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Abstract A group of genes encoding proteins structurally
related to the leukocyte Fc receptors (FcRs) and termed
the IFGP family was identified in human and mouse. Se-
quences of four human and two mouse cDNAS predict
proteins differing by domain composition. One of the
mouse cDNAs encodes a secreted protein, which, in addi-
tion to four immunoglobulin (1g)-like domains, contains
a scavenger receptor superfamily-related domain at the
C-terminus. The other cDNAs code for the type | trans-
membrane proteins with the extracellular parts comprised
of one to six Ig-like domains. Five homologous types of
the Ig-like domains were defined and each protein was
found to have a unique combination of the domain types.
The cytoplasmic tails of the transmembrane proteins show
different patterns of the tyrosine-based signa motifs.
While the human IFGP members appear to be B-cell anti-
gens, the mouse genes have a broader tissue distribution
with predominant expression in brain. Sequence compari-
sons revealed that the IFGP family may be regarded as a
phylogenetic link joining the leukocyte FcRs with the rat
NK cell-specific gp42 antigen and platelet endothelial cell
adhesion molecule-1 (PECAM-1), two mammalian leuko-
cyte receptors whose close relatives were not found previ-
oudly. It is suggested that FcRs, the IFGP proteins and
gp42 have arisen by a series of duplications from a com-
mon ancestor receptor comprised of five Ig-like domains.
The organization of the human genes shows that the IFGP
family evolved through differential gain and loss of exons
due to recombination and/or mutation accumulation in the
duplicated copies.
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Introduction

Comparative anaysis of the human, fly, and worm geno-
mes demonstrates that gene duplication has been the ma-
jor driving force in the evolving immune system (Lander
et al. 2001; Venter et a. 2001). Expansion of the immu-
noglobulin superfamily (IgSF) is particularly relevant in
this regard. The superfamily contains about tenfold more
members in mammals than invertebrates (Lander et al.
2001; Venter et a. 2001). Over the past two decades, a
large number of the IgSF proteinsinvolved in immune re-
sponse has been characterized (Barclay et al. 1997). Most
may be assigned to distinct families, whereas the precise
relationships among many are unclear. As a rule, mem-
bers of the same family serve similar functions. In some
cases, however, structurally related proteins may be func-
tionally non-overlapping and vice versa. How duplicated
copies might have acquired novel functions remains elu-
sive. Reconstruction of the molecular events, which un-
derlie the emergence of the sophisticated network of
functions fulfilled by the IgSF members, is still far from
completion.

The family of the leukocyte Fc receptorsis a subset of
IgSF and the largest group among the structurally di-
verse cell-surface molecules able to bind the Ig constant
regions (Ravetch and Kinet 1991; Daeron 1997; Shibuya
et al. 2000; Ravetch and Bolland 2001; van Egmond
et a. 2001). Four major classes of FcRs have been de-
scribed and investigated: FcyRI (CD64), FcyRIl (CD32),
FcyRIII (CD16) and FceRI (Ravetch and Kinet 1991). In
mouse, each class is encoded by a single gene; in human,
there are two to three separately encoded forms for each
class except FceRlI. The classes and forms differ by their
ligand specificity or signal properties. Broad functional
versatility of the family is due to the expression of alter-
native isoforms and interaction between classes with dif-
ferent signaling capabilities (Ravetch and Bolland 2001).
FcR homologs in non-mammalian vertebrates have not
been found so far and the evolutionary history of the
family has not been elucidated. From sequence compari-
sons and genomic analysisit is clear that the mammalian
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FcR genes are derived from a common ancestor by a se-
ries of duplications and recombinations, some of which
were species-specific (Ravetch and Kinet 1991). The
high-affinity FcyRI differs from the other receptorsin the
presence of the third unique extracellular domain. Using
this feature for the expression sequence tag (EST) dat-
abase search, we identified a group of human and mouse
genes encoding unknown FcR-related proteins. One of
the proteins, termed FCRL, has been characterized in de-
tail (Mechetina et a. 2002). In this report, we describe a
family of closely related human and mouse FcR-like
genes and discuss the evolutionary implications of this
finding.

Materials and methods

cDNA

The human cDNA clones aa63g02 (1.M.A.G.E. clone ID: 825650)
and tz31b04 (ID: 2290159), as well as the mouse cDNA clones
vf84e06 (ID: 850498), uc35g02 (ID: 1400018), were obtained
from the 1.M.A.G.E. Consortium (Lennon et al. 1996) through
ATCC (USA) or Research Genetics (USA). The cDNA
NCI_CGAP_GCB1 library constructed from the human tonsil ger-
minal center B cellswas akind gift of Dr. M.B. Soares, University
of lowa. Thetonsil S2T cDNA library (Wong et a. 1985) was pur-
chased from ATCC. The RACE (rapid amplificaton of cDNA
ends)-ready tonsil cDNA was prepared using the SMART RACE
kit (Clontech, USA) and following the manufacturer's instructions.

