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Abstract. The evolution of theRH gene family is gence time — Rh antigenic complex — Gene duplication
characterized by two major duplication events, the first— Coevolution

one originating theRH50and RH30genes and the sec-
ond one giving rise tkHCEandRHD, the two paralo-
gousRH30genes which encode the Rh blood group an- - oduction
tigens in human. The new sequence data obtained here

for mouseRH50 and RH30and for macaqué&H50 al-
lowed us to compare the evolutionary rates of the tw

orhe Rh protein family in human comprises the RhD/
genes and to show th&H50 evolved about 2.6 times RNCE (Rh30) polypeptides, which carry the DCcEe Rh

more slowly thanRH30 at nonsynonymous positions. blood group antigens, and the Rh50 glycoprotein
This result implies that Rh50 proteins were evolution- (Matassi et al. 1998; Huang 1998). TRéi30andRHS0
arily more conserved compared to Rh30 polypeptidesd€Nes. which map on chromosomes 1p34.3-p36.1 and
thus being indicative of the functional significance of the 6p11-p21.1, respectively (CheZahar et al. 1991,
former protein in species as distantly related as spong&296), both consist of 10 exons and show strikingly simi-
and human. The duplication event leadingRBI50and lar exon—intron organlzanons_ (Matass_l et al. 1998;
RH30genes was estimated to have occurred between 25guang 1998). The corresponding proteins, of 417 and
and 346 million years ago. Moreover, we could also?09 residues, respectively, share about 36% amino acid

estimate that the duplication event producing Ri¢CE identity and similar position_ing of their 12 predicted
and RHD genes occurred some 8.5 + 3.4 million years{ransmembrane (TM) domains. These proteins are be-

ago, in the common ancestor of human, chimpanzee anlgaved to interact with each other to form the core of a
gorilla. Interestingly,

this event seems to coincide with Membrane complex thought to be a tetramer composed
the appearance in these species of a G-to-T mutation i

pf two Rh30 and two Rh50 glycoprotein subunits, to
the RH50gene which created a stop codon in the corre-Which the accessory chains CD47, LW, and GPB, which
sponding transcript. This led to an Rh50 C-terminal cy-2'€ €ncoded by independent genes, are associated by
toplasmic domain shorter than that found in orangutarf’oncovalent linkages. Itis assumed that when one chain
and early primates. is missing, the Rh complex is n.ot assembled or trans-
ported to the cell surface (for reviews see Agre and Car-
tron 1991; Cartron and Agre 1993; Anstee and Tanner
1993; Cartron 1994). Furthermore, the analyses carried
out on Rh,,; phenotypes strongly suggest that the Rh30
and Rh50 proteins are likely to be crucial for the trans-
port of the Rh complex to the RBC membrane and/or for
Correspondence tdG. Matassie-mail: gmatassi@infobiogen.fr the stability of the Rh membrane complex (for review
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see Cartron et al. 1998). Several structural features difThe functional importance of the Rh30 proteins was also
ferentiate the members of tfiRH gene family in human. demonstrated by showing that in some,Rfindividuals
The RH30andRH50genes extend over about 69 and 32 (so-called “amorph type”), the lack of expression of Rh
kb, respectively. Interestingly, the GC content of theantigens is caused by splice site and frameshift mutations
chromosomal environment differs betwe®H30 and  in RH30genes (Chef-Zahar et al. 1998b).
RH50. Indeed, the RH50 locus is embedded in a GC- Here we investigate the changes that affed&b0
poor L isochore, whereas RH30 is located in the GC-richand RH30 genes during evolution and show that these
H1 family (Matassi et al. 1998). Accordingly, the G+C genes followed quite distinct evolutionary pathways.
content at the weakly constrained sites (third codon po-
sitions—intronic regions) is lower in RH50 (49.8-
35.0%) compared to RH30 (66.7—49.0%) genes, nonsyrMaterials and Methods
onymous sites showing similar GC values (Matassi et al.
]_998)_ PCR Amplification and Cloning of the Macaque Rh50-like cDNA-

A major role in shaping the evolution of the human caque(Macaca mulattaRNAs were extracted from whole blood (300

. . . wl) using the acid—phenol—guanidinium method (Lazano et al. 1993)
RH30 locus is played by recombination. In fact, Many ang were reverse transcribed in a total volume of.B8sing the First

Rh30 variant phenotypes have been described in whicBirand cDNA synthesis kit (Pharmacia, Uppsala, Sweden). Five micro-
recombination events are probably ascribable to the higliters of cDNA products was amplified by PCR using primers deduced
sequence similarity shared by tR¥CE introns, as ex- from the human Rh50 cDNA sequence (Ridgwell et al. 1992): 5

ie . . . GTGGCCTCTGTCCTTTGCCACAA-3(sense, nt —26 to =3+ 1 re-
empl|f|ed by two recombination hot spots recemly Ideﬂ_fers to the position of the first nucleotide of the initiation ATG

tified in the intronic regions of the B, Dc—, DFR, R',  ¢odon)8-AAGGACATTTTTTACACTGGCCATTTGGG-3 (anti-
and D-variants (Kemp et al. 1996; Matassi et al. 1997 sense, nt +1397 to +1424). Amplification reactions were carried out in
Wagner et al. 1998). Moreover, evidence has been prod total volume of 5Qul using the mix of thermostable DNA polymer-

