ment. Whether this regulation is in response
to phosphate levels within the macrophage
or to other factors is unknown. The second
mutant, MS4347, which failed to express a
different set of MIPs, is not related to phoP.
MS4347 is not genetically linked to phoP by
transductional mapping and expresses nor-
mal levels of acid phosphatase, a protein
whose expression is controlled by phoP.
These mutations are located in different
genes and regulate a different set of Salmo-
nella proteins. Thus, both phoP- and non-
phoP-regulated genes are expressed in re-
sponse to the macrophage environment.
Heat shock proteins are immunodomin-
ant antigens for a number of infectious
organisms including Mycobacterium leprae,
M. tuberculosis (15), Coxiella burnetti (16),
Legionella pneumophilia (17), and Schistosoma
mansoni (18). GroEL is also an immunodom-
inant antigen in S. typhimurium infections
(19). We have now shown that Salmonella
GroEL and DnaK are induced during infec-
tion of macrophages under conditions that
do not involve thermoinduction. This sug-
gests a correlation between the abundance
of a protein within macrophages and the
immunodominance of that protein. Antigen
processing takes place within the endosome
compartment of antigen-presenting cells
(20). Processed antigen in combination with
MHC molecules (Ia) is presented to T cells
in which a specific immune response is
stimulated. Salmonella remains within the
macrophage phagosome or endosomal com-
partment (21), but not all Salmonella survive
in this hostile environment. Some are killed,
as suggested by the initial decrease in viable
bacteria (Fig. 1), and degraded; presumably,
their proteins are processed and presented
on the surface of the macrophage. Our data
show that GroEl and DnaK are the most
abundant proteins expressed by Salmonella
within the macrophage; it may be their
abundance within an antigen-presenting cell
that establishes their immunodominance.
Living attenuated vaccines generally pro-
vide better protection than killed vaccines
(22). This is not merely a consequence of
increased bacterial load, but indicates the
uniqueness of replicating immunogens in
stimulating protective immunity. Our data
indicate that bacterial proteins that function
as virulence factors are induced within the
macrophage, an antigen-processing and
antigen-presenting cell. We suggest that a
protective response to many pathogens may
need to include responses against these same
virulence factors. Immunization with living
bacteria would generate such a response.
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Organization of the Human and Mouse Low-Affinity
FcyR Genes: Duplication and Recombination

WEI Q140 Qiu, DERIK DE BRUIN, BERNARD H. BROWNSTEIN, ROGER

PEARSE, JEFFREY V. RAVETCH*

Receptors for immunoglobulin G immune complexes (FcyRII and FcyRIII) are
expressed on most hematopoietic cells and show much structural and functional
diversity. In order to determine the genetic basis for this diversity, a family of genes
encoding the human and mouse receptors was isolated and characterized. Humans
have five distinct genes for low-affinity FcyRs, in contrast to two in the mouse. With
the use of yeast artificial chromosomes, the genes encoding the human receptors were
oriented and linked, which established the structure of this complex locus. Compari-
son of the human and mouse genes generated a model for the evolutionary amplifica-

tion of this locus.

HEN RECEPTORS FOR IMMUNO-

globulin G (IgG) are cross-linked

by immune complexes, the hu-
moral and cellular immune responses are
coupled, and an array of effector and im-
munomodulatory pathways are triggered
(1). The molecular basis for the diverse
cellular responses initiated by the common
ligand, IgG, is being elucidated through the
molecular cloning of these IgG receptors
(FcyRs). In the human, biochemical and
serological studies identified three groups of
FcyRs: a high-affinity receptor (FcyRI) and
two groups of low-affinity receptors
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(FcyRII and FcyRIII). Complementary
DNA cloning has revealed multiple subtypes
within each group (2-6). The predicted
membrane glycoproteins have similar extra-
cellular domains coupled to divergent trans-
membrane and cytoplasmic domains. The
cell type—specific expression of these mole-
cules has led to the hypothesis that the
different cellular responses triggered by IgG
immune complexes result from the transduc-
tion of different signals through the diver-
gent transmembrane and intracytoplasmic
domains of these receptors (7). For example,
the FcyRIII expressed on natural killer
(NK) cells and macrophages (III-2) is a
transmembrane protein (6) and mediates
antibody-dependent  cellular cytotoxicity
(8); a nearly identical molecule (III-1), ex-
pressed on granulocytes as a glycosyl phos-
phatidylinositol (GPI)—linked protein (5, 6,
9), cannot. Similarly, the FcyRII proteins
mediate different cellular responses on lym-

SCIENCE, VOL. 248



phocytes than on myeloid cells. This report
addresses the molecular mechanisms that
generate the structural diversity r&ultmg in
these functional differences.