PCR amplification and cloning

The following pairs of primers were used to amplify human
cDNAs: forward primer corresponding to the hIFGP1 leader pep-
tide (5-TAGGTACCATCCCTGACCTG-3) and reverse primer
(the hIFGP1 3'-untranslated region, UTR) (5'-AGGAGCCGGC-
AGGAATCTGGTTC-3); forward primer (the hIFGP2 |eader pep-
tide) (5-TTCCATGCTGCTGTGGGCGTCCTTGCTG-3)and re-
verse primer (the hIFGP2 cytoplasmic tail including stop codon)
(5-TTAACTTTCTTCATCCTTAGAGCTGATC-3'; forward prim-
er (the hIFGP3 leader peptide) (5-GGCCGGTGCCCATGCTTC-
TGTGG-3)and reverse primer (the hIFGP3 3'-UTR) (5'-AATG-
GTGCAGGCTGTTTCCTGTG-3'); Agtll forward primer (Prome-
ga, USA) (5-GGTGGCGACGACTCCTGGAGCCCG-3') and re-
verse primer (the hIFGP4 3'-UTR) (5'-CATCCTTGCTGTTGAT-
CTTCCCT-3'). The polymerase chain reaction (PCR) conditions
were as follows: 45 cycles for hIFGP1 (30 sat 94°C, 30 s at 62°C,
75 sat 72°C), hIFGP3 (30 sat 94°C, 30 sat 69°C, 105 s at 72°C),
and hIFGP4 (30 sat 94°C, 30 s at 68°C, 60 s at 72°C). Amplifica-
tion of hIFGP2 was performed using Touchdown PCR: 30 cycles
at 94°C (30 s), 65°C-50°C (-0.5°C/cycle) (30 s), and 72°C (90 s),
followed by 15 cycles at 94°C (30 s), 55°C (30 s), and 72°C
(90 s). The PCR fragments were cloned into the pBluescript KS
vector (Stratagene, USA) and sequenced using an automated fluo-
rescent sequencer. The mouse vf84e06 and ¢35g02 cDNAs were
sequenced manually using the Fmol DNA Sequencing System
(Promega, USA) and the Sequenase Version 2.0 DNA Sequencing
kit (USB, USA).

Southern blot analysis

Genomic DNA from human and mouse blood cells was isolated
(Sambrook et al. 1989) and digested to completion with restriction
endonucleases BamHI, Hindlll or Pwull. The digested DNA
(10 pg/lane) was separated on 1% agarose gels and transferred on-
to Zeta-probe nylon membranes (BioRad Laboratories, USA) by

the vacuum blotting technique in 0.4 m NaOH. Hybridizations
with 32P-labeled probes were performed following the membrane
manufacturer's recommendations. The probes were the fragment
of the uc35g02 cDNA coding for a part of the second domain of
mIFGP1 (151 bp), the Xhol/BamHI fragment of the vf84e€06 insert
encoding two N-terminal domains of mIFGP2 (511 bp), and PCR
amplified cDNA fragments for a part of the third (177 bp) domain
of hIFGPL1. These probes were used for both Southern and North-
ern blot analyses.

Northern blot analysis

Poly(A)* RNA from tissues of BALB/c mice was isolated from
total RNA on oligo-dT cellulose (Sigma, USA), fractionated
(5 pg/line) on 1% agarose gels and vacuum blotted onto a Zeta-
Probe nylon membrane (Bio-Rad Laboratories, USA). The blot
was hybridized with either 32P-labeled mIFGP1, mIFGP2 or
[B-actin probes at high stringency conditions following the
Bio-Rad recommendations.

