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ABSTRACT

A human cDNA encoding a putative G protein-coupled receptor designated chemokine ß receptor-like 1
(CMKBRL1) was isolated from an eosinophilic leukemia library. Its deduced sequence is ~40% identical to
previously cloned receptors for the ß chemokines macrophage inflammatory protein-la (MIP-la), RANTES,
and monocyte chemoattractant protein-1 (MCP-1), which are chemoattractants for blood leukocytes, and is
83% identical to the product of the orphan rat cDNA RBS 11. Like the MIP-lo/RANTES receptor, CMK-
BRL1 is encoded by a small, single-copy gene that maps to chromosome 3p21 and is expressed in leukocytes.
However, two screening assays with a broad panel of chemokines failed to identify its ligand. CMKBRL1
niRNA was detectable by Northern blot hybridization in neutrophils and monocytes, but not eosinophils, and
was also found in eight solid organs that were tested with particularly high expression in brain. The RNA dis-
tribution of the known ß chemokine receptors was overlapping but distinct from that of CMKBRL1. MIP-
lo/RANTES receptor mRNA was detectable in neutrophils, monocytes, eosinophils, and in all eight solid or-

gans tested, with particularly high expression in placenta, lung, and liver. MCP-1 receptor mRNA was found
in monocytes, lung, liver, and pancreas. These results suggest that the ligand for the putative CMKBRL1 re-

ceptor is a ß chemokine that targets both neutrophils and monocytes. Moreover, the RNA distributions sug-
gest that CMKBRL1, the MIP-lo/RANTES receptor, and the MCP-1 receptor may have both overlapping
and distinct biological roles.

INTRODUCTION ceptor (54% identity) (Holmes et al, 1991; Murphy and Tiffany,
1991; Gao et al, 1993; Neote et al, 1993; Charo et al, 1994).

Chemokines are a group of at least 18 structurally related Both of the ß chemokine receptors are ~30% identical in se-

70- to 90-amino-acid polypeptides that regulate the traf- quence to the a chemokine receptors. All are members of the
ficking and activation of mammalian leukocytes (reviewed in rhodopsin-like, heptahelical, G protein-coupled receptor super-
Baggiolini et al, 1994). Two subfamilies exist based on the lo- family. Receptors for at least eight known chemokines have not
cation of the first two of four conserved cysteine residues. For yet been identified. Given the substantial sequence relatedness
a chemokines, the first two cysteines are separated by a single of the known receptors, we reasoned that novel chemokine re-

amino acid (CXC motif), whereas for ß chemokines they are ceptor cDNAs could be found in leukocyte libraries using com-

adjacent (CC motif). Most a chemokines attract neutrophils, mon sequence motifs as hybridization probes,
whereas ß chemokines do not. Instead, ß chemokines attract Here we describe the cloning, chromosomal localization and
monocytes, eosinophils, basopbils, and lymphocytes with vari- RNA expression of a novel human gene designated chemokine
able selectivity. ß receptor-like 1 (CMKBRLl) encoding a putative protein

cDNAs for four human leukocyte chemokine receptors have highly related in sequence to the known ß chemokine recep-
been cloned. They include two a chemokine receptors, desig- tors. In addition, we describe the RNA distribution of the MIP-
nated interleukin-8 (IL-8) receptors A and B (78% overall amino 1 a/RANTES receptor and the MCP-1 receptor. All three genes
acid identity), and two ß chemokine receptors, designated the are expressed in peripheral blood-derived monocytes, but dif-
macrophage inflammatory protein-la (MIP-la)/RANTES re- fer in their patterns of RNA expression with respect to neu-

ceptor and the monocyte chemoattractant protein-1 (MCP-1) re- trophils and eight different human solid organs. The sequence
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and expression pattern for CMKBRLl suggest that the ligand
for its putative encoded receptor will be a ß chemokine that tar-

gets both neutrophils and monocytes.

