with the nectin
proteins rather than with the nectin-like proteins. This assign-
ment is supported by the facts that the nec-I5 ectodomain
sequence and its gene structure are more similar to the ectodo-
mains of the nectins proteins than the nectin-like proteins (Fig-
ure 1; see also Figures S3 and S4).

Most interestingly, the Brotherhood method indicated that five
additional IgSF proteins were associated with the nectin/nectin-
like family, including CRTAM, CD226, CD96, CD200, and T cell
immunoreceptor with Ig and immunoreceptor tyrosine-based
inhibition motif (TIGIT), suggesting either five false-positive as-

signments or an expansion of this cluster into a larger 14 member
family (Figure 1B; see also Figure S1). All five of these proteins
were classified as singletons using the CD-HIT30 and SCI-PHY
IgSF networks. An extensive literature search, at the time of
this analysis, revealed that with the exception of CD200 and
TIGIT, the remaining 12 proteins had been previously reported
to possess binding partners that reside within this nectin/nec-
tin-like cluster (Takai et al., 2008) (Figure 3). Notably, Yu et al.
(2009) reported a functional relationship between TIGIT and the
nectin/nectin-like family by experimentally screening a library
of approximately 1,000 purified cell-surface proteins as Ig-fusion
constructs and demonstrated that TIGIT directly binds to nec-15,
nectin-3, and to a lesser extent to nectin-2. Thus, four of the five
proteins identified by the Brotherhood algorithm were found to
recognize ligands that are similar to the ligands of the nine previ-
ously known members of the nectin/nectin-like family. This
observation suggests that all members of the expanded family
utilize similar binding mechanisms to recognize related binding
partners within the nectin/nectin-like family and thus share sig-
nificant evolutionary and functional relationships.

CRTAM Exhibits a Homophilic Interaction with a Mode

of Dimerization Similar to that Exhibited by Nectin-like
Proteins

When examined by size-exclusion chromatography (SEC), the
elution profile of the CRTAM Ig-V domain exhibits peaks consis-
tent with dimeric (~28 kDa) and monomeric (~14 kDa) species
(Figure 3; see also Figure S5). Sedimentation equilibrium analysis
demonstrated that CRTAM self-associates in monomer-dimer
equilibrium with an equilibrium dissociation constant (Ky) of
~10 uM (Figure 3; see also Figure S6).

The crystal structure of the CRTAM N-terminal Ig-V domain
was determined by molecular replacement and refined to a
resolution of 2.3 A (Table 1). The CRTAM structure exhibits the
expected Ig-V domain fold composed of nine antiparallel
strands organized into a two-layered B sheet assembly, with
the A, G, F, C, C’, and C” strands forming the front sheet and
the B, E, and D strands forming the back sheet. The asymmetric
unit contains four independent CRTAM Ig-V domains related by
a 4-fold noncrystallographic symmetry (NCS) axis oriented
approximately parallel to the crystallographic ¢ axis. Each of
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Figure 3. The Brotherhood-Defined Nectin/Nectin-like Cluster with
the Mapping of Experimental Information

Red two-headed arrows correspond to known receptor-ligand heterophilic
interactions; yellow-filled circles represent known receptor-ligand homophilic
interactions; circles with blue outlines represent proteins with a known three-
dimensional structure.

See also Figures S4-S6.

the four molecules forms a tight antiparallel dimer with a CRTAM
Ig-V domain from an adjacent asymmetric unit related by a
crystallographic 2-fold axis. The antiparallel dimer buries
approximately 700 A? of solvent-accessible surface area per
protomer (1,400 A2 total), while the average interface between
pairs of molecules in the NCS tetramer is 343 A2 per protomer.
Based on the evaluation of energetic considerations and
physicochemical properties by the PISA server (Krissinel and
Henrick, 2007), the antiparallel dimer is predicted to be the
only stable assembly in solution.

The antiparallel dimer interface is similar in general organiza-
tion to other IgSF interfaces and is formed by 17 residues from
each CRTAM Ig-V contributed by the C, C’, C”, and F strands,
and the C-C’, C’-C”, C”-D, and F-G loops (Figure 4). The antipar-
allel dimer appears to be stabilized by a network of four hydrogen
bonds, involving three residues from each molecule (GIn49,
Thr57, and Tyr101), with interactions between the side chains
of GIn49 and Thr57 and an interaction between a side chain
and the backbone of Tyr101. This network is surrounded by a
set of hydrophobic interactions involving Phe56, Leu60, Val65,
Leu66, Leu99, and Val105 (Figure 4B). Because of the 2-fold
symmetry of the homodimer, interface residues from one of the
molecules are also present at the symmetry-related region of
the other molecule.