Bioinformatics tools

Nucleotide and amino acid sequences were analyzed using utilities
at the BCM Search Launcher (Smith et a. 1996) web site
(http://www.hgsc.bcm.tmc.edu/) and at the NCBI web site
(http://www3.nchi.nim.nih.gov/). Computer alignments were
generated by CLUSTAL W 1.7 (Thompson et a. 1994). For
signal peptide prediction, the SignalP program was used at
http://www.cbs.dtu.dk/services/Signal P/ (Nielsen et al. 1997). Ho-
mology searches were performed using TBLASTN, BLASTR,
BLASTx (Altschul et a. 1997) and FASTA2 (Pearson 1990)
programs. The sequences were retrieved from GenBank using
ENTREZ at http://www3.ncbi.nim.nih.gov/. The human genomic
sequences were analyzed at and retrieved from the web site of
the Sanger Centre (http://www.sanger.ac.uk/HGP). The GenScan
program (Burge and Karlin 1997) at http://genes.mit.edu/
GENSCAN.html was used for gene predictions. The predictions
were further manually inspected and corrected.

Results

Identification of the human and mouse cDNAs encoding
the gp42/FcR-related proteins

The BLAST2 analysis of the protein databases showed
that the amino acid sequence of the third domain of
mammalian FcyRI shares 35-40% identical residues
with the first domain of gp42, a specific marker of rat
NK-cells with unknown function (Seaman et al. 1991).
Gp42 is a GPI-anchored membrane protein consisting of
two Ig-like domains. The second gp42 domain proved to
be unique in that it did not belong to any one of the
known IgSF families. No gp42 homologs have been
found in other mammals either. However, screening of
the EST database identified three sets of mouse and hu-
man cDNAs, which coded for proteins showing moder-
ate structural similarity to rat gp42. Severa of the de-
duced amino acid sequences contained also FcR-related
domains. Based on the EST analysis, it was suggested
that mammals possess a so far unknown protein family
we designated IFGP (from 1gSF, FcR, gp42). To charac-
terize the family in more detail, two mouse cDNAs and
one human cDNA were obtained from the |.M.A.G.E



89

Table 1 Degree of identity between the Ig-like domains of the IFGP proteins, rat gp42 and FcyRI calculated as percent of identical ami-

no acid residues in the aligned sequences

hIFGP1 hIFGP2 hIFGP3 mIFGP1 mIFGP2 rat gp42
-a- D3D4ID5  D1D2D3[D4  D1D2D3[D4D5 - |- |- [D4D5 - |D2D3|D4|D5 - |- D3| - |D5

hIFGP2 - |- 38/54)

hIFGP3 -|- 565275 3831/52[58}-

mIFGP1 -|-1-|60/68 -|-1-40] - - |- |- |44l68

mIFGP2 - |- 444559 - [24142/63) - - |36/47/46/56 -1-1-34/53

Rat gp42 -|-|20}- |40 -|-130}- | - -1-132- 143 -|-1-1-143 -|-134]- |34

hFcyRI D1D2ID3 - |- [35]- | - 37/30146}- | - 29[31/45) - | - 1-1-1-1- - [19}46] - | - -1-136]- |-

aHyphen indicates absence of the corresponding domain type

consortium (Lennon et al. 1996) and their complete nu-
cleotide sequences were determined.

Both mouse cDNAs were full-size inserts containing
an open reading frame (ORF), as well as 5" and 3' un-
translated sequences. The uc35g02 cDNA encoded a
type | transmembrane protein of 343 residues spanning
the predicted leader peptide, two Ig-like extracellular do-
mains, a transmembrane domain, and a cytoplasmic tail
(Fig. 1). The first domain showed only relatively distant
similarity to the domains of the known IgSF members,
while the second domain was similar to that of rat gp42.
This protein will be subsequently referred to as mIFGPL.
The structure of the protein encoded by the vf84e06
cDNA was more unusual. Its predicted amino acid se-
guence of 507 residues was comprised of the leader pep-
tide and five domains. The protein appeared to be secret-
ed, as judged by the absence of a transmembrane region.
Four domains were Ig-like, whereas the fifth belonged to
the scavenger receptor cysteine-rich (SRCR) superfami-
ly. The first domain exhibited weak, but statistically
significant, similarity to the second domain of the FceRl
alpha chain. The second domain was homologous to
FcyRId3, the third and the fourth were most similar to
the mIFGP1 domains. The SRCR-like domain showed
the highest degree of similarity to the domains of the se-
creted protein Spa/AlIM, identified recently (Gebe et al.
1997; Miyazaki et al. 1999). That the vi84e06 cDNA
was not chimeric was confirmed by the finding of sever-
al similar cDNAs in the EST database. The predicted
protein will be termed mIFGP2.