MATERIALS AND METHODS

Gene and cDNA cloning
Construction of a Agtll cDNA library prepared from pe-

ripheral blood mononuclear cells of a patient with eosinophilic
leukemia has been previously described (Rosenberg et al.,
1989). The library was screened by plaque hybridization with
seven different degenerate oligonucleotides designed to recog-
nize transmembrane domains 2,3,6, and 7 of known chemokine
receptors. The oligonucleotides were phosphorylated with
[y^PJATP using a DNA 5' end-labeling kit (Boehringer-
Mannheim, Indianapolis, IN). Plaque lifts were incubated in 106
cpm/probe per ml of hybridization buffer for 12 hr and then
were washed at 55°C in 5 x SSPE for 5 min. Duplicate posi-
tive plaques were purified, and inserts were subcloned into the
Eco RV site of pBluescript II SK (Stratagene, La Jolla, CA)
and sequenced on both strands. Genomic clones corresponding
to cDNAs of interest were cloned from a human genomic li-
brary in the vector Lambda FIX (Stratagene, La Jolla, CA)
screened at low stringency (final wash at 55°C in 5 X SSPE
for 30 min) with radiolabeled cDNA probes, using materials
and methods previously described (Murphy et al, 1992).
Genomic organization was analyzed by (i) Southern hybridiza-
tion of total human genomic DNA cleaved with panels of re-

striction enzymes according to previously published methods
(Murphy et al, 1992), and (ii) by polymerase chain reaction
(PCR) using specific sense and antisense 24-nucleotide am-

plimers. PCR conditions were as follows: denaturation at 95°C
for 5 min for one cycle; 35 cycles of denaturation at 95 °C for
30 sec, annealing at 60°C for 30 sec, and extension at 72°C for
1 min; final extension at 72°C for 5 min.

RNA analysis
Total RNA was prepared using an RNA isolation kit

(Stratagene, La Jolla, CA) from human peripheral blood neu-

trophils isolated by Hypaque-Ficoll differential centrifugation
(>95% neutrophils), from human blood monocytes separated
from lymphocytes by adherence to plastic for 18 hr, and from
human blood eosinophils isolated from a healthy individual with
a >10 year history of stable hypereosinophilia (>99%
eosinophils) as previously described (Ahuja etal, 1994). RNA
samples were fractionated by size by denaturing gel elec-
trophoresis, ethidium-stained to ensure equivalent loading, blot-
ted to nylon membranes (MSI, Westboro, MA) in 10 X SSC,
and hybridized to cDNA probes labeled to similar specific ac-

tivity with [a-32P]dCTP using a random primer labeling kit
(Boehringer-Mannheim). The cDNA probes were for: CMK-
BRLl, a 1.5-kb cDNA reported in the present paper; MIP-
lo/RANTES receptor, a 2.6-kb cDNA reported in Gao et al.
(1993); MCP-1 receptor, a 1.5-kb cDNA containing the entire
ORF of MCP-1 receptor type B (Combadiere et al, manuscript
in preparation); and human /3-actin, a 2-kb cDNA (Clontech).
Membranes were incubated with 106 cpm/ml of hybridization

buffer for 18 hr and then washed. A blot containing total RNA
from a panel of human organs was purchased from Clontech
(Palo Alto, CA). After each hybridization, blots were washed
in 50% formamide/6 X SSPE at 70°C for 30 min to remove

the probe.

Creation of stably transfected cell lines

cDNA was subcloned between the Nhe I and Xho I sites of
the mammalian expression vector pREP9 (Invitrogen, San
Diego, CA). Human K562 erythroleukemia and adenovirus-
transformed human embryonic kidney 293 cells (107) in log
phase were transfected by electroporation, with 20 /¿g of plas-
mid DNA and selected with G418, as previously described (Gao
and Murphy, 1994).

Ligand binding analysis
After washing in phosphate-buffered saline (PBS), 106 trans-

fected cells were incubated in duplicate with 0.1 or 0.5 riM 125I-
labeled IL-8, GROa, RANTES, MCP-1, MlP-la, or MIP-1/3
(sp. act., —2,200 Ci/mmole, Du Pont/New England Nuclear,
Boston, MA) and varying concentrations of unlabeled recom-

binant human chemokines (Peprotech, Rocky Hill, NJ) in bind-
ing medium consisting of RPMI-1640 with 1 mg/ml bovine
serum albumin (BSA) and 25 mM HEPES pH 7.4 in a total vol-
ume of 200 pA. Specific binding was determined in the pres-
ence of 1,000-fold excess of unlabeled chemokine. Control
binding was performed on purified human leukocytes and/or
K562 cells stably transfected with the human MIP-1 a/RANTES
receptor and human IL-8 receptor B. After incubation for 1.5
hr at 4°C, the cells were pelleted through a 10% sucrose/PBS
cushion and specific binding was determined.