The sequence of the full CRTAM ectodomain shares less than
30% sequence identity with any of the ectodomains of nectin/
nectin-like family members, whereas the N-terminal Ig-V domain
itself shares approximately 35% sequence identity with the Ig-V

Structure

Classification of Immune Regulatory Proteins

Table 1. Data Collection and Refinement Statistics

Data Collection

PDB ID code
Space group
Unit cell length (A)

Unit cell angles (°)

Wavelength (A)
Resolution range (A)

3RBG
C222,

a=116.020, b = 116.291,
c=79.018

a=90.0, B =90.0, y =90.0
1.081
2.32-40.0 (2.32-2.36)

Unique reflections (N) 23,676 (1168)
Redundancy 5.5 (5.6)
Completeness 98.9 (99.8)
Rmerge” 0.076 (0.462)
<l/a> 21.7 (4.9)
Refinement

Resolution range (;Z\)

2.32-28.47 (2.32-2.36)

Ruor” 0.198 (0.278)
Riree” 0.234 (0.327)
Average B factor (A?) 30.1

Rms bond (A) 0.013

Rms angle (°) 1.453
Residues in most favored region (%) 96.21
Residues in additionally allowed 3.52

region (%)

Residues in generously allowed 0

region (%)

Residues in unfavorable region (%) 0.27

Values in parentheses correspond to the highest resolution bin.

*Rmerge = 2_|Ih — (In)|/>_ In, where h is the reflection index, and /, is the
average intensity over symmetry equivalents.

bF‘work: Z‘Fc - FDl/ZFO'

°Riree Calculated as Ryyork ON a subset (5%) of the reflection data that were
not included in the refinement calculation.

domains of the nectin-like proteins (nec-I1-nec-14). Structurally,
the antiparallel CRTAM dimer is similar to the nec-I1 and nec-I3
homophilic dimers (Protein Data Bank [PDB] ID codes 1Z9M and
3M45, respectively [Dong et al., 2006; Fogel et al., 2010]) with
root-mean-square deviations (rmsds) of about 1.9 A for 192
structurally equivalent residues. CRTAM, nec-I1, and nec-I3
have comparable interfaces, burying 706.3, 708.8, and
689.1 A2 of solvent-accessible surface area per protomer,
respectively. Of the 17 residues at the CRTAM interface, 16
are in analogous positions at the nec-I1 or nec-I3 interfaces,
and six of these residues are invariant in all three proteins
(Serd7, GIn49, Thr57, Leu66, Val105, and Thr107) (Figure 5).
One residue, Asn45, is conserved in nec-13, but not in nec-I1,
and five additional residues have similar physicochemical prop-
erties in all three proteins (Leu60, Val65, Lys67, Tyr101, and
Ser102). Two of the four hydrogen bonds at the core of the
CRTAM dimer interface and the residues that form them
(GIn49 and Thr57) are conserved in the interfaces of both nec-
I1 and nec-I3.

The similarity of CRTAM to the nectin-like subfamily contrasts
that with the nectin subfamily. For example, structural

770 Structure 21, 766-776, May 7, 2013 ©2013 Elsevier Ltd All rights reserved
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Figure 4. CRTAM Structure

(A) 1g-V domains in the CRTAM homodimer are organized in an antiparallel
manner. Ig-V domains are in blue and gray, with their interface residues
colored in red and green, respectively. Strands of the Ig-V domains are labeled
according to convention, and stick models illustrate the interface residues.
(B) Blowup of the interface. Dashed lines represent hydrogen bonds.

superposition of the homophilic 1g-V dimers of CRTAM and
nectin-1 results in a rmsd of 4.2 A for 186 aligned C,, positions,
which is more than twice the rmsd found in the comparison
between CRTAM and the nectin-like homodimers (Figure 5;
see also Table S1). In addition a structure-based multiple
sequence alignment of CRTAM with the nectin/nectin-like family
identified only one CRTAM interfacial residue conserved
between CRTAM and the nectin proteins, as well as TIGIT,
CD226, CD96, and CD200, in contrast to the 11 conserved inter-
face residues between CRTAM, necl1, and necl3 (Figure 5; see
also Figure S3).