We compared restriction enzyme digests
of human spleen DNA to yeast artificial
chromosome (YAC) genomic clones span-
ning the FcyRITI locus to determine wheth-
er our YAC clones contained all of the genes
encoding this family of receptors. When
Bam HI—digested spleen DNA was hybrid-
ized with an FcyRIII probe, two fragments
were visible, corresponding to two genes (6)

o2

(Fig. 1A). These two fragments comigrated
with DNA fragments generated by Bam HI

" digestion of YAC clones spanning this locus

(Fig. 1A). Comparison of spleen and YAC
DNA with six additional endonucleases al-
ways resulted in comigrating fragments.
Similarly, when spleen DNA was digested
with Hind III and probed with an FcyRII-
specific probe, three hybrizing fragments
were seen, corresponding to three genes
(Fig. 1B). Each of these fragments was
found in the YAC clones digested with
Hind III. As above, additional enzyme di-

gestions of YAC and spleen DNA always
resulted in comigrating fragments. DNA
sequence analysis of the genes present on
these YAC clones (Table 1) accounted for all
known transcripts of FcyRII and FeyRIII
(3-6). Thus, our data suggest that all mem-
bers of this gene family have been cloned.
Genomic libraries of human DNA con-
structed in bacteriophage A, cosmid, -and
YAC vectors (10) were screened with
FcyRII- and FcyRIOI-specific  probes,
mapped with rare cutting restriction en-
zymes, and aligned (Fig. 2, A and B). Two
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Fig. 1. FcyRII and FcyRIII are encoded by multiple genes in the human  either (A) FeyRII ic-3’ untranslated [Nco I-Hind III

genome. Southern blot analysis of human DNA and yeast DNA
harboring FcyR artificial chromosomes (YAC) probed for (A) FcyRIII and
(B) FcyRIL Spleen DNA (10 pg) or YAC DNA (2 pg) was digested with

the indicated restriction on a 1% agarose-tris,
acetate, and EDTA gel, transferred to nitrocellulose, and hybridized with
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harboring YACs (left) were hybridized with an FcyRII probe (right). Y36
and Y92 each contain two YACs, only one of which hybridizes with the
FcyR probe.
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Fig. 3. Structural orga-
nization and relation
among the FcyR genes.
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Fig. 4. Model for the evolution of the human
FcyR locus. The model is based on the structural
characterization and linkage of FcyRII and
FcyRIII genes as described in the text. The order
of the two loci encoding these genes (Fig. 2) has
not been determined, although their reversal to
the order shown here would not affect the model.
Rectangles denote genes; shading indicates rela-
tions among the genes in the locus. The genomic
structure of FceRIa shares homology with
FcyRIII genes (19). FcyRI gene shows a different
structural organization (20).

lla

clusters of interspersed genes were defined
by the YAC clones, one represented by YAC
36, spanning =180 kb and a second, of
=290 kb, represented by the overlapping
YAC clones 90, 91, and 92 (Fig. 2C) (11).
The distance between these clusters was

734

estimated from pulsed-field gel electropho-
resis of human DNA digested with the
enzyme Not I. A single fragment of 3.0 Mb
hybridizes with FcyRII- and FcyRIII-spe-
cific probes (12) placing an upper limit of
2.5 Mb scparating these clusters. The
FcyRII and FcyRIII genes are interspersed
in this locus, with III-2 linked to IIa while
III-1 is flanked by IIa’ and IIb (Fig. 2, A
and B).

The exon organization of these genes was
compared to their murine homologs « and 8
(Fig. 3). These genes were mapped with
Eco RI, Bam HI, and Hind III (Fig. 3), and
the DNA sequence of the exons and proxi-
mal introns was determined (Table 1). From
these data, homologies between these genes
can be seen. FcyRIII is encoded as two
genes in the human (6), whereas a single
FcyRIII gene (previously referred to as a) is
found in the mouse, specifying a transmem-
brane-anchored protein in NK cells and
macrophages (7, 13). No evidence for a
GPI-anchored form of the murine FcyRIII
has been observed, either as a transcript in
neutrophils or a phosphatidylinositol-specif-
ic phospholipase C (PI-PLC)—sensitive pro-
tein (14). FcyRII is encoded by the B gene
in the mouse and three genes in the human,
IIb, Ila’, and ITa. Mouse B and human IIb
encode alternatively spliced transcripts of
the CI cytoplasmic exon (3, 4, 7, 15). This
exon is found in both the ITa’ and IIa genes
as a cryptic element (Fig. 3). We have not
found a transcript that contains this cryptic
exon in polymerase chain reaction (PCR)—
amplified cDNA from the RNA isolated
from a variety of lymphoid and myeloid
sources (15). Although ITa’ and IIa share the