; ; ) i _ ases provided in the Advantage cDNA PCR kit (Clontech, Palo Alto,
vided which demonstrates_ that th@;é allele originat CA) with 200 uM dNTP and 20 pmol of each primer. PCR conditions
ed from a nonreciprocal intergenic exchangelbfe- were denaturation for 1 min at 94°C (first cycle) and 30 s at 94°C, 3

quences into the ¢e’ allele of CE, a relatively recent min at 68°C, for 30 cycles. PCR products were separated on a 1%
event which seems to have taken place in the humangarose gel, purified using the Advantage PCR-Pure Kit (Clontech),
”neage (Carritt et al. 1997)_ and cloned into a PCR Il vector using the TA cloning kit (Invitrogen,

The importance of the Rh50 protein from both func- The Netherlands).

tional and evolutionary standpoints has emerged only

- ; _ PCR Amplification and Cloning of the Mouse Rh50-like cDNie
very recently’ when it was demonstrated that in the maclone 940c01 (GenBank W81811), containing tHer&gion of the

jority of Rh,,,,, individuals (so-called “regulator type”), ouse Rh50 cDNA, was obtained from the IMAGE LLNL consortium
the lack of expression of Rh antigens and the severgia the UK HGMP Resource Centre. Therggion of the cDNA was
reduction of the expression of the other proteins of theamplified using a 5Marathon Race reaction (Clontech) carried out on
complex are ascribable to the absence of expression @Gfmouse 15-day embryo Marathon-Ready cDNA template with the Apl

sense primer provided in the kit and the mouse Rh50-specific oligo-

the Rh50 protein, which is brought about by a heteroge;, e iide 5 GAACCCCACATGTATCATGGATCATCAG-3 as an-

neous mutation pattern in tfiRH50gene (Chef-Zahar  tisense primer (complementary to nt 994 to 1021 of the cDNA) derived

et al. 1996, 1998a; Hyland et al. 1998; Huang 1998). from the sequencing of the 940c01 clone. The amplification reaction
In contrast, because of their importance in transfusioryvas performed as described above.

medicine, Rh30 proteins which carry the Rh allotypes

were the first studied to delineate their evolutionary path-  Sequencing of Rh50 and Rh30 cDNABe clone 1490b20 (Gen-

way. In human, theRHD and RHCE genes are highly Bank AA168171), containing the complete mouse Rh30 cDNA, was

homol 5% diveragen ver th dina region: obtained from the IMAGE LLNL consortium via the UK HGMP Re-
omologous [(B.5% ergénce ove € CodIng region, g, rce Centre. The sequencing of macaque and mouse Rh50 and mouse

intronic regions are also highly conserved). These genegnh3o cDNAs was performed using the Thermo Sequenase sequencing

are believed to be the result of a duplication, most likelykit (Amersham International) following the manufacturer's instruction.

from a “c-like’ allele (Cartron 1994; Salvignol et al. A primer/template molar ratio of 40 was used. Sequences were ana-

1995; Carritt et al. 1997). Indeed, serological studiesg;s‘i:n?rgpir;riﬁ’;zgﬁted fluorescence-based ALF Express sequencing

showed that €” antigens could be detected on erythro- '

cytes in all anthropoid apes as well as in Old and New . ) . .

World monkevs. whereas anti-D antibodies reacted onl PCR Amplification of the Nucleotide Region Surrounding the Stop
S, %odon of theRH50 Gene in PrimatesThe following primates were

with gorilla and chimpanzee (for review see Socha andinalyzed: lemurlemur catta;prosimian), spider monkeyAteles pa-
Ruffié 1983; Blancher and Socha 1997). The number ohiscus;New World monkey), rhesus macaqudgcaca mulatta;0ld
RH30genes varies among nonhuman primates. Only on#/orld monkey), gibbonKylobates laj, orangutanRongo pigmaeys
RH30Glike gene has been found in orangutan, gibbon,gorllla (Gorilla gorilla), and chimpanzeeP@n troglodytes Primate

enomic DNAs were a gift from Professor Damian Labuda (University
and Old and New World monkeys, whereas at least tW(gf Montreal, Canada). The nonhuman primate genomic DNA fragment,

genes were detected in gorilla and chimpanzee (Cartrogyrresponding to the region surrounding the huiR&rs0exon 10, was
1994, Salvignol et al. 1995; Blancher and Socha 1997)PCR amplified using the following primers: BACTGCTATGAT-
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GATTCTGTTTATTGG-3 (sense primer, nt 1184 to 1209 of the hu- Table 1. GC levels in theRH gene family
man cDNA) and 5AAGGACATTTTTTACACTGGCCATTTGGG-
3’ (antisense primer, nt 1397 to 1424). The nucleotide sequences of GC1 + GC2 GC3 GenBank
sense and antisense primers, lying in exon 9 and exon 10, respectively;
are identical between human and macaque. Amplification reactiondtH50