CRTAM Gene Structure

The exon/intron organization (exon length and phasing) of the
gene segment encoding the ectodomain of CRTAM exhibits
the same pattern present in all of the genes of the nectin-like sub-
group members and differs from that of the nectin subgroup
members (Figure 3; see also Figure S4). The CRTAM gene is
composed of ten exons, all of which are associated with
phase-one introns (i.e., the codon is interrupted after the first
nucleotide). The first exon of CRTAM encodes for the first 15
amino acids and includes the secretion signal sequence. The
second and third exons encode the CRTAM Ig-V domain, and
the fourth and fifth exons encode the CRTAM Ig-C2 domain.
The nectin-like genes are also split within and between the

B —
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Figure 5. Structural Comparison of CRTAM and Nectin-like Proteins
(A) The ribbon diagram of the structural superposition of CRTAM (in blue) with
nec-I3 (in orange). N45 of CRTAM and the N-acetylglucosamine residues on
N60 of nec-I3 are displayed as spheres.

(B) Structure-based alignment of CRTAM, necl-1, and nec-I3 sequences.
Invariant and conserved alignment positions are highlighted in red background
and red letters, respectively. The secondary structure corresponding to
CRTAM and necl-3 are shown above and below the alignment, respectively,
where arrows represent strands. Black circles mark residues forming the
CRTAM Ig-V homodimer interface. The vertical black arrow marks the
sequence positions of N45 and N60 of CRTAM and nec-I3, respectively.

See also Figures S3 and S7 and Table S1.

Ig-V and the first Ig-C2 domains at similar positions and with
the same intron phasing (Figure 3; see also Figure S4). In
contrast, the nectins have a distinct exon/intron pattern in which
neither the Ig-V nor the first Ig-C2 coding regions are interrupted
(Figure 3; see also Figure S4).

DISCUSSION

We introduced the Brotherhood algorithm, a computational
method for functional classification of proteins, and utilized it
to identify functional families of IgSF members in the human
proteome. A better understanding of the molecular mechanisms
underlying receptor-ligand recognition in the IgSF will provide
insights into immune function and may result in new therapeutic
strategies. However, as is the case with other large protein su-
perfamilies, the size of the IgSF makes it impractical to subject
all individual members and their complexes to experimental
analysis.

In the absence of experimental information, protein family
classification is typically based on amino acid sequence com-
parisons. However, the application of traditional sequence com-
parison methods results in the formation of incomplete families,
with greater than 20% of the IgSF proteins remaining unclus-
tered (i.e., singletons). Reducing the sequence identity threshold
to allow for the clustering of more proteins results in the rapid
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accumulation of false-positives. We demonstrated that an inter-
mediate sequence search algorithm, the Brotherhood method,
was able to cluster proteins sharing low sequence identity
and reduce the number of unclustered IgSF proteins by almost
half. The sensitivity of the Brotherhood method is achieved
by considering many weakly (i.e., high BLAST e-value) linked in-
termediate sequences; however, we observed that almost all
families were interconnected through intermediate sequences.
This observation was expected as all proteins in this study share
the immunoglobulin fold. To avoid high numbers of false-posi-
tives, Brotherhood specificity is achieved by requiring that the
number of intermdiate sequences found is proportional to the
overall number of homologs (i.e., significant BLAST hits) found
for each query. For the IgSF, an overlap of 45% between the
number of intermediate sequences and all homologous se-
quences was chosen empirically to recapitulate a set of hand-
curated families. As with other approaches, the appropriate
value of the threshold is likely to differ for different superfamilies.
The precise value of the overlap is not critical, as the goal is to
generate high-quality hypotheses regarding functional relation-
ships for direct experimental validation. Small numbers of incor-
rect suppositions can be tolerated if they are outweighed by the
number of correct conjectures. Based on the current work, the
Brotherhood approach appears to outperform other existing
methods in this respect.