Intracellular [Ca2+] measurements

Cells (107/ml) were incubated in Hank's buffered saline so-

lution with Ca2+ and Mg2+ supplemented with 10 mM HEPES
pH 7.4 (HBSS), and containing 2.5 pM FURA-2 AM
(Molecular Probes, Eugene, OR) for 60 min at 37°C in the dark.
The cells were subsequently washed twice with HBSS, and re-

suspended at 2 X 106 cells/ml. Two milliliters of the cell sus-

pension were placed in a continuously stirred cuvette at 37°C
in a fluorimeter (Photon Technology Inc., South Brunswick,
NJ). Fluorescence was monitored at Aexi = 340 nm, ÀeX2 = 380
nm, and Aem = 510 nm, during stimulation with test substances.
Cultured human monocyte and osteosarcoma cell line super-
natants, respectively, were generously supplied by J. Van
Damme.

All chemokines tested, except for mouse TCA3, were re-

combinant human proteins. Mig, platelet factor 4, 1-309, and
TCA3 were generous gifts of J. Färber, G. LaRosa, M. Krangel,
and M. Dorf, respectively. IL-8, GROa, GRO/3, IP-10, MIP-
la, MIP-1/3, MCP-1, MCP-2, MCP-3, and RANTES were pur-
chased from Peprotech (Rocky Hill, NJ). NAP-2 was from
Bachern (Philadelphia, PA). C3a was a gift of C. Hammer.
fMLP and recombinant human C5a were purchased from Sigma
(St. Louis, MO). The data were recorded as the relative ratio
of fluorescence excited at 340 and 380 nm. Data were collected
every 200 msec.
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Chromosomal localization by fluorescence in situ tran sulfate, and 2 X SSC. Specific hybridization signals were

hybridization detected by incubating the hybridized slides in fluoresceinated

Purified DNA from the phage clone containing an 18-kb ge-
avidin- Following siSnal detection, the slides were counter-

nomic insert was labeled with biotin dUTP by nick translation stalned Wlth Pr°P"»urn iodide and analyzed.
(BIOS, New Haven, CT). Labeled probe was combined with
sheared human DNA and hybridized to normal metaphase chro-
mosomes derived from PHA-stimulated peripheral blood lym- Out of 49 positive cDNA clones isolated from the eosinophilic

RESULTS
iA clones isoli

phocytes in a solution containing 50% formamide, 10% dex- leukemia library, 44 encoded the MIP-la/RANTES receptor

I
ggggcagatccaoattccctttacaatccacqccaaaccttcaccatacratcaattccct 15

1 M D Q F P

gaatcagtgacagaaaactttgagtacgatgatttggctgaggcctgttatattggggac 75
6 ESVTENFEYDDLAEACYIGD

atcgtggtctttgggactgtgttcctgtccatattctactccgtcatctttgccattggc 135
26 IVVFGTVFLSIFYSVIFAIG

ctggtgggaaatttgttggtagtgtttgccctcaccaacagcaagaagcccaagagtgtc 195
46 LVGNLLVVFALTNSKKPKSV

accgacatttacctcctgaacctggccttgtctgatctgctgtttgtagccactttgccc 255
66 TDIYLLNLALSDLLFVATLP

ttctggactcactatttgataaatgaaaagggcctccacaatgccatgtgcaaattcact 315
86 FWTHYLINEKGLHNAMCKFT

accgccttcttcttcatcggcttttttggaagcatattcttcatcaccgtcatcagcatt 375
106 TAFFFIGFFGSIFFITVISI

gataggtacctggccatcgtcctggccgccaactccatgaacaaccggaccgtgcagcat 435
126 DRYLAIVLAANSMNNRTVQH

ggcgtcaccatcagcctaggcgtctgggcagcagccattttggtggcagcaccccagttc 495
146 GVTI SLGVWAAAILVAAPQF

atgttcacaaagcagaaagaaaatgaatgccttggtgactaccccgaggtccttcaggaa 555
166 MFTKQKENECLGDYPEVLQE

atctggcccgtgctccgcaatgtggaaacaaattttcttggcttcctactccccctgctc 615
186 IWPVLRNVETNFLGFLLPLL

attatgagttattgctacttcagaatcatccagacgctgttttcctgcaagaaccacaag 675
206 IMSYCYFRIIQTLFSCKNHK

aaagccaaagccattaaactgatccttctggtggtcatcgtgtttttcctcttctggaca 735
226 KAKAIKLILLVVIVFFLFWT