were carried out in a total volume of 30 containing 200uM dNTP, Human 45.3 49.9 X64594
20 pmol of each primeiTaqbuffer (20 mM Tris—HCI, pH 8.4, 50 v Macaque 46.3 49.6 AF058917
KCI, 1.5 mM MgCl,), and 2.5 U ofTag DNA polymerase (GIBCO Mouse 45.7 445 AF065385
BRL). PCR conditions were denaturation for 3 min at 94°C (first cycle) ~Nematode 45.3 44.4 U64847 (FO8F3.3)
and 30 s at 94°C, annealing for 30 s at 58°C, and extension of 1 min Nematode 44.7 21.0 Z74026 (B0240.1)
at 72°C, for 30 cycles. PCR products were purified through a Microcon  Sponge 47.9 60.7 Y12397
ultrafiltration membrane (Amicon) and directly sequenced as described?H30
above. HumanRHCcE 47.2 66.6 X54534
HumanRHD 47.2 66.6 X63097
o . e ) _ Macacque 45.8 66.6 S70343
Estimation of Nucleotide Substitution Rates and Divergence Times. pggyine 452 68.5 U59270

The multiple alignment of the nucleotide sequences under investigation
was derived from the corresponding protein sequence alignment ob-

tained using the program CLUSTALW (Thompson et al. 1994). Theagc1, GC2, and GC3 are the GC levels at the first, second, and third
general time reversible (GTR) model (Saccone et al. 1990; Yang 1994)¢oqon positions, respectively.

also known as Stationary Markov Model, was used to calculate the> This work.

number of synonymouskg) and nonsynonymousK(,) substitutions

per site. .. . .
The divergence time for thRH50/RH30gene duplication was es- 1ONSynonymous positions (r_nan_"nly_ first and second
timated according to the method of Rambaut and Bromham (1998)codon positions, GC1+GC2) is similar betweRiH50

which, given as an input the divergence times between two pairs of taxand RH30. In contrast, GC content at synonymous sites
(see Results), calculates the divergence date of their common ancest((lmaimy third codon positions, GC3) is clearly lower in

The final estimate was calculated by averaging results obtained usin .
all possible pairs 0oRH50 and RH30 genes. Moreover, nucleotide ?QHSO compared tRH30.An even lower GC3 value is

sequences were assumed to evolve following the GTR model, with rat@Xhibited by one of the nematodéHSOIike genes
heterogeneity shaped by a discrete gamma distribution using a maxkB0240.1). However, the spondg@i50like gene shows

mum-likelihood estimate of the gamma shape parameter obtained ba GC content clearly higher than that shared by the ma-
the PAUP package as implemented in the GCG package [\Nisconsiljbrity of the RH50sequences.
Package Version 9.1, Genetics Computer Group (GCG), Madison, WI].

All other divergence timesT]) were calculated from GTR non- . . .
synonymous distance&) using the human-macaque divergence (25 EStimation of the Evolutionary Rates BH50 and

Mya) as a calibrating date, according to the formijg;, = (K,a/ RH30Genes

Khuman—macaql)e)< Thuman—macaque

The molecular clock hypothesis was checked by carrying out rela-1TN€ number of synonymous<§) and nonsynonymous
tive rate tests according to the method of Muse and Gaut (1994) on al(K,,) substitutions per site were estimated according to
possible triplets including two ingroups and one outgroup sequencehe general time reversible (GTR) model (Saccone et al.
(e.g., forRH30,human and macaque sequences as ingroups and bOVinfggo- Yang 1994) oiRH50 and RH30 gene pairs. Ab-

o mouse sequences as outgroups). solute nucleotide substitution ratelR) (were calculated
from GTR distancesK) by fixing the times of diver-
gence T) between human and macaque, bovine, and
mouse at 25, 70, and 100 Mya, respectively, according to
) ) R = K/2T (see also Materials and Methods).

The available sequence (_jata were clearly inadequate to The results are shown in Table 2. Most interestingly,
analyze the overall evolutionary pathway of REigene  p1504n4RH30genes were found to evolve at remark-
family. Indeed, aside from the human RhS0 cDNA, 5\ jifferent rates at nonsynonymous positioR${30
Rh50-like sequences were described only in the spongg, oy ing about 2.6 times faster th&H50, the average
Geodia cydomun_(Seack et al. 1997) and in the nema- absolute substitution rates (per site per year) being 1.48
todeCaenorhabditis eleganSeveral Rh30 cDNAs were | 549 x 10° and 057 + 0.25 x 16 respectively

sequenced in primates (for a revievy See Blancr]er an%imilar results were obtained independently by T. Kitano
Socha 1997), whereas only the bovine sequencé-(Me 5\ saitou (personal communication). Synonymous

énier-Delisse et al. 1997) was known for nonprimate o anneared to evolve at a rather uniform rate in both
mammals. In this study, we have obtained new cDNA enes (2.01 + 0.86 and 2.29 + 1.08 x~90 Although

sequence data for macaque and mouse Rh50 and f
mouse Rh30.