The utility of the Brotherhood method was demonstrated us-
ing the nectin/nectin-like family as a specific example (see
Experimental Procedures and Supplemental Experimental Pro-
cedures for additional examples of large families defined by the
Brotherhood method). A recent report identified CRTAM as a
distant relative to the nectin/nectin-like family (Patifo-Lopez
et al., 2006); however, this similarity was inferred on the basis
of low sequence identity and a weak BLAST similarity score
between CRTAM and the nectin-like proteins. Our all-to-all
BLAST comparison demonstrates that at this level of sequence
similarity one cannot distinguish between true and false-
positive connections. For example, kin of IRRE-like protein
(KIRR) 1 and KIRR 2, which are decidedly not part of the nec-
tin-like family, have a lower (i.e., more significant) e-value to
nectin-like proteins than does CRTAM. Nevertheless, the Broth-
erhood method strongly supports inclusion of CRTAM in the
nectin-like subfamily; this assignment is based on overlap
scores with the four known nectin-like proteins that range
from 54% and 62%, which are well above the required
threshold of 45%. The overlap scores of KIRR 1 and KIRR 2
with the nectin-like proteins are in the range of 11%-40%.
CRTAM itself exhibits overlap scores with KIRR1 and KIRR2
of only 3% and 0.5%, respectively.

Equilibrium sedimentation analysis demonstrated that in
solution the CRTAM Ig-V domain exists in dynamic equilibrium
between dimer and monomer, with a Ky of approximately
10 uM. The affinity of the CRTAM homophilic interaction is com-
parable to those of other physiologically relevant homophilic and
heterophilic interactions involving IgSF members, which typically
exhibit three-dimensional K4's in the ~0.1 to 100 uM range (Davis
et al., 2003; van der Merwe and Davis, 2003). For instance, the
heterophilic CD2:CD58, 2B4:CD48, and KIR:MHC-I complexes
are characterized by K4's of ~10 uM, and the CD28:CD86 com-
plex is characterized by a K4 of 20 uM (Davis et al., 2003; van der
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Merwe and Davis, 2003). Within the nectin/nectin-like family, the
CRTAM homophilic association is weaker than the homophilic
interaction of nectin-2 (K4 of 0.4 uM), stronger than the homo-
philic interactions of nectin-3 and nectin-4 (Kq's of 228 and
153 uM, respectively), and similar to the homophilic association
of nectin-1 (Kq4 of 17.5 uM) (Harrison et al., 2012). It is important to
underscore that although three-dimension affinities measured in
solution provide important mechanistic insights, they cannot
fully recapitulate the physiological constraints relevant to the
in vivo functions of cell-surface molecules, which critically
depend on surface density and entropic contributions (Wu
etal., 2011). These interactions are further dependent on the cor-
rect spatial, temporal, and cell-specific expression of the inter-
acting receptor:ligand pairs.

Despite the low sequence identity between CRTAM and the
nectin-like proteins (less than 35%), the CRTAM antiparallel
homodimer exhibits high structural similarity to nec-I1 and
nec-I3 homodimers, including low rmsds and interfaces
involving residues with similar physicochemical properties at
structurally equivalent positions. In contrast, the CRTAM dimer
exhibited high rmsds (more than double) when compared to
other dimers within the IgSF (Figure 5; see also Table S1) and
the CRTAM interface residues were not conserved outside
of the nectin-like subgroup. In addition to this structural evi-
dence, the evolutionary and functional relationships between
CRTAM and the nectin-like proteins are supported by their
shared gene structure (Figure 3; see also Figure S4).

The crystal structure of CRTAM has potential functional impli-
cations, as the structures of nec-11 and nec-I3 were suggested to
represent the organization of these proteins in homophilic transi-
nteractions (Dong et al., 2006; Fogel et al., 2010). Based on
structural similarity of these three proteins, CRTAM may form a
previously uncharacterized cell-to-cell homophilic transinterac-
tion mediated by its Ig-V domain, which is similar in detailed
organization to the nec-I1 and nec-I3 homophilic dimers. This
CRTAM:CRTAM interaction may play a role in cell-to-cell
signaling, involving T cells, B cells, and NK cells. Furthermore,
this putative CRTAM:CRTAM homophilic dimer could effectively
compete with the CRTAM:nec-I12 heterophilic interaction and
thus serve as a mechanism to regulate this heterophilic interac-
tion involved in a range of innate and adaptive immune
processes.

