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ABSTRACT c¢DNA clones encoding a human blood group
Rh polypeptide were isolated from a human bone marrow
c¢DNA library by using a polymerase chain reaction-amplified
DNA fragment encoding the known common N-terminal region
of the Rh proteins. The entire primary structure of the Rh
polypeptide has been deduced from the nucleotide sequence of
a 1384-base-pair-long cDNA clone. Translation of the open
reading frame indicates that the Rh protein is composed of 417
amino acids, including the initiator methionine, which is re-
moved in the mature protein, lacks a cleavable N-terminal
sequence, and has no consensus site for potential N-
glycosylation. The predicted molecular mass of the protein is
45,500, while that estimated for the Rh protein analyzed in
NaDodSO,/polyacrylamide gels is in the range of 30,000
32,000. These findings suggest either that the hydrophobic Rh
protein behaves abnormally on NaDodSO, gels or that the Rh
mRNA may encode a precursor protein, which is further
matured by a proteolytic cleavage of the C-terminal region of
the polypeptide. Hydropathy analysis and secondary structure
predictions suggest the presence of 13 membrane-spanning
domains, indicating that the Rh polypeptide is highly hydro-
phobic and deeply buried within the phospholipid bilayer. In
RNA blot-hybridization (Northern) analysis, the Rh cDNA
probe detects a major 1.7-kilobase and a minor 3.5-kilobase
mRNA species in adult erythroblasts, fetal liver, and erythroid
(K562, HEL) and megakaryocytic (MEGO1) leukemic cell lines,
but not in adult liver and kidney tissues or lymphoid (Jurkat)
and promyelocytic (HL60) cell lines. These results suggest that
the expression of the Rh gene(s) might be restricted to tissues
or cell lines expressing erythroid characters.

The Rh antigens are of wide interest in clinical medicine,
since they are involved in hemolytic reactions of immune
origin due to transfusion incompatibilities, hemolytic disease
of the newborn, and autoimmune diseases (for reviews, see
refs. 1-3). Moreover, although the physiological role of these
antigens is still unclear, they are probably important struc-
tures for erythrocyte membrane integrity, as evidenced by
the mild hemolytic anemia (4, 5), abnormalities in cation
permeability (6, 7), and membrane lipid asymmetry (8) that
accompany the lack or severe deficiency of Rh antigens.
Genetic analyses have demonstrated that a polymorphic Rh
haplotype producing the Rh D antigen, as well as antigens of
the Cc and Ee series, is inherited en bloc from one generation
to another (1, 2, 9), but whether these antigens are the
products of one gene or several closely linked genes has not
been clarified (review in ref. 1). Our knowledge of the Rh
biochemistry is largely incomplete. It is known, however,
that Rh antigens are sulfhydryl-containing polypeptides (10,
11) carried by 30- to 32-kDa integral membrane proteins (12,
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13) that are not significantly glycosylated or phosphorylated
(14); the Rh proteins, also, do represent major fatty acid-
acylated proteins (15) associated with the membrane skeleton
(16-18). Several lines of evidence (19-21), including two-
dimensional iodopeptide map analysis, indicated that the Rh
D, c, and E antigens are most likely carried by three distinct
but homologous membrane proteins (56) and that all share a
common N-terminal protein sequence (19, 22, 23).

As a further step to characterize better the structure and
function of the Rh antigens at a molecular level, this report
describes the isolation, sequence analysis, and tissue-specific
expression of a mRNA encoding one of the human Rh
polypeptides.t

MATERIALS AND METHODS

Materials. Restriction enzymes, bacterial alkaline phos-
phatase, and pUC vectors were from Appligene (Strasbourg,
France). T4 DNA ligase and T4 polynucleotide kinase were
from Biolabs (Northbrook, IL), and radiolabeled nucleotides
were from Amersham. pUC sequencing kits were from
Pharmacia. Avian myeloblastosis virus (AMV) reverse tran-
scriptase and Thermus aquaticus polymerase (Taq polymer-
ase) were from Perkin-Elmer.