Mouse 47.8 71.2 AF047827

Results

ere are other examples of duplicated genes that have
evolved at different rates at nonsynonymous sites, e.g.,
a-fetoprotein was shown to evolve 1.7 times faster than
GC Content Variation in th&H Gene Family its albumin paralogue (Minghetti et al. 1985), the major-
ity of duplicated genes appears not to show striking
Table 1 shows the GC levels of tHeRH50 and RH30 changes in the nonsynonymous rate (our unpublished
coding sequences presently available. The GC content alata).
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Table 2. Nucleotide substitution rates (per site per year x°L@alculated on synonymous and nonsynonymous codon positioRsi%0 and
RH30genes

RH50 RH30
Pair Syn. Nonsyn. Syn. Nonsyn.
Human—-macaque 1.08 £ 0.66 1.00 £ 0.54 1.50 £ 0.98 2.30 £ 0.92
Human—mouse 253 +1.05 0.49 +0.20 2.70 £ 1.20 1.32 £ 0.42
Macaque—mouse 2.52 + 1.06 0.53 £ 0.23 2.46 + 1.10 1.34 £+ 0.42
Average 2.01+0.86 0.57 £ 0.25 229 +£1.08 1.48 +0.49

We noted that, in the human—macaque lineages, fotwo groups ofRH50and RH30genes. Fixing the diver-
both theRH50and theRH30genes there seems to be a gence between human and macaque at 25 Mya, as a
slowdown of the synonymous rate (particularly for the calibrating date, we estimated at 65.3 + 20.2 Mya the
RH50gene), while the nonsynonymous rate is about two-divergence date between primates and bovine (based on
fold than that found in the other comparisons. In addi-RH30gene comparison) and at 70.6 + 24.1 Mya the one
tion, we also observed that, in the caseRHI30,non-  between human and mouse (average value calculated
synonymous substitutions outnumbered synonymou&om both RH50 and RH30 gene comparisons). These
ones. This was also the case in all possible pairwiséimes, taking into account the statistical fluctuations,
comparisons between the availabdRH30 sequences were in good agreement with paleontological estimates,
from macaque, gorilla, chimpanzee, and human (data ndhereby confirming a clock-like behavior of bofRH
shown). Therefore, these data tend to suggest the exigienes.
tence of some sort of positive selection acting on both Under these premises, GTR nonsynonymous dis-
RH50and RH30genes in primates and confirm similar tances were used to calculate the divergence time be-
conclusions made foRH30genes by T. Kitano and N. tween RHCE and RHD genes at 8.5 + 3.4 Mya (see
Saitou (personal communication). Materials and Methods), suggesting that the duplication
originating the two paralogouH30genes predated the
divergence between human, chimpanzee, and gorilla,
whose common ancestor is dated at 6.7 = 1.3 Mya (Ku-
mar and Hedges 1998). This finding is in agreement with

Due to the strong compositional heterogeneity observegerological studies (see Introduction) and previous esti-
at synonymous positions (see Table 1) and to avoid dimates (Cartron 1994; Carritt et al. 1997).

vergence underestimates because of saturation of nucleo-
tide substitutions, all divergence times were inferred byG
analysing nonsynonymous sites. Moreover, the gene-

specific evolution observed fdRH50 and RH30genes  rpe hyman Rh50 protein shares about 85% identity with
(with the latter evolving about 2.6 times faster than they, o macaque homologue, 72% with the mouse, and 41
former) does not permit the assumption of the molecular, 4 3904, with the distantly related nematode and sponge
clock hypothesis to estimate divergence times. Conse§equences, respectively. Incidentally, the human Rh30
quently, we have used the method of Rambaut and,yiein shows about 27% identity with the Rh50-like

Bromham (1998), which does take into account rate hetyeins of the latter two species. The multiple alignment

erogeneity (see Materials and Methods). of the Rh50 amino acids sequences revealed additional

_ This analysis allowed us to estimate the maximum-g,ents which shaped this protein in the course of evolu-
likelihood value of the divergence date betweRHSO  yjon (Fig. 1). It can be observed that the length of these

and RH30 genes at 292 Mya, with a 95% confidence ygteins progressively shortened during evolution lead-

interval between 250 and 346 Mya. ing to the human lineage. In fact, Rh50 comprises 523
amino acid residues in sponge, 463 and 457 in nematode,
Dating theRHCE—RHD Gene Duplication 438 in mouse, 428 in macaque, and 409 residues in hu-
man. In contrast, the size of the Rh30 protein seems to
Relative rate tests, carried out using the method of Muséave remained fairly constant during evolution: 417 resi-
and Gaut (see Materials and Methods), showed thatlues in primates and bovine and 418 in mouse.
taken separately, both RH50 and RH30 lineages did If the most parsimonious evolutionary scheme is
evolve in a clock-like manner at synonymous and non-adopted, namely, considering the sponge sequence as the
synonymous positions (data not shown). In addition, unclosest to the ancestral gene, the size changes in the Rh50
der the molecular clock assumption, we estimated thgrotein can be accounted for by several deletion events,
divergence dates between orthologous genes within thand probably one insertion in the mouse sequence, within