The human cDNA aa63g02 had an ORF truncated at
the 3' end. Its sequence was further used for analysis of
the human genomic sequences produced by the Sanger
Centre. It was revealed that the human genome contains
at least six IFGP-like genes organized in a tight cluster
on human Chromosome 1g21. The specific primers cor-
responding to the predicted 5 and 3' untranslated se-
guences of these genes were constructed and used for
PCR of two tonsil-derived cDNA libraries. In addition,
forward and reverse primers were used for 5'- and
3'-RACE of tonsil mMRNA. As a result, the cDNA prod-
ucts of the four genes were isolated and characterized.
The encoded proteins (designated hIFGP1, hIFGP2,
hIFGP3 and hIFGP4) were highly related to each other

mIFGP1
MLPWLLLLICALPCEPAGISDVSLKTRPPGGWVMEGDKLVLICSVDRVTG
NITYFWYRGALGFQLETKTQPSLTAEFEISDMKQSDADQYYCAANDGHDP
IASELVSIHVRVPVSRPVLTFGDSGTQAVLGDLVELHCKALRGSPPIEYQ
FYHESIILGNSSAPSGGGASFNFSLTAEHSGNFSCEASNGQGAQRSEVVA
LNLTGLSLVPTENGISHLSLGLTGWLLGCLSPITMALIFCYWLKRKIGRQ
SEDPVRSPPQTVLQGSTYPKSPDSRQPEPLYENVNVVSGNEVYSLVYHTP
QVLEPAAAQHVRTHGVSESFQVSSGLYSKPRINIAHMDYEDAM

mIFGPZ

MPLCLLLLVFAPVGVQSDWLSISLPHRSYEGDQVVISCTGKNNGDIKRLK
YFKDGYHIETYSSASSYTIRNARRGDSGSYSCKADRKFFLEFIDTTEETGS
KWLNVQELFPAPGLTASPLQPVEGSSVTLSCNTWLPSDRATTQLRYSFFK
DGHTLQOSGWTSSKEFTISAISKEDSGNYWCEAMTASRSVSKQSHRSYIDVE
RIPVSQVTMEIQPSRGWGVEGEPLVVEGEPLVLACSVAKGTGLITEFSWHR
QDTKESVGKKSQRSQRVELEIPTIRESHAGGYYCTADNNYGLIQSAIVNI
TVKIPVLNPLLSISVPGVLPFIGDGGVHCEDKRASPPVLYWEYHENITLA
NTSAPFGGKASFKLSLTAGHSGNYSCEAENAWGTKRSEEVTLNVTEPPPK

Fig. 1 Deduced amino acid sequences of the mouse IFGP pro-
teins. The leader peptides and the transmembrane regions are
underlined. The SRCR-like domain in the mIFGP2 sequenceisin-
dicated by a dotted line. The nucleotide sequences of the mouse
and human IFGPs are deposited in EMBL/GenBank under the ac-
cession numbers; AF329485, AF329486, AF329488, AF329490,
AF390037

and to the mouse proteins, yet each contained a unique
combination of the Ig-like domains. During the prepara-
tion of this manuscript three other groups reported the
human sequences under the names SPAP1 (Xu et al.
2001), IRTA (Hatzivassiliou et a. 2001) and FcRH
(Davis at al. 2001). IFGP1 is identical to FcRH1, IFGP2
isidentical to IRTAL, IFGP3 is identical to FCRH3, and
IFGP4 corresponds to SPAPL, presumably an aternative
isoform of FCRH2.