ccctacaacgttatgattttcctggagacgcttaagctctatgacttctttcccagttgt 795
246 PYNVMIFLETLKLYDFFPSC

gacatgaggaaggatctgaggctggccctcagtgtgactgagacggttgcatttagccat 855
266 DMRKDLRLALSVTETVAFSH

tgttgcctgaatcctctcatctatgcatttgctggggagaagttcagaagatacctttac 915
286 CCLNPLIYAFAGEKFRRYLY

cacctgtatgggaaatgcctggctgtcctgtgtgggcgctcagtccacgttgatttctcc 975
306 HLYGKCLAVLCGRSVHVDFS

tcatctgaatcacaaaggagcaggcatggaagtgttctgagcagcaattttacttaccac 1035
326 SSESQRSRHGSVLSSNFTYH

acgagtgatggagatgcattgctccttctctgaagggaatcccaaagccttgtgtctaca 1095
346 TSDGDALLLL*

gagaacctggagttcctgaacctgatgctgactagtgaggaagatttttgttgttatttc 1155
ttacaggcacaaaatgatggacccaatgcacacaaaacaaccctagagtgttgttgagaa 1215
ttgtgctcaaaatttgaagaatgaacaaattgaactctttgaatgacaaagagtagacat 1275
ttctcttactgcaaatgtcatcagaactttttggtttgcagatgacaaaaattcaactca 1335
gactagtttagttaaatgagggtggtgaatattgttcatattgtggcacaagcaaaaagg 1395
gtgtctgagccctcaaagtgaggggaaccagggcctgagccaagcta 1442

FIG. 1. Nucleotide and deduced amino acid sequence of CMKBRL1 cDNA. The final nucleotide in each row is enumerated
at the right relative to the A in the first codon, which is defined as position +1. The first amino acid in each row is enumerated
at the left. The underlined sequence identifies the predicted ATG initiation site and flanking sequences that conform to the con-
sensus sequence for translation initiation sites (Kozak, 1984). The arrow indicates the location of an intron-exon boundary. The
sequences have been deposited in GenBank (accession number U28934).
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FIG. 2. Alignment of amino acid sequences deduced from cDNAs for CMKBRL1, RBS11, the human MIP-1 a/RANTES re-

ceptor (MIP-la R) and the human IL-8 receptor type A (IL-8 RA). Vertical bars indicate identical residues for each adjacent se-

quence position. Arabic numbers enumerate the CMKBRLl sequence and are left-justified. Dashes indicate gaps that were in-
serted to optimize the alignment. The location of predicted membrane-spanning segments I-VII are noted. Open boxes designate
predicted sites for iV-linked glycosylation.

one was for an IL-8 receptor, one was for the MCP-1 receptor,
and three were novel. The first of these novel cDNAs was des-
ignated CMKBRL1 for chemokine ß receptor-like 1. CMK-
BRL1 is 1,487 bp long (Fig. 1). The longest open reading frame
(ORF) contains 1,110 nucleotides beginning at the first nu-
cleotide of the cDNA. Within this ORF, the first methionine-en-
coding ATG codon begins at nucleotide number 46. Its sequence
context, ACCATGG. conforms well to the Kozak consensus cri-
teria for translation initiation sites which is strongly biased in
favor of A at position —3 and G at position +1 relative to the
ATG (Kozak, 1984). For this reason, we predict that the 5' un-
translated region (UTR) ofCMKBRL1 is at least 45 bp in length,
whereas the protein-encoding portion of the ORF and the 3'-
UTR are 1,065 and at least 377 bp, respectively. A poly(A)+
tail and signal are absent. The ORF encodes a predicted protein
of 355 amino acids (Fig. 1).

Sequence analysis suggests that this putative receptor is the
human ortholog of a previously described orphan receptor pre-
dicted from a cloned rat cDNA designated RBS11 (83% amino
acid identity) (Harrison et al, 1994) (Fig. 2). A data base search
using the FASTA algorithm of the University of Wisconsin
Genetics Computer Group (GCG, Devereux et al, 1984) re-
vealed that its deduced amino acid sequence is most similar to
the known leukocyte ß chemokine receptors (42% identity with
the human MIP-1 a/RANTES receptor; 40% identity with the
human MCP-1 receptor), with somewhat less similarity to the
a chemokine receptors (~30% identity with the IL-8 recep-
tors). The alignment is strongest in the regions predicted by hy-
dropathy analysis to represent transmembrane domains for
chemokine receptors (Murphy, 1994). These regions have sig-
nificant sequence conservation with other rhodopsin-like G pro-
tein-coupled receptors (Probst et al, 1992). Like all other
known chemokine receptors, and unlike most other types of G
protein-coupled receptors, the CMKBRL1 sequence is highly

acidic in the amino-terminal segment before the first putative
transmembrane domain, containing a net charge of —8, and has
conserved cysteine residues in the amino-terminal segment and
the third predicted extracellular loop (Murphy, 1994).