Estimation of the Divergence Time Betwd®H50 and
RH30Genes

ross Evolutionary Changes in the Rh50 Protein



1 70
Sponge ..MDWAKMLL PGFLLVFQVI FIILYGLLVR YDDTGDAIR. ..... NDTTI SDVSNLDSYR STLKVYPFFQ
NemF MRSPLHONQL TLILGLFQVV FLVIFALYGS YDASALPSE ......... T SETKNVEEAA RMTNLYPLFQ
NemB MWSVLHRRQF AITAGLMQTV FIVLFAKYVK YIDPLDDSR. ....... we+ «...RVYSGT ....DYPLFQ
Mouse «+...MRFKF PLMAISLEVA MIVLFGLFVE YETPQNASQK NASHQNASQQ GNTSSSAKKD QFFQLYPLFQ
Macaque .....MRLKF PLMAIVLEIA MIVLFALFVE YEMDOTTPQ. .........Q LNITNSTDMG KFLELYPLFQ
Human ..... MRFTF PLMAIVLEIA MIVLFGLFVE YETDQTVLE. ....... ..Q LNITKPTDMG IFFELYPLFQ
71 140
Sponge DVHVMIFVGF GFLMTFLRRY GFGSISFNLL LASFAIQWST LTSGVFQFID QSDAGDCCTI NVNLETLVGA
NemF DTHVMIFIGF GFLMTFLKRY GFSAVSINML LAVFTIQWGI IVRGMASAHH GF...... KF TISLEQLLTA
NemB DVHLMIFVGF GFLMAFLKRY GFSAVSVNLL LSAFVIQFAM LLRGFMTVAF QETG....LF SIGIPEMISA
Mouse  DVHVMIFVGF GFLMTFLKKY GFSGVGFNLF LAALGLQWGT IMQGLLHSHG KE.......F HFGIYNMINA
Macaque DVHVMIFVGF GFLMTFLKKY GFSSVGINLL IAALGLOWGT VVQGILHSQG QK.......I TIGIKNMINA
Human  DVHVMIFVGF GFLMTFLKKY GFSSVGINLL VAALGLOWGT IVQGILQSQG QK.......F NIGIKNMINA
141 210
Sponge DFAGAAVLIT MGAVLGKASP FQLVIIAFFE LIFYSCNEAL NVHVFMAADI GGSMLIHTFG AYFGLAVSLM
NemF DFAAAVILIS MGAMLGKLSP SQYVIMAFFE TPVALIVEHI CVHNLQINDV GGSIIVHAFG AYFGLACAKG
NemB ESSCAAVLIT MGVLLGRLTP VQFLLLAFFE TGINVLVEHY VFNYLHVNDS GRSLSVHTFG AYFGLAAACV
Mouse DFSTATVLIS FGAVLGKTSP IQMLIMTILE IAVFAGNEYL VTELFEASDT GASMTIHAFG AYFGLAVAGV
Macaque DFSTATVLIS FGAVLGKTSP TQMLIMTIIE IAVFAGNEYL VGEIFKASDI GASMTIHAFG AYFGLAVAGI
Human  DFSAATVLIS FGAVLGKTSP TQMLIMTILE IVFFAHNEYL VSEIFKASDI GASMTIHAFG AYFGLAVAGIT
211 280
Sponge LYNKDARDNE KNS.TVYHSD LFSMIGTLFL WLFWPSFNGV LAS.GNAQTR AVINTYYAMT ASVLGTFIFS
NemF FGKKEQR.GH TNEGSTYHTD IFAMIGAIFL WIYWPSFNAA VAATDDARQR AVANTFLSLC ACTMTTFLVS
NemB GHKKNVM ,EM DEHGGIHHSD LFSMIGTLLL WVFFPSFNAA IQEPEDARHR AIMNTYLAMA SGTVITFMIS
Mouse LYRPGLRCEH PNDESVYHSD LFAMIGTLFL WIFWPSFNSA IADPGDHQYR AIVNTYMSLA ACVITAYALS
Macaque LYRSALRRGH KNEESTYYSD LFAMIGTLFL WMFWPSFNSA IAEPGDKQSR AIVNTYFSLV ACVVTAFAFS
Human  LYRSGLRKGH ENEESAYYSD LFAMIGTLFL WMFWPSFNSA IAEPGDKQCR AIVDTYFSLA ACVLTAFAFS
281 350
Sponge LLFSKKKGKL SMTHVQNATL AGGVAVGAMA DMVIQPWAAL VIGLLAGLIS VFGYKFLSPL LEKYLYIQDT
NemF QAVDKH.KRF DMVHIANSTL AGGVAIGTTA NVVLEPYHAM IIGVIAGAVS VIGYKYITPF LSEKLGIHDT
NemB SCVDTL.GRF NMIHIQSSTL AGGVAIGSSA NAVLHPYHAV IVGVIAALLS VIGHAWISPR LERTFHLFDT
Mouse  SLVERR.GRL DMVHIQNATL AGGVAVGTCA DMEIPLYAAM TIGSIAGIIS VLGYKFFSPL LANKLMIHDT
Macaque SLVERR.GKL NMVHIQNATL AGGVAVGTCA DMAIHPFGSM TLGSIAGAVS VIGYKFLTPL FTTKLGIHDT
Human  SLVEHR.GKL NMVHIQNATL AGGVAVGTCA DMAIHPFGSM IIGSIAGMVS VLGYKFLTPL FTTKLRIHDT
351 420
Sponge CGVHNLHGMP GVFAGIGSFV AAVLASYSGG GNRIEYGDSL FVVFPARAPS SSSELTPSQM NLGVETGDGR
NemF CGVNNLHGMP GLIAGFASIA FLFIYDET.. ....RYPAQY DKIYPGMAR. ......... .+ .GEDRTRMF
NemB CGVHNLHGMP GILAGLLSIG FAYFYEPE.. ....SYGKTL YHIYPYWIG. .......... ..GELHGDR.
Mouse  CGVHNLHGLP GVFGGLASIV AISWGMST.. ...... e heens e Cereseeaas seesnseeas
Macagque CGVHNLHGLP GVVGGLAGIA AVALGASN.. ccciciesee fhteteee ceseresaes asesnesenn
Human  CGVHNLHGLP GVVGGLAGIV AVAMGASN.. e ereeeen . Ceeesene seeasesaas
421 490
Sponge SAGVQAGFQW ACLATTLALA IIGGLTTGVI VRWLJKLKGE NEIDDDHLFD DQIYWELPDD ADKYLPIEEL
NemF DEKTQALNQL MAIGLVFLAS TVSGYLTGLL L....KLKIW DQVRDDEYYA DGDYFETPGD YDFTSRIVTS
NemB ENVSQAQYQA LGLLTILVTA VIGGLLTGCI L....KIKVW NQVDDPDFPH GEMNYYAQSD VNFLSKYKHA
Mouse ...ASMAMQA AALGSSIGSA IVGGLLTGLI L....KLPIW NQPPDEYCYD DSVSWKVPKF RELDNRFFQH
Macaque ...TSVAMQA AALCSSIGAA VVGGLITGLI L....RLPFW GQPSDQDCYD DSVYWEVPIL REPDHHFHGH
Human ...TSMAMQA AALGSSIGTA VVGGLMTGLI L....ELPLW GQPSDQNCYD DSVYWKVPKT R..vevvsos
491 533
Sponge SRSRERIEAT GLRHRGVPAA DSPPVSGETG QQTNEENKQE TSI
NemF VKQIEVAEYN PLSQKEV... .ccvevcvee sosnnnnnss sas
NemB QEQERLRERE OMQEIY.... ....... e treeesaeas ..
Mouse ANHNHVEHEV ,..c0eveee ceerannses asenns