Comparative analysis of the extracellular
and intracellular domains

The results of comparisons of deduced amino acid se-
guences of the human and mouse IFGP proteins with
each other and with their known homologs are summa-
rized in Fig. 2 and Table 1. The Ig-like domains of five
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Fig. 2 Sequence comparison
of the IFGP, FcR, gp42 and
PECAM domains and a sche-
matic representation of their
domain composition. Identical
residues are shown by white
letters on black background
and similar residues are white
on gray background (generated
by the BOXSHADE 3.21 pro-
gram). The threshold for resi-
due shading is their presencein
at least a half of the sequences.
Dashes indicate gaps intro-
duced to maximize homology.
D1 through D5 designate the
Ig-like domain homol ogy
types. DSisthe SRCR-like do-
main. The sequences of human
(h) FeyRI, FeyRIII, FeeRl,
FCRL, CD6, rat gp42, mouse
AIM/Spa, and human (h)
PECAM were taken from the
EMBL/GenBank databases
(X14356, X16863, X06948,
AF329489, X60992, X56448,
AF018268, M 28526, respec-
tively). The complete sequence
of Xenopus laevis (x) PECAM
is unpublished. In the scheme,
panel A shows the IFGP family
and panel B, their known
homologs. The Ig-like domains
and SRCR-like domains are A
depicted by circles and squares,
respectively. Domain homology
is shown by a pattern of filling.
FcRH2 and hIFGP4/SPAP1 are
the products of the same gene.
The PECAM-1 N-terminal
domains (open circles) are not
related to the FcR and IFGP
domains
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homologous types (designated D1 through D5) were dis-
tinguished. The criteria for reference of a domain to a
particular type were homology percent (expressed as the
number of identical and similar amino acids), the pres-
ence of characteristic motifs, and the alignment scoresin
BLAST2 and FASTA2. With this classification, the do-
main structures of FcRs and the IFGP molecules were as
follows: D1D2 for FeyRII, FeyRIII, and FceRIl, D1D2D3
for FcyRIl, D3D5 for gp42, D4D5 for mIFGP1,
D2D3D4D5DS for mlIFGP2 (where DS is the SRCR-like
domain), D3D4D5 for hIFGP1, D1D2D3D4 for hIFGP2,
D1D2D3D4(D5), for hIFGP3, and D5 for hIFGPA4.
IRTA2 reported by Hatzivassiliou and co-workers (2001)
has a structure D1D2D3(D5)s.
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The currently described proteins and gp42 are obvi-
ously closer to each other than to the leukocyte FcRs,
although gp42 appears to be the most distant member of
the IFGP family. hIFGP1, hIFGP3 and hIFGP4 share
75-82% identical residues (85-90% identity at the nu-
cleotide level) in the domains of the D5-type, suggesting
very recent duplication of their genes. However, similari-
ty in the other domainsis weaker (51-57% identical resi-
dues in the D4- and D3-type domains of hIFGP1 and
hIFGP3). hIFGP2 shows only moderate similarity to the
other three human proteins (30-51% identical residuesin
the domains of the same type). Relationships among the
human and mouse proteins remain unclear. The mIFGP1
domains of D4- and D5-types share 60% and 68% iden-



Fig. 3 Alignment of the IFGP

cytoplasmic regions. The cyto- mIFGP1 GRQS--EDPV------
plasmic tails of mouse FcyRI| hIFGP1  GRRSA-RDPL------
and human FcyRI b (truncated Eigii VGFLG-DET ------
at the N-terminus) aregivenfor " =" == s =oomEeTeE
comparison. Dashes indicate }Ilgig‘l ;i;iigNgiA

gaps introduced to maximize

homology. The tyrosine-based NFegRIT

motifs are shown by white
letters on black (conforming |
to the consensus Y xxV/I/L) or nIFGP1
gray (not conforming to it) hIFGP1
background. The proline-rich hIFGP2
motif in hIFGP2 is boxed. hIFGP3
\ertical lines designate exon/ hIFGP4
intron boundaries in the human IRTA2
IFGP (above) and in the FcyRII
(below) sequences

mFcRIIb
I

tical residues with the corresponding hIFGP1 domains.
These two proteins are quite probably orthologs. How-
ever, MIFGP1 has one domain less; its transmembrane
region, in contrast to hIFGP1, does not contain a nega-
tively charged residue. hIFGP2 is more similar to
mIFGP2 than to hIFGP1 and hIFGP3 in the D4-type do-
main (63, 56 and 58% identity, respectively). In contrast,
the D2-type domains of hIFGP2 and mIFGP2 share only
24% identical residues. The presence of the additional
SRCR-like domain in mIFGP2 is more evidence that
mIFGP2 and hIFGP2 are paralogs. Finaly, it was found
that FCRL, presumably the secreted protein described
previously (Mechetina et al. 2002), is more closely relat-
ed to FcRs than to the IFGP proteins in the D2 and D3
domains.

No closerelatives of D4 were found in other members
of 1gSF. In the BLAST2 search for such homologs using
the D4 consensus sequence, the scores were highest for
the sixth domain of mammalian PECAM (E values up to
5e-07). Hatzivassiliou and co-workers (2001) have also
indicated that IRTA proteins resemble PECAM, athough
the similarity was not specified for the domain composi-
tion. PECAM may be regarded as an orphan IgSF mem-
ber for the reason that it has no close relatives (Newman
1997). Upon more careful examination of the primary
structure of the PECAM domains, it proved that the
fourth PECAM domain shows similarity to the D3 type
(Fig. 2). Among the IgSF domains only D3 has the
N-terminal motif ELFxxPxL. Furthermore, we assume
also that the fifth PECAM domain may be assigned
to the D5 type. Analysis of the Xenopus and zebrafish
PECAM homologs (unpublished data) made this similar-
ity more conspicuous (Fig. 2). Thus, there are good rea-
sons for the suggestion that PECAM might have shared a
common evolutionary ancestor with the leukocyte FCRs
and IFGPs. However, no definite homology with FCRs
or the IFGP proteins was found for the three N-terminal
domains of PECAM.