Polymerase Chain Reaction (PCR) Amplification of mRNA
and Genomic Sequences. Primers used for PCR amplification
were synthesized on a Milligen Biosearch 8700 DNA syn-
thesizer and purified on a 20% acrylamide/urea gel. The
nucleotide sequence of these primers was deduced from the
previously determined N-terminal protem sequence (Ser-
Ser-Lys-Tyr-Pro-Arg- Ser Val-Arg- Arg—Xaa Leu-Pro-Leu-

Trp-Ala- Leu Thr-Leu- Glu Ala-Ala-Leu-Ile-Leu-Leu-Phe-

Tyr-Phe- Phe Thr-His), which is common to all Rh polypep-
tides (19, 22, 23).

Primer A (14-mer) was specific for amino acids 3-7 of the
mature protein (Lys-Tyr-Pro-Arg-Ser) and was a mixture of
16 oligonucleotides, 5'-AARTACCCIMGIWS (coding
strand, where R=GorA,M=AorC,W=AorT,and S
= G or C), in which deoxyinosine (I) was incorporated in
positions where codon degeneracy exceeded 2. Primer B
(18-mer) was specific for amino-acids 32-27 of the mature
protein (His-Thr-Phe-Phe-Tyr-Phe) and was a mixture of the
following 16 oligonucleotides: 5'-GTGGGTRAARAART-
ARAA (noncoding strand). First cDNA strands were syn-
thesized as described (24) after hybridization of 70 ng of
primer B with 2.5 ug of poly(A)* RNA from splenic eryth-
roblasts of an adult B-thalassemic patient, followed by elon-
gation with 1 mM of each dNTP in the presence of 7 units of
avian myeloblastosis virus reverse transcriptase. One-third

Abbreviation: PCR, polymerase chain reaction.

*To whom reprint requests should be addressed.

TThe nucleotide sequence reported in this paper has been deposited
in the GenBank database (accession no. M34015).
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of the cDNA products or 1 ug of human blood leukocyte
genomic DNA was enzymatically amplified between primers
A and B (3 ug each) by using the Taq polymerase (25). The
reaction was carried out in a Perkin-Elmer thermal DNA
cycler for 35 cycles, each cycle comprising denaturation at
94°C for 1 min, primer annealing at 51°C for 2 min, and chain
extension at 72°C for 2 min. Amplification products of the
expected sizes were purified on agarose gels and subcloned
in pUC18 vectors.

¢DNA Library Screening. Purified PCR products specific
for the N-terminal region of the Rh polypeptide were labeled
with [a->?P]dCTP by the random priming method (Boehringer
Mannheim) to a specific activity of 10° cpm/ug and were used
as probes to screen a human bone marrow Agtll cDNA
library (Clontech). About 1.2 x 10° plaques were transferred
to Hybond N filter (Amersham) and screened as recom-
mended by the supplier. The EcoRI inserts from positive
clones were subcloned into pUC18 vectors.

DNA Sequencing. Inserts from recombinant pUC18 vectors
were sequenced on both strands by the dideoxy chain-
termination method (26) with a Pharmacia T7 sequencing kit;
universal primers or specific oligonucleotides were used as
internal primers.

RNA (Northern) Blot-Hybridization Analysis. Total RNAs
or poly(A)* RNAs from cultured cell lines or from milligram
quantities of fresh tissues were prepared by published meth-
ods (27, 28), resolved by electrophoresis on 6% (wt/vol)
formaldehyde/1% (wt/vol) agarose gels, and then transferred
onto Hybond N nylon filters. Hybridization with nucleic acid
probes and stringent washes were performed as described by
Thomas (29).

RESULTS AND DISCUSSION

PCR Amplification of the Coding Sequence for the Human
N-Terminal Rh Polypeptide. Several highly degenerate oligo-
nucleotides deduced from the known 32 amino acids common
to the N-terminal region of the human Rh D, ¢, and E
polypeptides (19, 22, 23) were synthesized and used as probes
for screening three human cDNA libraries (from fetal liver,
reticulocytes, and HEL cells) under a variety of hybridization
conditions. Since these attempts to isolate an Rh cDNA clone
were unsuccessful, a PCR approach using deoxyinosine-
containing primers (30) was developed.