Macaque GDHSQLEPEV
Human

Fig. 1.
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Multiple sequence alignment of Rh50 proteins. The analysisis indicated by therrow (as from SWISS-PROT entry Q02094)ots

was performed using the program CLUSTALW (Thompson et al. indicate indels. GenBank accession numbers are given in Table 1.
1994). The 12th predicted TM domain of the human proteianider- NemF and NemB refer to nematode FO8F3.3 and B0240.1 products,
lined and the beginning of its potential C-terminal cytoplasmic domain respectively.
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the first potential extracellular loop (see Fig. 1). All in-

dels concerned mainly gain or loss of hydrophilic resi- 5 _|

dues. However, the most notable modifications seemed,
to have affected the C-terminal region of the protein. ;
Two major deletions were visible; the first one was lo- ¢
cated in the last extracellular loop of the sponge—1
nematode proteins (roughly between residues 319 anet
residue 423; see Fig. 1), whereas the second one in3
volved the C-terminal cytoplasmic domain. In all se- -4
guences under investigation, hydropathy analysis was
carried out on the residues corresponding to the last preg
dicted TM domain and to the C-terminus of the Rh50 »
protein. The results, shown in Fig. 2, clearly visualize 1
that the potential C-terminal cytoplasmic domain is the o
longest in sponge, its length decreasing in nematode;!
mouse, and macaque (identical in these two species), t@
be the shortest in human (see also Fig. 1). -3

Noteworthily, the C-terminal cytoplasmic domain in
macaque is 19 amino acids longer than in human (see
Fig. 1). This difference is brought about by a G-to-T 3
transversion in the human DNA sequence that creates a
stop codon in the corresponding transcript. The stopt
codon lies at identical positions in the macaque and©
mouse sequences. -1

Analysis of the Nucleotide Region Surrounding the
Stop Codon of th&H50 Gene in Primates 3

From the above results, it can be predicted that the G-1
to-T mutation, which resulted in the reduction of the ©
length of the C-terminal cytoplasmic domain of Rh50 -
during evolution, should have taken place in the ape?
lineage, after the divergence between macaque and ha?
man.