The cytoplasmic tails of all the predicted IFGP trans-
membrane proteins contain tyrosine-based src-homology
type 2 (SH2)-domain binding motifs (Unkeless and Jin
1997; Taylor et al. 2000). Alignment of the cytoplasmic

~~~--4RLPPAPGPGESSHSICPAQ---VELQSI|
GGLSATGTSSHSPSECQEPSSSRPSRIDPQEPTHSKPLAP———MELE

tails clearly indicates five conserved tyrosine positions
(Fig. 3). However, the tyrosine-based motifs are not con-
served and each member of the family has its own pat-
tern of the motif variants. While some tyrosines are em-
bedded in typical YxxL/I/V sequences, others have ser-
ine, proline, or alanine at position +3. Judging by the res-
idues at position —2 relative to tyrosines (hydrophobic or
charged) and the motif arrangement, it may be suggested
that the mIFGP1 and hIFGP1 motifs are ITAM-like,
those of hIFGP4 and hIFGP5/IRTA2 are ITIM-like,
whereas hIFGP3 possesses both the ITIM and ITAM-like
sequences. The N-terminal motif of the hIFGP2 cyto-
plasmic tail has a serine residue at position —2. This fea-
ture is thought to be a signature of the immunoreceptor
tyrosine-based switch motif (ITSM) that is a site for the
adaptor protein SH2D1 A regulating SHP-2/SHIP bind-
ing (Sayos et al. 1998; Shlapatska et al. 2001). Finally,
the proline-rich sequence conforming to the consensus
RxPPxP (the putative SH3-domain binding site) in the
hIFGP2 cytoplasmic region is noteworthy. The motif is
similar to the one found in the cytoplasmic tails of verte-
brate CD3e (Alabyev et al. 2000).

Genomic structure

Recent progress in the genome sequencing project en-
abled us to determine the genomic structure of the hu-
man IFGP family (Fig. 4). The identified genes are clus-
tered in a region of approximately 300 kb. The leader
peptides are, as a rule, encoded by two exons, while the
Ig-like domains and transmembrane regions are encoded
by a single exon each. The cytoplasmic tails are invari-
antly encoded by five exons, thereby confirming that dif-
ferent patterns of the tyrosine-based motifs in the IFGP
proteins resulted from mutation accumul ation rather than
from differential exon loss. Of particular interest is the
organization of the hIFGP1, hIFGP4 and IFGPx genes.
The hIFGP1 gene, in addition to exons for the domains
of the D3, D4 and D5 types, contains two aberrant exons
encoding polypeptides matching the D1- and D2-type
domains. Both exons have frame-shift mutations. The
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Fig. 4A, B The genomic structure of the human IFGP locus.
A Arrangement of the AIM/Spa and IFGP genes, as determined
using sequences produced by the Sanger Centre. Arrows designate
the clone borders. B Exon/intron organization of the hIFGP1,
hIFGPx and hIFGP4 genes. Exons are shown by lines or filled
rectangles. Aberrant exons are shown by open rectangles. Exons
whose functional significance is unclear are shown by shaded
rectangles. L Exons for the leader peptide; D the extracellular do-
mains (the numeration corresponds to the domain homology type);
Tm the transmembrane; Cyt cytoplasmic parts of the proteins

IFGPx geneislocated between hlFGP2 and hIFGP3 and
consists of 5 exons (D1D5D5D2D3), of which the first
three contain frame-shift mutations and/or stop codons.
No exons for the transmembrane or cytoplasmic regions
were found using different gene-prediction programs.
However, the exons for D2- and D3-type domains have
correct splice sites, and it cannot be excluded that the
gene is functional and may code for a secreted protein.
The hIFGP4 gene appears to contain exons for the four
extracellular domains (D2D3D4D5). Analysis of the
dj801G22 genomic sequence (accession no. AL 135929)
showed that the exon for the D3-type domain of hIFGP4
has an impaired 5'-splice site (phase 2). In the current
experiments, 5'-RACE of individua tonsil cDNA pro-
duced only short fragments encoding a protein with a
single extracellular domain of the D5-type. Interestingly,
both the leader peptide and Ig-like domain are encoded
by a single exon in this variant. Xu and co-workers
have reported similar results using the same approach
(2001). In contrast, Davis and co-workers (2001) have
described a cDNA for the four-domain protein
(D2D3D4D5) with a leader peptide encoded by two dis-
tinct exons. It remains to be determined whether these
discrepancies are due to population polymorphism or to
other causes.

The genomic DNA from samples of human and
mouse blood was analyzed by Southern blotting
(Fig. 5). The probe corresponding to the third hIFGP1
domain (D5) revealed multiple hybridization bands.