Two primers specific for amino acids 3-7 (primer A) and
32-27 (primer B), respectively, were used to enzymatically
amplify genomic or mRNA sequences coding for the N-
terminal region of the mature Rh polypeptides. The use of
deoxyinosine at the highly degenerate positions in primer A
(see Materials and Methods) and of a stringent annealing
temperature (51°C) during the PCR reaction were critical for
successful amplification of specific products. Indeed, only
under these experimental conditions was a clear and single
amplification product of the expected size (90 bp) obtained
when genomic DNA or cDNA derived from erythroblast
mRNA was used as templates. In contrast, no sequence
could be amplified between primers A and B with cDNA
derived from mRNA of adult liver. Sequence analysis of the
90-base-pair (bp) DNA fragment amplified from either ge-
nomic or mRNA templates revealed that it encodes a protein
sequence identical to the published N-terminal primary struc-
ture of the Rh polypeptide (19, 22, 23) and that a cysteine
residue was present at the previously undetermined position
11.

Isolation and Nucleotide Sequence of the Rh ¢cDNA Clone.
The 90-bp PCR fragment was used as probe to screen a
human bone marrow cDNA library. Of 1.2 X 10® recombinant
Agtll phages, 5 positive clones were obtained, of which the
clone RhIXb carries the largest insert (1384 bp). The nucle-
otide sequence of this insert is presented in Fig. 1. It contains
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1281 bases of open reading frame and 103 bases of 3’
untranslated sequence, which combined do not extend down
to the end of the mRNA, since there is no poly(A) tail or
polyadenylylation signal. We assumed that the ATG codon at
positions 31-33 is the translation initiation site because (i) it
precedes the N-terminal amino acid sequence determined by
Edman degradation of the Rh polypeptides (19, 22, 23), (ii) it
closely conforms to the Kozak consensus translation initia-
tion sequence (31), and (iii) the amino acids potentially
encoded by the first nucleotides of this clone do not match
with a typical N-terminal cleavable peptide signal (32), al-
though a peptide segment between positions 13 and 33
exhibits a strong hydrophobic character suitable for a trans-
membrane domain. Therefore, starting from this first me-
thionine residue, the polypeptide encoded by the RhIXb
c¢DNA clone would be composed of a single polypeptide
chain of 417 amino acids, which is probably processed
cotranslationally by limited proteolysis to remove the initi-
ator methionine, as it occurs in many proteins (33), yielding
a 416-amino-acid-long mature protein. Further evidence that
the clone RhIXb was encoding the Rh protein was provided
by a comparison of the deduced protein sequence (Fig. 1)
with the directly sequenced peptide fragments 38—44, 194—
199, 203-208, and 286-292, which were purified by reverse-
phase HPLC after chemical or enzyme degradation of the 30-
to 32-kDa Rh protein (C.B., unpublished data). As the major
transcript detected on Northern blot is 1.7 kb (see below), the
RhIXb clone represents ~80% of the mRNA and includes
only 30 nucleotides of the 5’ untranslated region.

Amino Acid Sequence and Membrane Organization of the
Rh Protein. The predicted translation product of the RhIXb
clone is a basic protein of isoelectric point 9.4 and of relative
molecular mass of =45,500. However, the estimated molec-
ular mass of the immunoprecipitated Rh protein analyzed in
NaDodSO,/polyacrylamide gels is in the range of 30,000-
32,000 (12, 13). Since nucleotide sequencing of the RhIXb
clone was performed twice on both DNA strands, this
discrepancy may arise from (i) the presence of an unspliced
intron in the cDNA sequence leading to a wrong C-terminal
sequence prediction, (i) the abnormal behavior of the Rh
protein in NaDodSO gels, or (iii) the proteolytic cleavage of
the mature Rh protein. To rule out possibility i, a PCR
analysis using two oligonucleotide primers (nucleotides 872—
888 and 1162-1178) flanking the nucleotide region encoding
the authentic amino acids 286-292, deduced from protein
sequencing, was performed. Since the same expected PCR
product of 294 bp was amplified, either from the cDNA clone
RhIXb or from the poly(A)* RNA preparation isolated from
human erythroblasts (not shown), it is concluded that there
is no retained intron in the RhIXb clone. Possibility ii would
depend upon the hydrodynamic properties of the Rh protein—
NaDodSO, complexes. These complexes take usually a
rod-like configuration (34), but for reasons presently unclear
(amino acid composition or aggregation state of the Rh
protein in solution), this structure might be less extended
than expected, therefore modifying the proportional relation-
ship between the polypeptide chain length and its molecular
mass (34). Alternatively, according to possibility iii, the
RhIXb cDNA clone may encode a protein that is further
matured by a proteolytic cleavage of its C-terminal region.
This C-terminal region of the protein carries several stretches
of apolar amino acids; therefore, it is possible that the
postulated proteolytic product may remain bound to the
membrane which raises the question of its potential role and
antigenic properties.