Whereas several proteins of the nectin/nectin-like family, as
well as other members of the IgSF, form homophilic transinterac-
tions mediated by the front sheet of their Ig-V domains, this is not
a general feature of the Ig-V fold. For example, members of the
CD28 receptor family (e.g., CD28, CTLA-4, and ICOS), PD1,
BTLA, and members of the B7 ligand family (e.g., B7-1, B7-2,
ICOS-ligand, PD-L1, PD-L2, B7-H3, B7-H4) do not appear to
participate in homophilic transinteractions. Instead, many of
these molecules function via the formation of heterophilic
trans-associations (e.g, CD28:B7-1, CD28:B7-2, CTLA-4:B7-1;
CTLA-4:B7-2, ICOS:ICOS-ligand, PD-1:PD-L1, and PD-1:PD-
L2). Notably, physiologically relevant homophilic cis-interactions
are also known for some these molecules (i.e., CD28, CTLA-4,
ICOS, and B7-1), which involve unusual side-to-side (e.g.,
CD28, CTLA-4, ICOS) or back-sheet-to-back-sheet interactions
(e.g., B7-1). Thus, the suggestion that CRTAM forms a homo-
philic transinteraction is not a trivial prediction.
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The human CRTAM Ig-V domain was expressed in Escherichia
coli and is therefore not glycosylated; however, three potential
glycosylation sites are present at N21, N45, and N85. Of these,
only N45 is predicted to be near the observed dimer interface.
Nec-I3 is the only protein in the nectin-like subfamily that
possesses a glycan-modified asparagine (N60 in nec-I3) at a
position structurally equivalent to N45 in CRTAM (Figure 5) (Fo-
gel et al., 2010). In the nec-I3 structure, N-acetylglucosamine
on N60 makes contacts with interface residues; however, only
part of the naturally occurring glycan is present due to enzymatic
treatment during sample preparation. Structural considerations
suggested that intact N-linked glycan would interfere with
trans-adhesion, and cell-based assays indeed demonstrate
that unmodified glycosylation of N60 reduces the nec-I3 adhe-
sive transinteraction (Fogel et al., 2010). This behavior suggests
the possibility of similar glycosylation-dependent modulation of
CRTAM binding activity. However, whereas most nec-I3 ortho-
logs contain this potential glycosylation, N45 is not conserved
in many CRTAM orthologs. Notably, in the closely related Gorilla
ortholog, N45 is not conserved, supporting a less than universal
role for this glycan modification in CRTAM function (Figure 5; see
also Figure S7).

The global IgSF protein similarity network generated with the
Brotherhood method offers significant opportunities to pursue
hypothesis-driven structural biology by highlighting sequences
predicted to possess structural and functional similarity, as
well as sequences predicted to underlie distinctive structural
features. These considerations are of particular relevance to
large-scale structural genomics efforts, which seek to system-
atically define the repertoire of interactions responsible for
complex cellular communication, including the human immune
response. The results of the Brotherhood method thus allow
for the identification and prioritization of those proteins for
which a detailed structural analysis is most likely to yield
new functional and mechanistic insights. For example, the sin-
gletons, which do not cluster with other members of the IgSF,
immediately represent interesting targets because of their
promise to reveal unusual structures that support unappreci-
ated function. We previously examined one of these single-
tons, V-domain |g suppressor of T cell activation (termed
VISTA), and noted an unusual distribution of cysteine residues
that is not present in other members of the IgSF. This pattern
suggests distinctive structural features in the form of inter-
and/or intramolecular disulfide bonds that support VISTA func-
tion (Wang et al., 2011).

Perhaps most importantly, the IgSF similarity network affords
the opportunity to identify previously unknown candidate recep-
tor-ligand pairs that can be readily subjected to experimental
verification. For example, based on the Brotherhood-generated
functional clustering and existing biochemical properties, we
hypothesized that all 14 members of the extended nectin/nectin-
like family, including TIGIT, would recognize a ligand within this
family. Indeed, subsequent to our initial analysis, TIGIT was
demonstrated to bind nec-I5, nectin-2, and nectin-3 (Yu et al.,
2009). These efforts required direct binding experiments
involving a library of over 1,000 soluble proteins, which is outside
the capabilities of a typical academic laboratory. This challenge
becomes even greater when the entire secretome is considered,
making exhaustive experimental interrogation impractical. In

contrast, the application of the Brotherhood method led to a
hypothesis that significantly narrowed the potential TIGIT bind-
ing partners to the 14 members of the extended nectin/nectin-
family, which is fully tractable. This informatics-guided approach
would have resulted in significant reductions in both time and
resources.

The current study focused on the 561 human members of the
IgSF, which represents a small subset of the entire human secre-
tome. The Brotherhood method can easily be generalized to all
extracellular proteins, or any other protein group, making it an
effective tool for identifying and prioritizing proteins in standard
laboratory and structural genomics settings. The Brotherhood
method can also be readily applied to proteins from different
genomes, including those of pathogens, so as to expand family
definitions and define pan-genomic functional and evolutionary
relationships.