This is consistent with the genomic structure of the
human IFGP locus and the high (85-90%) nucleotide
similarity among the exons for the D5-type domains.
Hybridization of the mouse BamHI DNA digest using
the mIFGP2 cDNA fragment as a probe reveaed
one band. In contrast, the mIFGP1-specific probe hy-
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Fig. 5A, B Southern blot analysis of hIFGP1, mIFGP1, and
mIFGP2. The DNA was isolated from human (A) or mouse (B)
blood cells and digested with the indicated restriction endonucle-
ases. The probes were the PCR-amplified cDNA fragments for the
D5-type domain of hIFGPL, the D5-type domain of mIFGP1, and
Xhol/BamHI fragment of the vf84e06 insert coding for two N-ter-
minal domains (D2D3) of mFGP2

bridized with multiple bands, thereby indicating that
mouse, like human, possesses a family of IFGP1-related
genes.

The mouse and human genes differ by their expression

The expression patterns of the identified genes in mouse
and human tissues were examined by Northern blot anal-
ysis (Fig. 6). The mIFGP1-specific probe revealed tran-
scripts of three sizes. Long transcripts (about 5 kb) were
detected in brain, liver, intestine, colon, skeletal muscles,
peripheral blood leukocytes and spleen. Short transcripts
of different sizes were found also in testis, leukocytes
and spleen. The mIFGP2 mRNA was expressed in brain,
skeletal muscles, colon, testis and thymus. In both cases,
brain MRNA produced the most intense signals. This is
in contrast to the human genes which were shown to
express in the secondary lymphoid but not in nervous
tissues (Davis at al. 2001; Hatzivassiliou et al. 2001; Xu
et a. 2001; our unpublished data).
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Fig. 6 Northern blot analysis of mIFGP1 and mIFGP2. Mouse tis-
sue mRNA (5 pg/lane) was probed with the Notl/EcoRI uc35g02
insert encoding mIFGP1, and the Xhol/BamHI fragment of the
vf84€06 insert coding for two N-terminal domains of mIFGP2

Discussion

Sequence comparisons of the IFGP proteins show their
derivation by a series of duplications from a common
five-domain progenitor. The striking feature of the fami-
ly is the diversity of its members. Each of the seven
(including gp42) proteins has a unique domain compo-
sition. Five types of the Ig-like domains (designated
D1 through D5) were defined but none is shared by all
the proteins. The genomic structure of the human genes
indicates that heterogeneity has resulted mainly from
post-duplication divergence. Two major mechanisms
have obviously contributed to the diversification of
duplicated copies. intra- and/or intergenic recombina-
tions and loss of exons due to accumulated mutations.
Recombinations presumably generated the hIFGP2 (D5
loss) and hIFGP3 (gain of an additiona D5) genes.
Loss of exons as a result of mutations is apparent in
the case of the hIFGP1 gene and it is perhaps a polymor-
phic feature of the hIFGP4 gene. The IFGPx gene
(D1YD5YD5YD2D3), whose ability to produce proper
transcripts is questionable, might have emerged by both
mechanisms. With regard to the intergenic shuffling,
mIFGP2 bearing a SRCR-like domain is of particular in-
terest. To our knowledge, this is the first instance of a
mosaic protein combining together the immunoglobulin
and the scavenger receptor superfamilies. The mIFGP2
SRCR-like domain exhibits the highest degree of simi-
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larity to the domains of the recently identified mouse and
human secreted protein Spa/AIM (Gebe et a. 1997;
Miyazaki et al. 1999). This protein functions as an inhib-
itor of apoptosis in certain cells and also as an inhibitor
of B-lymphocyte proliferation (Miyazaki et al. 1999;
Yusa et a. 1999). It is of interest that, in the human
genome, the SPa gene resides 11 kb apart from the
hIFGP1 gene (Fig. 3). Similarly, the mouse SPa gene is
assigned to the region of Chr 3 that is syntenic with
human Chr 1 and contains the mFcyRI gene (Blake et al.
2000). Our search in the EST database and genomic se-
guences for the human mIFGP2 ortholog was unsuccess-
ful. Nevertheless, the SRCR-like domain of mIFGP2
shows a similar degree of homology with human and
mouse Spa/AMI (63 and 62% identity, respectively).
This suggests that the IgSF-SRCR mosaic protein might
have arisen before or at the time of the split between pri-
mates and rodents.

Comparisons of the human, mouse, and rat proteins
showed also that the evolution of the family was species-
specific. The high similarity of the D5-type domains