intron-exon organization of IIb and mouse
B, the final exon encoding the majority of
the cytoplasmic domain is distinct (4) and
predicts a protein with a divergent intracy-
toplasmic domain. The origin of the novel
cytoplasmic domain for Ila is suggested
from these studies to be the result of the
evolutionary divergence of this final cyto-
plasmic exon. The exon in IIb and B is
apparent within this larger exon, bordered
by a mutated splice acceptor site. A single
nucleotide insertion in this sequence result-
ed in a nonfunctional splice acceptor site
(Fig. 3). A cryptic site upstream is utilized
instead, resulting in a novel cytoplasmic
exon for these genes. Finally, because
FcyRIIa has sequence homologies to both
the o/IIT and B/IIb genes, this gene probably
arose through recombination or gene con-
version.

There is much sequence redundancy
among the FcyRII genes. For example, IIa’
and IIa encode mature proteins with 96%
overall sequence identity throughout their
length. These two genes are expressed to-
gether in the same cell types (4), thus, both
gene products may not be essential for nor-
mal function. Consistent with this idea is the
observed allelism we have found for IIa’.
Among all IIa’ clones, 75% have a TAG
termination codon in place of a CAG codon
in EC; and an AT in place of a GT splice
donor after the first cytoplasmic exon, mak-
ing this gene a pseudogene. To rule out the
existence of two genes encoding these se-
quence differences, DNA and RNA were
isolated from the granulocytes of four indi-
viduals and characterized by PCR with
primers that specifically amplify the IIa’
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gene. Of the four individuals, two were
heterozygous, one was homozygous for the
pseudogene, and one was homozygous for
the functional gene.

The structural analysis presented above
suggests a scheme for the evolutionary am-
plification of the human locus (Fig. 4).
Chromosome in situ hybridization and anal-
ysis of mouse-human hybrids have placed
the genes for FcyRII, FcyRIII, FcyRI, and
FceRIa on the long arm of chromosome 1,
band q23-24 (17). This region of chromo-
some 1 is syntenic in the mouse for these

and other markers (18). Perhaps after dupli-
cation and divergence of an ancestral FcR
gene on chromosome 1, the low-affinity IgG
FcRs underwent further duplication and
divergence into an FcyRII-like and
FcyRIII-like gene. In the mouse, no further
duplication occurred, whereas in the human,
duplication of this FcyRII and FcyRIII
locus most likely occurred. Mutation of the
IIb splice acceptor sequence could give rise
to IIa’, and recombination or gene conver-
sion between IIa’ and III could result in a
fifth gene, Ila. The sequence data is consist-

Table 1. Comparison of the sequences at the intron-exon borders for FcyRII and FeyRIIL. The
nucleotide sequences at the intron-exon borders for each gene shown in Fig. 3 are presented and

ent with this model, indicating a rank order
of similarity of IIb > IIa’ > IIa to mouse B.

The complex functional diversity mediat-
ed by receptors for IgG immune complexes
is mirrored in the genetic complexity of the
locus that encodes these genes. Our analysis
will facilitate the dissection of the regulation
of these genes and their role in pathological
states. The linkage of these FcRs with FcRs
mediating different isotype specificities and
affinities for ligand suggests that this region
of chromosome 1 may represent a conserved
linkage group for Fc binding.