Two sequence features conserved in known chemokine re-

ceptors are absent in CMKBRL1 and RBS11. First, a proline-
cysteine motif found in the amino-terminal segment of the
chemokine receptors aligns with alanine-cysteine in the CMK-
BRL1 sequence. Second, CMKBRLl lacks a consensus se-

quence for N-linked glycosylation that is found in chemokine
receptors and most other G protein-coupled receptors.

Hybridization of the CMKBRLl cDNA to total human ge-
nomic DNA digested with Pst I, Xba I, and Hind III revealed
one hybridizing band in each case, whereas Eco RI gave two
smaller bands of lighter intensity (Fig. 3A). The cDNA lacks
sites for cleavage by these four enzymes. This hybridization
pattern is most consistent with a small, single-copy gene. The
two Eco RI bands may represent polymorphisms of the same

gene. A genomic clone corresponding to CMKBRLl was then
isolated and a 4-kbp Pst I fragment subcloned. PCR amplifica-
tion of the cloned cDNA and gene for CMKBRLl using a 5'
amplimer at the start of the ORF and a 3' amplimer located
within the 3'-UTR each gave a 1.6-kb product identical in size
to that obtained using total human genomic DNA as the tem-

plate, suggesting the absence of introns in the coding region
and at least this portion of the 3'-UTR (Fig. 3B). This was con-
firmed by direct DNA sequencing of the genomic Pst I frag-
ment. The genomic and cDNA sequences diverge 5' to nu-
cleotide -13, suggesting the presence of an intron in the
5'-UTR. This is consistent with the genomic organization of
the IL-8 receptors and the MIP-1 a/RANTES receptor, which
all contain at least one intron in the 5'-UTR (Ahuja et al, 1992,
1994; Gao et al, unpublished data). An Eco RI site was not
found in the ORF of the CMKBRLl genomic clone. Thus, the
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FIG. 3. Analysis of the CMKBRLl gene. A. Restriction en-

zyme analysis. Total human genomic DNA (5 p,g) was digested
with the restriction enzymes indicated at the top of each lane,
gel-fractionated, and blot-hybridized with the CMKBRLl
cDNA. The blot was washed at 65°C in 0.2 X SSPE for 1 hr
and then exposed to XAR-2 film with an intensifying screen.
B. CMKBRLl-specific primers were used in PCR reactions
containing no DNA, total human genomic DNA, a plasmid con-

taining a 4-kb Pst I fragment of a CMKBRLl genomic clone,
or the CMKBRLl cDNA, and the products visualized after elec-
trophoresis through a 0.8% agarose gel containing ethidium bro-
mide. Size markers are indicated in kilobases at the left.

two human genomic DNA Eco RI bands detected by Southern
hybridization with the CMKBRLl probe may represent a re-

striction fragment length polymorphism of the same gene.
By fluorescence in si'n< hybridization, the CMKBRLl genomic

phage clone specifically labeled the short arm of a group A chro-
mosome, the size and morphology of which were consistent with
chromosome 3. A second experiment was performed in which a

chromosome 3 centromere-specific probe was cohybridized with
the phage clone. This experiment resulted in the specific label-
ing of the centromere and the short arm of chromosome 3, seg-
ment p21 (Fig. 4). The MJP-1 a/RANTES receptor has been pre-
viously localized to the same band, whereas the known a

chemokine receptors colocalize to 2q34-q35 (Ahuja et al, 1992;
Gao et al, 1993). The chromosomal locus for the MCP-1 re-

ceptor has not yet been reported. A third ß chemokine receptor-
like gene designated GPR5 has been cloned that also maps to

3p21. Its putative product is 44% identical in amino acid sequence
to the MJP-1 a/RANTES receptor and 32% identical to the MCP-
1 receptor (Heiber et al, 1995).