EXPERIMENTAL PROCEDURES

Selection of Hand-Curated Families for This Study

Alist of the 14 families, representing a total of 246 IgSF proteins that were used
to benchmark the Brotherhood approach against other methods (proteins are
denoted by their UniProt names), follows. For each family, we indicate pre-
dicted members as “Brotherhood additions” (for a total of nine).

(1) CD28 family (three members): CD28, CTLA-4, and ICOS (Chattopad-
hyay et al., 2009).

(2) Pregnancy-specific glycoproteins (PSG) and carcinoembryonic
antigen-related cell adhesion molecules (CEAM) (23 members):
PSG1, PSG2, PSG3, PSG4, PSG5, PSG6, PSG7, PSG8, PSG9,
PSG10, PSG11, CEAM1, CEAM3, CEAM4, CEAM5, CEAMS,
CEAM7, CEAM8, CEA16, CEA18, CEA19, CEA20, and CEA21 (Bairoch
et al., 2005; Streydio et al., 1988). Brotherhood addition: Hepatocyte
cell adhesion molecule (HECAM).

(3) T cell immunoglobulin and mucin domain-containing protein (TIM)
(three members): TIM1, TIM3, and TIM4 (Chattopadhyay et al., 2009).

(4) Signaling lymphocytic activation molecule (SLAM) (11 members):
SLAF1, SLAF5, SLAF6, SLAF7, SLAF8, SLAF9, CD244, CD48, LY9,
CD2, and CD58 (Chattopadhyay et al., 2009).

(5) Nectin and nectin-like (nine members): nec-I1, nec-12, nec-I3, nec-14,
nectin-1, nectin-2, nectin-3, nectin-4, and nec-I5 (Takai et al., 2008).
Brotherhood additions: CRTAM, TIGIT, CD226, CD96, and CD200.

(6) Sialic acid binding Ig-like lectin family (SIGLEC) (15 members): CD22,
CD33, MAG, SIGLS5, SIGL6, SIGL7, SIGL8, SIGL9, SIG10, SIG11,
SIG12, SIG14, SIG15, SIG16, and SN (Bairoch et al., 2005; Pillai
et al., 2012).

(7) JAM/CXR (junctional adhesion molecule/cortical thymocyte marker
in Xenopus) (ten members): ACAM, CXAR, ESAM, GPA33, IGS11,
JAM1, JAM2, JAM3, VSIG1, and VSIG2 (Bazzoni, 2003; Eguchi et al.,
2005; Scanlan et al., 2006). Brotherhood addition: VSIG8.

(8) B7-butyrophlin family (20 members) (Bairoch et al., 2005; Carreno and

Collins, 2002).

e B7: CD80, CD86, ICOSL, PD1L1, PD1L2, CD276 (B7HS3), and
VTCN1 (B7H4).

e Butyrophilin: BT1A1, BT2A1, BT2A2, BT2A3, BT3A1, BT3A2,
BT3A3, BTNL2, BTNL3, BTNLS8, and BTNLS9.

o Others: ERMAP, MOG, and Brotherhood addition: human endoge-
nous retrovirus-H long terminal repeat-associating protein 2
(HHLA2).

Semaphorin (14 members): SEM3A, SEM3B, SEM3C, SEMS3D,

SEM3E, SEMB3F, SEM3G, SEM4A, SEM4B, SEM4C, SEMA4D,

SEMA4F, SEM4G, and SEM7A (Yazdani and Terman, 2006).

(10) CSF/PDGFR family (eight members): CSF1R, FLT3, KIT, PGFRA,
PGFRB, VGFR1, VGFR2, and VGFR3 (Bairoch et al., 2005).
Brotherhood addition: platelet-derived growth factor receptor-like
protein.
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(11) MHC-I (73 members) (Bairoch et al., 2005).

e HLA-A: 1A01, 1A02, 1A03, 1A11, 1A23, 1A24, 1A25, 1A26, 1A29,
1A30, 1A31, 1A32, 1A33, 1A34, 1A36, 1A43, 1A66, 1A68, 1A69,
1A74, and 1A80.

e HLA-B: 1B07, 1B08, 1B13, 1B14, 1B15, 1B18, 1B27, 1B35, 1B37,
1B38, 1B39, 1B40, 1B41, 1B42, 1B44, 1B45, 1B46, 1B47, 1B48,
1B49, 1B50, 1B51, 1B52, 1B53, 1B54, 1B55, 1B56, 1B57, 1B58,
1B59, 1B67, 1B73, 1B78, 1B81, and 1B82.

e HLA-C: 1C01, 1C02, 1C03, 1C04, 1C05, 1C06, 1C07, 1C08, 1C12,
1C14,1C15, 1C16, 1C17, and 1C18.

o Nonclassical: HLA-E, HLA-F, and HLA-G.