That the Rh protein may run anomalously on gels cannot
be ruled out at the moment, but because of the large size
difference of the predicted protein, a posttranslational cleav-
age of the Rh protein may appear more likely. Further studies
based on carboxyl-terminal sequencing of the Rh protein and
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GAA GCA GCT CTC ATT CTC CTC TTC 114
Glu Ala Ala Leu Ile Leu Leu Phe 27
GAG GAT CAA AAG GGG CTC GTG GCA 168
Glu Asp Gln Lys Gly Leu Val Ala 45
ATG GCG GCC CTT GGC TTG GGC TTC 222
Met Ala Ala Leu Gly Leu Gly Phe 43
AGC AGT GTG GCC TTC AAC CTC TTC 276
Ser Ser Val Ala Phe Asn Leu Phe §)
CTG CTG GAC GGC TTC CTG AGC CAG 330
Leu Leu Asp Gly Phe Leu Ser Gln 99
TTC AGT ATT CGG CTG GCC ACC ATG 384
Phe Ser Ile Arg Leu Ala Thr Met 117
GCT GTC TTG GGG AAG GTC AAC TTG 438
Ala Val Leu Gly Lys Val Asn Leu 135
GTG ACA GCT TTA GGC ACC CTG AGG 492
Val Thr Ala Leu Gly Thr Leu Arg 153
TAC CAC ATG AAC CTG AGG CAC TTC 546
Tyr His Met Asn Leu Arg His Phe |7
GTG GCC TGG TGC CTG CCA AAG CCT 600
Val Ala Trp Cys Leu Pro Lys Pro 189
AGA GCA ACG ATA CCC AGT TTG TCT 654
Arg Ala Thr Ile Pro Ser Leu Ser 207
TTC TGG CCA AGT GTC AAC TCT CCT 708
Phe Trp Pro Ser Val Asn Ser Pro 235
GCC ATG TTC AAC ACC TAC TAT GCT 762
Ala Met Phe Asn Thr Tyr Tyr Ala 243
GGG TCA TCC TTG GCT CAC CCC CAA 816
Gly Ser Ser Leu Ala His Pro Gln 26]
GCG GTG TTG GCA GGA GGC GTG GCT 870
Ala Val Leu Ala Gly Gly Val Ala 279
CCG TGG CTT GCC ATG GTG CTG GGT 924
Pro Trp Leu Ala Met Val Leu Gly 297
GCC AAG TGC CTG CCG GTG TGT TGT 978
Ala Lys Cys Leu Pro Val Cys Cys 315
GTC ATG CAC TCC ATC TTC AGC TTG 1032
Val Met His Ser Ile Phe Ser Leu 1333
GTG CTG CTG GTG CTT CAT ACT GTC 1086
Val Leu Leu Val Leu His Thr Val 351
GTC CTC CTC AGC ATT GGG GAA CTC 1140
Val Leu Leu Ser Ile Gly Glu Leu 369
GGT CTC CTG ACA GGT TTG CTC CTA 1194
Gly Leu Leu Thr Gly Leu Leu Leu 387
GCT AAA TAT TTT GAT GAC CAA GTT |48
Ala Lys Tyr Phe Asp Asp Gln Val 405
TTT taagcaaaagcatccaagaaaaacaag |3gg
Phe ##% 416
1380
1384