If CMKBRLl encodes a chemokine receptor, it is likely to
be expressed in one or more types of blood leukocytes. A sin-
gle size class (—3.4 kb) of CMKBRLl mRNA was detected in
similar amounts in human peripheral blood-derived neutrophils
and monocytes (Fig. 5). The neutrophil band was slightly larger
than the monocyte band. CMKBRLl mRNA was not detectable
in eosinophil samples.

We then compared this result with the expression patterns in

FIG. 4. Chromosomal localization of the CMKBRLl gene to
3p21 by fluorescence in situ hybridization. The two represen-
tative partial metaphases shown at the left are from an experi-
ment using the CMKBRLl gene as a probe. A total of 80
metaphase cells were examined with 60 exhibiting specific la-
beling. Measurements of 10 specifically labeled chromosomes
3 demonstrated that the CMKBRLl gene is located at a posi-
tion which is 60% of the distance from the centromere to the
telomere of chromosome arm 3p, an area that corresponds to
band 3p21 (arrow). An ideogram of G-banding patterns of hu-
man chromosome 3 is shown at the right. The arrow points to
the hybridization site at 3p21 for CMKBRLl.

NME NMENME

28S^| I
18S*~

CMKBRL1 MIP-1a/ MCP-1 R
RANTES R

FIG. 5. Analysis of CMKBRLl and ß chemokine receptor
transcripts in human leukocytes. The same Nytran blot con-

taining 10 /tig of total RNA from peripheral blood-derived hu-
man neutrophils (N), monocytes (M), and eosinophils (E) was

hybridized separately with cDNA probes containing the com-

plete ORF for the receptors indicated at the bottom of each
panel. The blot was washed in each case at 65°C in 0.2 X SSPE
for 1 hr, then exposed to XAR-2 film with an intensifying screen

at -80°C for 5 days (CMKBRLl), 2 days (MCP-1 receptor),
and 6 days (MIP-1 a/RANTES receptor). The position of ribo-
somal bands is indicated at the left. In a control hybridization,
the eosinophil RNA contained abundant message for the N-
formylpeptide receptor (not shown).
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normal blood leukocytes for the known ß chemokine receptors.
The MIP-1 a/RANTES receptor mRNA has previously been
shown to be expressed in human peripheral blood-derived neu-

trophils, monocytes (adherent mononuclear cells), and lym-
phocytes (nonadherent mononuclear cells), as well as in
Staphylococcus aureus Cowan strain-activated tonsillar B cells
(Gao et al., 1993; Nomura et al. 1993). Expression in several
cultured cell lines has also been reported. We confirmed that a

single size class of MIP-1 a/RANTES receptor mRNA —3.0 kb
in length is present in neutrophils and monocytes (Fig. 5).
Monocyte expression appeared to be greater than neutrophil ex-

pression. Very small amounts of this RNA were also detectable
in eosinophils after prolonged exposures of the blot (Fig. 5).
This is consistent with the weak agonist activity of MIP-1 a for
eosinophils and further supports the existence of a distinct
eosinophil RANTES receptor first proposed by Baggiolini and
Dahinden. In contrast to CMKBRLl, the MIP-lo/RANTES re-

ceptor band appeared to be the same size in all three cell types
tested. MCP-1 receptor mRNA expression has been previously
reported only for the cultured cell lines MonoMac 6 and THP-
1 (Charo et al, 1994). We detected a single size class of MCP-
1 receptor mRNA, —3.5 kb, in monocyte samples but not in
neutrophil or eosinophil samples.

We next compared the mRNA expression in solid organs for
CMKBRLl and the ß chemokine receptors (Fig. 6). Unique tis-
sue-specific expression patterns were apparent for each of the
three genes. CMKBRLl mRNA was detectable in all eight tis-
sues tested, but appeared to be most abundant in brain. The
RNA distribution of CMKBRLl is consistent with that previ-
ously reported in solid organs for its rat ortholog RBS11.
However, the expression of RBS11 in rat leukocytes has not
been reported (Harrison et al, 1994). MIP-lo/RANTES re-

ceptor mRNA was also detected in all eight tissues tested, but
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FIG. 6. Analysis of CMKBRLl and ß chemokine receptor
transcripts in human solid organs. The same blot containing 10
/xg of total RNA from the solid human organs indicated at the
top of each lane was hybridized separately with the radiola-
beled cDNA probes indicated at the left of each panel. The blot
was washed exactly as described in Fig. 4, and exposed to XAR-
2 film for 8 days (CMKBRLl), 5 days (MCP-1 receptor), 5
days (MIP-lo/RANTES receptor), and 4 hr (/3-actin). The four
separate hybridizations of the blot shown were performed in
chronological order from top to bottom. The approximate sizes
of the bands are indicated at the right of each panel.