In order to test this hypothesis, the genomic sequence
surrounding theRH50exon 10 region was amplified in 1
primate lineages, from prosimians to chimpanzee, and®
directly sequenced (see Materials and Methods). The re-

sults demonstrate that the G nucleotide, present in earlyf |
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primates, is replaced by aJ,nucleotide (arrow) only in
human, chimpanzee, and gorilla (Fig. 3). Reverting this

473 523

mutation back to G would allow translation to continue Fig. 2. Comparison of the hydropathy plots of the Rh50 C-terminal
in these species until the (ancestral?) stop codon used iggions. The analysis was carried out using the method of Kyte and
all other primates (and mouse), which lies about 55Dooalittle (1982) with a window of nine amino acids. The results show
nucleotides downstream. It should be noted that thdhat the length of the cytoplasmic domain decreases from sponge to

nucleotide sequence after the human stop codon is highl

conserved among all primates.

Discussion

man (see text). Hydrophobicity and hydrophilicity values are shown

boveand below the horizontal linerespectively. Theabscissandi-
cates the residue number from Fig. 1. Species are ordered from top to
bottom according to the date of divergence from the lineage leading to
human. Residue 424, immediately following an indel (see Fig. 1), was
arbitrarily chosen as a starting point for the analysis. Tkeical
dashed lineidentifies the beginning of the potential cytoplasmic do-
mains based on the features of the human sequence (from the SWISS-
PROT entry Q02094; this domain is believed to start at residue 456 in

In this study, we have shown that the members of the Rigig. 1). product B0240.1 was chosen to represent both nematode se-
protein family followed quite distinct pathways during quences.

evolution.

The first striking finding is that the Rh50 glycoprotein
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1 50
Human agGTCCCTAA GACGAGATAA| cttgacaatc agttccatgg acatggtgac
Chimpanzee agGTCCCTAA GGCGAGATAA| cttgacaatc agttccatgg acatggtgac
Gorilla agGTCCCTAA GGCGAGATAA| cttgacaatc agttccatgg acatgatgac
Orangutan agGTCCCTAG GTTGAGAGAA CCTGGCAATT ATTTCCAAGG ACATGGTGAC
Gibbon agGTCCCTAG GGTGAGAGAA CTTGACAATC CATACTATGG ACATGGTGAC
Macagque agGTACCTAT ATTGAGAGAA CCTGACCATC ACTTCCATGG ACATGGTGAC
Spider monkey agGTCCCTAG GTTGAGAGAA CATGACAATC ACTTCTATGG ACATGGTGAC
Lemur agGTCCCTGA GAAGAGAGAC TATGACAGTC ACTTCCA--- -—----- TGAC
51 90
Human cacagccagc tggaacctga agtctaaaca ccattcctge
Chimpanzee cacagccagc tggaacctga agtctaaaca ccattcctgce
Gorilla cacagccagc tggaacctga agtctaaaca ccattcctge
Orangutan CACAGCCAGC TGGAACCTGA ccattcctgce
Gibbon CACAGCCAGC TGGAACCTGA ccattcctge
Macaque CACAGCCAGC TGGAACCTGA ccattcectge
Spider monkey CACAGCCAGC TGGAACCTGA ccattecctge
Lemur ccattectge

CACAACCTGC

TGAGTCCTGA

157

Fig. 3. The RH50 exon 10 nucleotide region in primate lineages. codons areboxed.Coding nucleotides are inppercase lettersPosi-
Species are ordered from human to lemur, according to the currentlyions 1 and 2 are the “ag” invariant nucleotides of thesBlice site of
accepted primate phylogeny (Goodman et al. 1994). drnew indi- intron 9. Dots and dashesrepresent sequence identity and nucleotide
cates the G-to-T transversions in human, chimpanzee, and gorilla. Stoindels, respectively.