Nucleotide sequence of the human Rh cDNA clone and predicted amino acid sequence of the Rh protein. Nucleotides encoding the

open reading frame are given in capital letters, and those flanking the coding region are in lower case letters. The stop codon is indicated by
asterisks. Arrows show the regions chosen for enzymatic amplification of mRNA and genomic sequences specific for the known N-terminal
sequence of the Rh protein(s) (see text). Amino acids (three-letter code) are numbered with respect to the N-terminal amino acid residue

determined by protein sequencing (19, 22, 23).

on transfection of eukaryotic cells by the Rh cDNA cloned in
expression vectors, followed by an analysis of the mature
recombinant Rh polypeptide present at the cell surface,
should help to address these issues. Examination of the
protein structure shown in Fig. 1 indicates that the Rh protein
carries six cysteine residues, a finding that correlates well
with the observation that functional sulfhydryl groups are
required for Rh antigenic activity (10). However, which Rh
antigen (D, C, c, E, e, etc. . . .) is encoded by this protein
cannot be determined yet, since the Rh antibodies recognize
only the native membrane proteins. The protein also lacks the
canonical sequence for N-glycosylation to asparagine resi-
dues (35), again in agreement with previous investigations
indicating that the Rh protein is not significantly glycosylated
14).

The identification in the Rh protein of membrane-
associated a-helices was carried out by analysis of their
hydrophobicity according to the method of Engelman et al.
(36) using a scanning window of 20 amino acids (Fig. 2
Upper). This analysis predicts that the Rh protein contains as
many as 13 transmembrane domains that are regularly spaced
on the polypeptide chain. A hypothetical model of the protein
topology based on the hydrophobicity plot is presented in
Fig. 2 Lower. The overall hydrophobicity of the Rh protein
is striking, and the hydrophilic loops that link the membrane-
spanning segments are short, not exceeding 20 amino acids.
This suggests that this protein is deeply buried in the phos-
pholipid bilayer, a fact that may explain its relative insensi-
tivity to proteolytic degradation at the cell surface, as pre-
viously noted in several reports (1, 14, 19, 37). Since the Rh
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Fic. 2. Hydropathy plot of the Rh protein and hypothetical
secondary structure model. (Upper) Average hydrophobicity values
for spans of 20 residues were determined as described by Engelman
et al. (36). Positive values are filled in black and corresponding
postulated membrane-penetrating segments are numbered from 1 to
13. (Lower) Proposed transmembrane topology of Rh protein based
on predictions of the hydropathy profile and on the intracellular
orientation of the N terminus predicted from the absence of a
cleavable signal peptide (see Fig. 1). Putative transmembrane a-
helices are shaded.

protein is devoid of a cleavable signal peptide and as the first
hydrophobic segment conforms to the charge-difference rule
proposed by Hartmann ez al. (38), the N terminus of the
protein is predicted on the cytoplasmic side of the membrane.
The second membrane helix would then be inserted in
orientation opposite to the first, and so on (38, 39), so that the
C terminus of the Rh protein should be exposed at the cell
surface. However, the deduced location of the C terminus to
the extracellular side of the membrane and the proposed
membrane orientation of the polar loops connecting the
putative helices should be further established by direct bio-
chemical investigations such as carboxypeptidase digestion
experiments and immunochemical analysis with anti-peptide
antibodies, respectively. It should provide also information
to define which region of the protein interacts directly or
indirectly with the membrane skeleton (16-18).

The pairs of peaks 4 and 5, 9 and 10, and 12 and 13 on the
hydropathy plot (Fig. 2 Upper) define broad regions of largely
apolar residues that may not cross the membrane or must do
it twice. They might be arranged as coupled anti-parallel
helices with B-turn-forming amino acids (proline, glycine,
and serine) and charged residues located at the interface
between the phospholipid bilayer and the cytoplasm or the
outside of the cell, as proposed in Fig. 2 Lower. Construction
of helical ‘‘wheel diagrams’’ (40) indicates also that, with the
possible exception of helices 3 and 5, none of the helices
exhibit an amphipathic character due to the presence of
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charged residues. In addition, the packing of the a-helices in
the membrane is largely unknown.