(12) MHC-II (31 members) (Bairoch et al., 2005):

e HLA-DP: DPA1, HB2S, and DPB1.

e HLA-DQ: 2DA1, 2DA2, HA21, HA27, HB25, HB24, HB23, HB22,
HB21, and DQB2.

e HLA-DR: 2DRA, HB2C, HB2B, DRB5, DRB4, DRB3, 2B1F, 2B1B,
2B1A, 2B19, 2B18, 2B17, 2B14, and 2B11.

e HLA-DO: 2DOA, and 2DOB.

o HLA-DM: 2DMA, and 2DMB.

(13) Killer cell immunoglobulin-like receptor (15 members): KI2L1, KI2L2,
KI2L3, KI2L4, KI2LA, KI2LB, KI2S1, KI2S2, KI3L1, KI3L2, KI3L3,
KI3S1, KI2S3, KI2S4, and KI2S5 (Marsh et al., 2003).

(14) Leukocyte-associated immunoglobulin-like receptor family (LIRA) (11
members): LIRA1, LIRA2, LIRA3, LIRA4, LIRA5, LIRAS, LIRB1, LIRB2,
LIRB3, LIRB4, and LIRB5 (Brown et al., 2004).

The first ten families, with a total of 116 IgSF proteins, were used for the in-
ter-intra-family relationships analysis in Figure 2; the sequentially very similar
and highly redundant last four families were excluded from this analysis.

The IgSF Data Set

Human-secreted and integral membrane IgSF proteins were collected from
the UniProt/SWISS-PROT database (Bairoch et al., 2005) on the basis of
both curated and InterPro (Hunter et al., 2009) annotations. In order to identify
IgSF proteins, we searched for certain regular expressions in the UniProt/
SWISS-PROT flat-file (version date: February 9, 2010). Within the comment
lines of the flat-file (“CC” lines), we searched for one of two expressions:
“SIMILARITY: Contains . . . Ig-like . . .” or “SIMILARITY: Belongs to the immu-
noglobulin superfamily.” In the Database cross-reference (“DR”) lines, we
searched for one of the InterPro IgSF IDs (i.e., IPRO03006, IPR003596,
IPR003597, IPR003598, IPR003599, IPR013098, IPR013106, IPR013151,
IPR013162, [IPR0O07110, IPR013783, [PR013270, IPR008424, and
IPR010457). Finally, we selected those proteins that had a description in their
Feature Table (FT) lines of an I|g domain. Immunoglobulin (antibodies) and T cell
receptors were excluded from our data set.

The Brotherhood Algorithm

The method compares the relationship between two query proteins by
analyzing the fraction of intermediate (shared) proteins relative to all evolution-
arily related proteins. First, an evolutionarily related group of proteins is
constructed for each IgSF query using BLAST against the NCBI NR proteins
database (Wheeler et al., 2008). Then a list is generated from the evolutionarily
related group of the significant BLAST hits using an e-value cutoff of 0.001. In
the second step, the evolutionary relationship between members of the IgSF is
tested by comparing the overlap of the intersection of their BLAST-derived
groups with the overall size of the smaller BLAST-group (Figure 1A). A pair
of query proteins is deemed “related” if the overlap is more than 45%. The
overlap threshold of 45% was chosen empirically (Figure 2). A computer pro-
gram implementing the Brotherhood algorithm is available from the authors on
request.

Network of Protein Functional Relationships

Networks were generated with Cytoscape (Shannon et al., 2003) using the
organic layout (Shannon et al., 2003). Nodes and edges represent proteins
and evolutionary relationships between proteins, respectively. Protein evolu-
tionary relationships were evaluated with BLAST e-values (Altschul et al.,
1997), the Brotherhood method, CD-HIT (Li and Godzik, 2006), and PSI-PHY
(Brown et al., 2007). The BLAST network was constructed as described in
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Atkinson et al. (2009). CD-HIT (Li and Godzik, 2006) was run locally with the
following parameters in hierarchical order: first, we clustered at 60% pairwise
sequence identity and word size of four; we then clustered at 40% sequence
identity using a word size of three; and finally, we used the psi-cd-hit script
from the CD-HIT suite to cluster at 30% sequence identity.