evolved at a rate which is about 2.6 times slower thardicted thatRH3Glike sequences may also be present in
that of the Rh30 polypeptides. After gene duplication, itbirds, whose divergence time with mammals is estimated
is often observed that one member of the duplicated genat about 310 Mya (Kumar and Hedges 1998). In agree-
family preserves its original function, under the samement with this prediction, a positive hybridizing signal
level of functional constraints, whereas the other is freewas detected in chicken DNA by low-stringency South-
to gain a new function, accumulating nonsynonymousern blot analysis using the human Rh30 cDNA probe
substitutions more rapidly (Ohta 1989). Therefore, our(Westhoff and Wylie 1994).
data suggest that Rh30 may have experienced either a Altogether these results imply a more important and
relaxation of selection due to a possible dispensabilityevolutionary conserved function of the Rh50 protein
for the presence of the other protein (Rh50) or acquiredvith respect to Rh30. This view is consistent with a
a new function accompanied by loss of glycosylation andpossible role of Rh50 in the NH transport system, as
gain of palmitoylation sites (for review see Cartron suggested by the finding that the human Rh50 protein
1994). shares a certain degree of similarif20-27% identity)
The evolutionary behavior of human/macagBél  with the Mep/Amt family of NH,” permeases (Marini et
genes is puzzling, as we observed some sort of coeval. 1997; Matassi et al. 1998).
lution between synonymous and nonsynonymous sites However, as far as the functional role of Rh50 is
(i.e., the higher nonsynonymous rate is balanced byoncerned, the picture is probably far more complicated.
lower synonymous rate). The data suggest that nucledndeed, C. elegansis known to possess at least four
tide sequences in human and macaque may have a sammonium transporter genes in addition to the two
perimposed level of functional constraints in addition to RH50like sequences. In this respect, another exciting
those ascribed to protein coding (see also below). This iglternative is that Rh50 may (also) be used by the organ-
also confirmed by the high level of conservation of theism as an ammonium sensor. This suggestion is based on
primate RH50 nucleotide sequences in the noncodingtwo observations. First, among the three members of the
part immediately adjacent to the stop codon of the huMep protein family in yeast, the human Rh50 glycopro-
man, chimpanzee, and gorilla sequences (see also Fig. 3gin shares the highest similarity with MEP2 (24% iden-
The two major events which shaped the evolution oftity, 40% similarity). Second, recent findings indicate
the RH gene family were the split between tR&150and  that MEP2 may act as both transporter and ammonium
the RH30evolutionary pathways and the subsequent dusensor in yeast (Lorenz and Heitman 1998). However, it
plication event which gave rise to tRHCEandRHD  is also conceivable that the Rh50 protein may have
genes. Here we have estimated at 250-346 Mya the evanodulated its function in a species-specific manner dur-
lutionary time at which th&kRH50andRH30genes sepa- ing evolution.
rated from each other. From this result, it can be pre- Despite following quite different evolutionary path-
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ways, Rh50 and Rh30 proteins are functionally relatedAnstee DJ, Tanner MJ (1993) Biochemical aspects of the blood group
since they interact with each other in the human RBC Rh (rhesus) antigens. Baillieres Clin Haematol 6:401-422

. lancher A, Socha WW (1997) The Rhesus system. In: Blancher A,
membrane, to form the Rh complex together with Otheﬁg Klein J, Socha WW (eds) Molecular biology and evolution of blood

accessory chains, namely, CD47, LW, and GPB glyco- group and MHC antigens in primates. Springer-Verlag, Berlin, pp
proteins (see Introduction). Previous studies suggested 147-218

that Rh50 and Rh30 proteins may interact via their N-Carritt B, Kemp TJ, Poulter M (1997) Evolution of the human RH
terminal regions (Eyers et al. 1994). However, recent (rht_esus) blood group genes: a 50 year old prediction (partially)
experimental evidence suggests that also the C-terming| ulfilled. Hum Mol Genet 6:843-850

. . . Cartron JP (1994) Defining the Rh blood group antigens. Biochemistry
region of the Rh50 protein may play a key role in pro- and molecular genetics. Blood Rev 8:199-212

tein—protein interQCtionS in the assembly of a funCtionaICartron JP, Agre P (1993) Rh blood group antigens: protein and gene
Rh complex (Chef-Zahar et al. 1996, 1998a; Huang  structure. Semin Hematol 30:193-208
1998). Cartron JP, Bailly P, Le Van Kim C, ChiéZahar B, Matassi G,

In this respect’ our results may shed new Ilght on the Bertrand O, Colin Y (1998) Insights into the structure and function

: - . of membrane polypeptides carrying blood group antigens. Vox
formation of the Rh complex during evolution. Indeed, sang 74 (Suppl 2):29.64

we have shown that a G't0§t-t|>—p mutation in theRH50 Cheif-Zahar B, Mattei MG, Le Van Kim C, Bailly P, Cartron JP, Colin
gene occurred in the common ancestor of anthropoid v (1991) Localization of the human Rh blood group gene structure
apes (human, chimpanzee, and gorilla) (see Fig. 3), re- to chromosome region 1p34.3-1p36.1 by in situ hybridization.
sulting in a shorter C-terminal cytoplasmic domain of the ~ Hum Genet 86:398-400

protein. Most interestingly, this event appears to coincide"@ii-Zahar B, Raynal V, Gane P, Mattei MG, Bailly P, Gibbs B,

. . . . Colin Y, Cartron JP (1996) Candidate gene acting as a suppressor
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8.5 Mya. These results strongly suggest that an Rh com- rizabalaga B, Cartron JP (1998a) Rh-deficiency of the regulator
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