of hIFGP1, hIFGP3, and hIFGP4 suggests their emer-
gence after the separation of primates and rodents.
Mouse mIFGPL is most similar to hIFGP1 (about 60%
identical residues in the extracellular domains and 48%
in the cytoplasmic regions). The two proteins may be
orthologs. The absence of the D3-type domain in the
protein encoded by the mIFGP1 cDNA may be due to
aternative splicing. The presence of multiple transcripts
revealed by Northern blotting supports this possibility.
However, in view of the Southern blotting data, it cannot
be ruled out that different transcripts are produced by
distinct closely related genes expressed in a tissue-spe-
cific manner. Furthermore, mIFGP1 differs from hIFGP1
in the absence of a charged amino acid residue in the
transmembrane region and also by the structure of the
tyrosine-based motifsin the cytoplasmic tail.

The members of the novel family share domains of
the D1-, D2-, and D3-types with the leukocyte FcRs. Of
FcRs, only FcyRI has the D3-type domain, the others are
composed of the D1, D2 domains. We have recently de-
scribed FCRL, yet another FcR-like protein containing
the D3 domain (Mechetina et al. 2002). The N-terminal
domain of FCRL, although possessing conserved regions
characteristic of the D1 domain, is devoid of about 40
residues in its middle part. Furthermore, the C-terminal
FCRL domain has a unique sequence not found in FCRs
or IFGPs. Despite this, the D2 and D3 domains of FCRL
are more similar to their FcR than IFGP counterparts.
Thus, it may be inferred that, at a certain stage of
phylogenesis, the common five-domain progenitor
(D1D2D3D4D5) had split into two forms. Of these one,
through a series of subsequent duplications, evolved into
the FcR family, and the other gave rise to the IFGP
family. The distant similarity of the three C-terminal ex-
tracellular PECAM domains with the domains of the
type D3, D4 and D5 argues that divergence of PECAM
and the FcR/IFGP-like proteins might have occurred
earlier.
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As has been shown, the leukocyte FcR classes and/or
forms differ by their signa properties (Daeron 1997,
Ravetch and Bolland, 2001). Human FcyRIlb and mouse
FcyRIl are inhibitory receptors containing intracellular
ITIMs. The others activate effector functions through their
capability to associate with the FCRy or TCRC subunits
(FceRlI, FeyRI, FeyRIINI or through the presence of ITAM
in the cytoplasmic taill (human FcyRIla and FcyRllc).
Similarly, al the IFGP receptors contain tyrosine-based
motifs conforming to the consensus binding sites of the
SH2-domains in their cytoplasmic regions. Different pat-
terns of the tyrosine-based motifs in the intracellular re-
gions of the IFGP proteins suggest their distinct signaling
properties. While precise definition of these properties is
the subject of future studies, both ITIM- and ITAM-like
sequences can be delineated at this juncture. Among the
leukocyte FcRs only the FcyRII class possesses along cy-
toplasmic tail encoded by 2—3 exons (Ravetch and Kinet
1991). Alignment of the FcyRII and IFGP intracellular se-
quences shows weak resemblance, mainly in the C-termi-
nal part (Fig. 3). Conservation of the penultimate exons is
pertinent to note. Based on this similarity, it may be sug-
gested that evolving FcRs might have lost two cytoplas-
mic exons relative to the putative progenitor.

Regardless of the molecular events implicated in the
divergence of the FCR and IFGP cytoplasmic regions, it
appears that reiterative duplications in the rising family
were accompanied by selection differentialy affecting
the extracellular, transmembrane and cytoplasmic parts
of the molecules. Changes in the domain composition
might have resulted in ligand specificity shifting, where-
as divergence or loss of the transmembrane/intracellular
parts led to the generation of novel proteins differing by
their signaling abilities or by acquiring the role of hu-
moral factors. As an evolutionary outcome, some of the
family members, when compared with each other, have
no structural elements in common (gp42 versus
FcyRIN/FeyRIT/FceRI or mIFGPLversus FeyRI/FCRL).

The whole family may be thus regarded as the most
vivid example of the evolutionary plasticity of IgSF to
date. It shows that relationships between the mammalian
IgSF subsets and distinct members may be hidden not
only because of extensive sequence divergence but also
because of the differential loss of the Ig-like domains
during the duplicative process.
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