Table 1.

Ligand

Summary of the Functional Analysis of the
Putative CMKBRLl Product

Ca2+flux
Radioligand

binding Control*

a Chemokines
IL-8
GROa
GRO/3
PF-4
NAP-2
yIP-10
Mig

ß Chemokines
MIP-1 a

MIP-1/8
RANTES
MCP-1
MCP-2
MCP-3
1-309

Others
C3a
C5a
SN1
SN2

ND
ND
ND
ND
ND

ND
ND
ND

ND
ND
ND
ND

1, 2
1,2
1
ND
1
1
1

1, 2
1, 2
1,2
1,2
ND
1
ND

1
1
1
1

Abbreviations: IL-8, interleukin-8; MIP, macrophage in-
flammatory protein; MCP, monocyte chemoattractant protein;
RANTES, regulated upon activation normal T expressed and
secreted; GRO, growth-related gene product; NAP-2, neu-

trophil-activating protein-2; Mig, monokine inducible by inter-
feron-y, yIP-10, interferon-y-inducible protein-10; PF-4,
platelet factor 4; ND, not done. SN1 and SN2, cultured human
monocyte and osteosarcoma cell line supernatants.

aThe activity of each indicated ligand was determined by
measuring their ability to mobilize calcium (1) or to bind specif-
ically (2) to human leukocytes and mammalian cell transfec-
tants expressing chemoattractant receptors. All recombinant hu-
man chemokines were tested at 100 nM except for Mig and
1-309, which were 20 nM. C3a and C5a were tested at 100 and
30 nM, respectively. Each radioligand was tested at both 0.1
nM and 0.5 nM in the presence and absence of 1,000-fold ex-
cess unlabeled ligand.

in contrast to CMKBRLl was much more abundant in placenta,
lung, and liver samples than in heart, brain, skeletal muscle,
kidney, or pancreas. MCP-1 receptor mRNA was clearly de-
tectable only in lung and liver samples. A very faint band could
be detected in pancreas. Since all of the probes used were la-
beled to a similar specific activity and were used to probe the
exact same blots, it is reasonable to conclude that the receptor
RNAs are present in low levels compared to /3-actin, which was

easily detectable after short exposures of the hybridized blot
(Fig. 6).

To attempt to identify the ligand for the putative CMKBRLl
receptor, K562 and 293 cell lines were stably transfected with
pREP9 plasmids containing the CMKBRLl cDNA, and the
transfectants were used to screen a broad panel of 16 different
human chemokines as well as purified nonchemokine chemoat-
tractants and crude supernatants from activated monocytes and
osteosarcoma cells in binding and/or signal transduction assays.
Neither cell line acquired sensitivity to any of the ligands tested
(Table 1) as assessed by changes in fluorescence in transfec-
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tants loaded with the calcium sensitive dye FURA-2. All of the
cloned leukocyte chemokine receptors link to calcium-mobi-
lizing signal transduction processes when expressed in at least
one of these cell types (Murphy, 1994). K562 cells transfected
with the CMKBRLl cDNA did not bind any of the six radio-
labeled chemokines that were tested (IL-8, GROa, MIP-la,
MIP-1/3, MCP-1, and RANTES). The transfected cells ex-

pressed the recombinant 2-kb CMKBRLl mRNA, but not the
natural 3.4-kb CMKBRLl transcript. Untransfected K562 cells
did not contain detectable transcripts for CMKBRLl (Fig. 7).
As a control, pREP9 plasmid constructs for IL-8 receptor B and
the MIP-1 a/RANTES receptor were used to create stable K562
and 293 cell transfectants for which specific binding of and cal-
cium mobilization by the appropriate ligands was demonstrated
(not shown). We have also tested Xenopus oocytes microin-
jected with cRNA for CMKBRLl but could not demonstrate a

calcium release response to any of the ligands in our screening
panel. Finally, K562 cells transiently transfected with the CMK-
BRLl expression plasmid failed to acquire a calcium flux re-

sponse to chemokines in the panel.

DISCUSSION

In this report, we have described a novel human gene on

chromosome 3p21, designated CMKBRLl, that is likely to en-

code a ß chemokine receptor. The evidence for this is the con-

cordance of its deduced amino acid sequence, chromosomal lo-
cation and RNA distribution pattern with the known ß
chemokine receptors, and the relative or absolute discordance
of these features with those of the known a chemokine recep-
tors.