The transmembrane topology of the Rh protein resembles
strongly that of several multispanning membrane proteins
that are associated with transport (41, 42) or channel (43-46)
functions. In contrast to these proteins, however, the Rh
polypeptide has no significant cytoplasmic domains, such as
those occasionally important for biological function or signal
transduction (47). In addition, a search in the GenBank data
base and National Biomedical Research Foundation Protein
Identification Resource files did not reveal any homology
with an already known gene or protein structure, including
the Na*/H*-antiporter or the glucose transporter, which are
located close to the Rh locus on chromosome 1 (48-50).
Whether the Rh protein may have an as-yet-unrecognized
transport function or may derive from such a transport
protein remains an open question. However, recent studies
based on biochemical and physical similarities between the
Rh polypeptides and the aminophospholipid transporter of
human erythrocytes suggest that Rh proteins might be re-
sponsible for the transbilayer movement of phosphatidyl-
serine in the membrane (A. J. Schroit, C.B., J. Connor, and
J.-P.C., unpublished data).

Northern Blot Analysis of Rh Expression. On Northern blot
analysis (Fig. 3), the RhIXb cDNA clone detected a major
1.7-kilobase (kb) mRNA species in adult spleen erythro-
blasts; this mRNA is present in much lower amounts in K562
erythroleukemic and MEGO01 megakaryocytic leukemic celi
lines. In addition to the 1.7-kb signal, a faint band at 3.5 kb
was observed, but whether it corresponds to another Rh
transcript or to the expression of a Rh-related gene cannot be
determined yet. The 1.7- and 3.5-kb mRNA species also were
detected in human fetal liver, which contains a large number
of erythroid precursors, and in the HEL (erythroleukemic)
cell line (not shown) but were absent from adult kidney and
liver tissues and from Jurkat (T-lymphoblastic) and HL60
(promyelocytic) cell lines. These results strongly suggest that
the expression of Rh is restricted to tissues or cell lines
exhibiting erythroid features. The presence of the Rh mRNA
in a megakaryocytic cell line (MEGO01) does not contradict
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FiG. 3. Northern blot analysis and tissue specificity of the Rh
mRNA. One microgram of poly(A)* RNA from adult spleen eryth-
roblasts or 15 ug of total RNA from the erythroleukemic (K562),
megakaryocytic (MEGO01), T-lymphoblastic (Jurkat), and promyelo-
cytic (HL60) cell lines and from adult kidney and liver tissues were
resolved on a denaturating agarose gel, transferred to Hybond N
filters, and hybridized with the 3?P-labeled Rh ¢cDNA probe and
autoradiographed for 72 hr at —80°C. On longer exposure, the faint
signal at 3.5 kb seen with erythroblast messengers was also detect-
able in K562 and MEG01 mRN A preparations. The actin probe at the
bottom was used as control of the integrity of RNA samples and
constancy of loading.
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this proposal, since it has been shown recently that some
trans-acting factors (NF-E1, NF-E2, and NF-E6) involved in
the regulation of tissue-specific gene expression are found in
nuclear extracts from both erythroid and megakaryocytic
cells (refs. 51 and 52; Y.C., V. Joulin, C.L.V.K., P.-H.
Roméo, and J.-P.C., unpublished data). Such findings sug-
gest that these cells may derive from a common bipotent stem
cell (52). Therefore, it is plausible that Rh expression appears
very early during hematopoietic differentiation, even before
commitment to the erythroid and megakaryocytic lineages,
and that the level of expression and the antigen density on the
pluripotent cells might be very low. After commitment, Rh
antigens might behave as differentiation markers with pro-
gressively increased expression during erythroid differenti-
ation (53). Indeed, recent reports indicate that these antigens
are either absent or present in very low quantity on human
platelets (54) but can be detected by flow cytometry analysis
on mature (CFU-E, colony-forming unit-erythroid) but not
on more immature (BFU-E, burst-forming unit-erythroid)
erythroid progenitors (55). The availability of the Rh probe
should help to reinvestigate the biosynthesis and expression
of the Rh antigens during hematopoietic differentiation to sort
out the gene(s) organization of the complex Rh locus, to
analyze the potential function of the Rh protein(s), and to
clarify the molecular basis of the defects occurring in Rh-
deficient individuals.
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