Molecular Cloning of CRTAM

The extracellular Ig-V domain of human CRTAM (residues 18-117) was cloned
into the pET28a expression vector, expressed in E. coli and refolded from
inclusion bodies as described by Zhang et al. (2002) with minor modifications.
The refolding buffer was composed of 200 nM Tris-HCI (pH 8.0), 10 mM
EDTA, 0.5 M L-arginine, 6.5 mM cysteamine, and 3.7 mM cystamine. CRTAM
refolded at 4°C was subjected to gel filtration chromatography on superdex
G-75.

Analytical Ultracentrifugation Sedimentation Equilibrium
Experiments

Sedimentation equilibrium experiments were performed at 20°C using a
Beckman XL-I analytical ultracentrifuge, six-sector cells, and an AN-60Ti rotor.
Protein buffer was composed of 20 mM Tris-Hcl (pH 8.2), 150 mM NaCl, and
1 mM EDTA. Absorption scans collected at 280 nm for three different protein
concentrations (38, 21, and 5 uM) at rotor speeds of 20,000 or 25,000 rpm were
globally analyzed using HeteroAnalysis (v. 1.1.44) (Cole, 2004). Equilibrium
was confirmed by comparing scans taken at 22 and 24 hr at the indicated
speed. Protein concentration was estimated from the extinction coefficient
of 18,575 M~ 'cm ™" determined using the ProtParam Web server (Gasteiger
et al., 2005). Buffer density and partial specific volume (0.7365) were calcu-
lated using SEDNTERP (v. 1.01) (Laue et al., 1992).

X-Ray Crystallization Experiments

Diffraction quality crystals of CRTAM were obtained at 4°C with the sitting drop
vapor diffusion method by mixing 0.3 ul of protein (12 mg/ml in 100 mM Tris-
Hcl [pH 8.2], 150 mM NaCl, and 1 mM EDTA) with 0.3 pl of reservoir solution
(0.49 M monobasic sodium phosphate monohydrate and 0.91 M dibasic
potassium phosphate [pH 6.9]) and allowing equilibration over 70 ul of reser-
voir solution. Prior to data collection, crystals were cryoprotected with mother
liquor supplemented with 1:1 2 M LiSO, and flash-cooled in liquid nitrogen.
Data extending to 2.3 A resolution were collected at a wavelength of 1.081 A
at beamline X29A of the National Synchrotron Light Source using an ADSC
Quantum-315 CCD detector. Diffraction data were indexed, integrated, and
scaled with HKL2000 (Otwinowski and Minor, 1997). Diffraction data from
these crystals were initially processed in tetragonal point groups 4 and 422
With Rmerge Of 9.3% and 8.3%, respectively. These data were used for molec-
ular replacement with PHASER 1.1(McCoy et al., 2007) and the monomer of
nec-I1 (34% identical; PDB ID code 1Z9M; Dong et al., 2006), truncated with
CHAINSAW (CCP4-suite; Stein, 2008) as the search model. After several
rounds of modeling with COOT (Emsley and Cowtan, 2004) and refinement
with REFMACS5 (Murshudov et al., 1997), the CRTAM model appeared com-
plete, but Ry remained around 37%, indicating an anomaly in the diffraction
data. Statistical tests for twinning, as implemented in CCP4 suite were not
effective in confirming twinned. However, the observed similarity in the length
of a and b axes in orthorhombic/monoclinic space groups, the packing of
CRTAM-dimers parallel to ab-plane with 4-fold symmetry, together with the
difficulty to refine the structure in any tetragonal space groups led us to
consider pseudomerohedral twinning mimicking higher lattice symmetry.
Refinement of the existing model in the C222, cell, using the twin-law operator
k, h, —I, converged with Ry and Ryee Of 0.199 and 0.233, respectively. The
twin refinement substantially improved the quality of the electron density
allowing us to model several residues with higher confidence. The final model
contains four molecules of the CRTAM Ig-V domain, four phosphate ions and
120 water molecules. Nonnative residues introduced at the C terminus during
the cloning process were disordered and not modeled. Data collection,
phasing, and refinement statistics are presented in Table 1.

ACCESSION NUMBERS

The structure of the Ig-V domain of CRTAM has been deposited in the PDB
with the ID code 3RBG.
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