numbered accordingly.
Gene Exon 5'border 3'border Amino acid
B 1(5UT,-5UT,) GAT GGT Ggtaagt----- catcctccatcacagAC TGA GGC
B 2(5UT,-5UT/S,) TAT TCT Ggtaagt----- gtactatctgccaagCC GGG AGG
B 3(5UT/S,-S3) GTG CTA Agtaagt----- cttcetttetttcagAT CTT GCT Asn(-5)
IIb 1(5UT/S,-S5,) TTC CTG Ggtgagt----- ctttctgtcttacagCT CCT GTT Ala(-5)
IIa’  1(5UT/S;-S;) TTC CTG Ggtgagt----- ctttctgtettacagCT CCT GIT  Ala(-5)
IIa 1(5UT/S,-S,) CTG CTG Ggtgagt----- tcttctettttacagCT TCT GCA Ala(-4)
B 4(S,-ECy) ACT CAT Ggtgagt----- tccaaaattgagcagAT CTT CCA Asp(+3)
IIb 2(5,-ECy) ACA CCT Ggtaagt----- ctctetgeecctcagCA GCT CCC Ala(+3)
IIa’ 2(8,-EC,y) ACA CCT Ggtaagt----- ctctetgecectcagCA GCT CCC Ala(+3)
IIa 2(5,-EC,) CAA GCT Ggtgagt----- cactctgececcctcagCA GCT CCC Ala(+4)
8 5(EC,-EC,) ATT TCT Ggttagt----- tttegtgtetttcagAC TGG CTG  Asp(+88)
IIb  3(EC,-ECp) CTT TCT Ggtcagt----- ttttgtgtctttcagAG TGG CTG  Glu(+89)
IIa’ 3(EC,-EC,) CTT TCT Ggtcagt----- tttctgtgetttcagAG TGG CTG Glu(+89)
IIa 3(EC,-EC,) CTT TCC Ggtcagt----- atttgtgtctttcagAA TGG CTG Glu(+90)
B 6 (EC,-TM) GTC CAA Ggtaagt----- gtctgtettectccagGG CCC AAG Gly(+173)
I1Ib 4(EC,-TM) GTC CAA thtétg ----- gtctgtcttecctagCT CCC AGC Ala(+174)
IIa'  4(EC,-TM) GTC CAA Ggtatgg----- gtctgtettecctagCT CCC AGC Ala(+174)
IIa 4(EC,-TM) GTC CAA Ggtatgg----- gtctgtettcectagTG CCC AGC Val(+175)
B 7(TM-C,) GTT CCA Ggttggt----- acgtgccectectagCT CTC CCA Ala(+214)
IIb 5(TM-C,) ATT TCA Ggtttgt----- gtgtgecececteecagCT CTC CCA Ala(+212)
I1a’ 5(TM-C,) ATT TCA Ggtttgt----[gtgtgaccctcccagCT CTC TCA *
IIa 5(TM-C,) ATT TCA Ggtttgt----[gtgtgtccctcccagCT CTC CCA *
B 8(C,-Cy) AGC CCA Tgtgagt----- tattttcatccacagAC AAT CCT Tyr(+260)
IIb 6(C,-C3) AAA CCA Ggtgagt----- ttctttttcccacagCC AAT CCC Ala(+230)
IIa’ 6(C;-Cy) AAA CCA Ggtgagt]----tctttttccccacagCC AAT TCC Ala(+212)
Ila 6(C,-Cy) AAA CCA Ggtgaat]----tctttttccccacagCC AAT TCC Ala(+216)
B 9(C5-C3) ACT GAG gtgagg----- ttctgettteccetag  GCT GAG Glu(+272)%*
IIb 7(C5-C3) GTT GGG gtgagt----- ttctgecttetctag  GCT GAG Gly(+242)
IIa’ 7(C,-C,) TTT GAG gtgagt----- aaatctttcctgcag CCA CCT Glu(+224)
IIa 7(C,-C,) TTT GAG gtgagt----- aatgctttcctgcag CCA CCT Glu(+228)
a 1(5UT/S;-S;) CTG TTT Ggtgagt----- ctttcttctttacagCT TTT GCA Ala(-4)
III-1 1(5UT/S;-S,) CTT CTA Ggtaagt----- tcttttttcettgeagTT TCA GCT Val(-4)
III-2 1(5UT/S,-S;) CTT CTA Ggtaagt----- tcttttttettgeagIT TCA GCT  Val(-4)
a 2(5,-EC,) CAG AGT Ggtaagt----- ttctctcactctcagCA GCT CTT Ala(+4)
III-1 2(S,-EC,) CGG ACT Ggtgagt----- atcttggectcctcagAA GAT CTC Glu(+4)
III-2 2(S,-EC,) CGG ACT Ggtgagt----- atcttggctcctcagAA GAT CTC Glu(+4)
a 3(EC,-EC,) ATT TCT Ggttagt----- ctttagttctttcagAC TGG CTG Asp(+90)
III-1 3(EC,;-ECyp) CAT GTC Ggtgagt----- ctctgtgtctttcagGC TGG CTG Gly(+90)
III-2 3(EC,-EC,) CAT GTC Ggtgagt----- gtctgtgtetttcagGC TGG CTG Gly(+90)
a 4(EC,-TM/C) GTC CAA Ggtgagc----- cctcctececttccagAT CCA GCA  Asp(+175)
III-1 4(EC,-TM/C) ACT CAA Ggtgaga----- cacttctcctaatagGT TTG GCA  Gly(+175)
III-2 4(EC,-TM/C) ACT CAA Ggtgaga----- acttctccctaatagGT TTG GCA Gly(+175)

*No transcripts have been identified that contain this exon, although an open reading frame is maintained.
rder occurs between two codons, the 5’ of which 1s indicated.

intron-exon
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