The distribution of RNA for the MIP-1 a/RANTES receptor
and the MCP-1 receptor in neutrophils and monocytes shown

-

+

28 S 

FIG. 7. Expression of CMKBRLl mRNA in a stably trans-
fected K562 cell line. Total RNA 10 pg from untransfected
K562 cells (lane —) and K562 cells stably transfected with a

pREP9- CMKBRLl plasmid (lane +) was probed by Northern
blot hybridization with the radiolabeled CMKBRLl cDNA. The
blot was washed as in Figs. 5 and 6. Ribosomal RNA positions
are indicated at the left. As expected, the size of the CMKBRLl
transcript in the transfected cells corresponded to the size of the
cDNA insert plus the SV40 poly(A) cassette. It was ~1 kb
smaller than the natural CMKBRLl mRNA (see Figs. 5 and 6).

in Fig. 5 is consistent with the responsiveness of these cells to
the corresponding chemokines (Gao et al, 1993; McColl et al,
1993). By analogy, detection of CMKBRLl RNA in similar
amounts in neutrophils and monocytes strongly suggests that
its putative ligand is an agonist for both cell types. Of the known
chemokines, only MIP-la, RANTES, and TCA3 have this
property, but all were inactive in binding and/or signaling ex-

periments with the CMKBRLl-transfected cell lines. No other
ligands in a fairly large screening panel were active. The cor-

rect ligand could have been missed in our panel if (i) CMK-
BRLl does not couple to calcium-mobilizing signal transduc-
tion processes, (ii) the correct ligand was one that we could not
test in direct radioligand binding assays, (iii) the putative CMK-
BRLl protein is not correctly folded or trafficked to the plasma
membrane in heterologous cell types, or (iv) the level of ex-

pression and/or the ligand binding affinity of the putative CMK-
BRLl protein in the heterologous cell types used fell below the
limit of detectability of our assays.

The third of the above possibilities might be expected to oc-

cur if the natural initiating codon for methionine were 5' to the
start of the CMKBRLl cDNA that we have cloned. This is pos-
sible because the ORF can be extended in frame from the pre-
dicted ATG initiator to the start of the CMKBRLl cDNA with-
out encountering a stop codon or methionine. If the true initiator
is really 5' to the start of the known CMKBRLl cDNA se-

quence, the coding sequence would necessarily reside on two
exons, because an intron-exon boundary is present at nucleotide
—

13 relative to the ATG initiator assigned in Fig. 1. Because
no other chemokine receptor genes have their coding sequences
organized in this way, and because the assigned initiation codon
possesses flanking sequence that matches the consensus crite-
ria for translation initiation sites, we do not favor this possibil-
ity, but instead believe that the assigned initiator is the natural
initiator.

Although we have so far been unable to identify the ligand
for CMKBRLl, the differential tissue-specific distribution of
its RNA and those of the MIP-1 a/RANTES receptor and the
MCP-1 receptor is an important new finding that suggests the
corresponding receptors may have specialized roles in specific
organs. The best example of this is for the placenta, which con-

tains relatively large amounts of RNA for the MIP-
1 a/RANTES receptor, relatively little for CMKBRLl, and
none that is detectable for the MCP-1 receptor. Because all
three genes are expressed in blood monocytes, the differential
solid organ RNA patterns are unlikely to be due to RNA in
blood leukocytes traversing the organ. The observed patterns
indicate that both coordinated and differential factors must ex-

ist to regulate the expression of these genes. Additional work
will be needed to identify these factors and to delineate the
precise cell types that account for the RNA signals in solid or-

gans. Tissue leukocytes such as resident macrophages are

clearly the best candidates.
The sequence relationships that we have described indicate

that an ancestral ß chemokine receptor gene replicated at least
three times. Because at least three of the progeny genes (CMK-
BRLl, GPR5, and the MIP-la/RANTES receptor) map to chro-
mosome 3p21, this region may be a good place to look for genes
for other ß chemokine receptors that have been defined bio-
chemically or functionally (for review, see Baggiolini and
Dahinden, 1994; Murphy, 1994). The present molecular analy-
sis strongly suggests that the human ß chemokine receptor fam-
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ily contains at least one additional member, CMKBRLl. Future
studies will be directed toward identifying its ligand and de-
lineating its biological function in the tissues and cell types
where it is expressed.
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