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Coding sequences of the paralogous FUT1 (H), FUT2 (Se), and Sec1 a2-fucosyltransferase genes were obtained
from different primate species. Analysis of the primate FUT1-like and FUT2-like sequences revealed the absence
of the known human inactivating mutations giving rise to the h null alleles of FUT1 and the se null alleles of
FUT2. Therefore, most primate FUT1-like and FUT2-like genes potentially code for functional enzymes. The Sec1-
like gene encodes for a potentially functional a2-fucosyltransferase enzyme in nonprimate mammals, New World
monkeys, and Old World monkeys, but it has been inactivated by a nonsense mutation at codon 325 in the ancestor
of humans and African apes (gorillas, chimpanzees). Human and gorilla Sec1’s have, in addition, two deletions and
one insertion, respectively, 59 of the nonsense mutation leading to proteins shorter than chimpanzee Sec1. Phylo-
genetic analysis of the available H, Se, and Sec1 mammalian protein sequences demonstrates the existence of three
clusters which correspond to the three genes. This suggests that the differentiation of the three genes is rather old
and predates the great mammalian radiation. The phylogenetic analysis also suggests that Sec1 has a higher evo-
lutionary rate than FUT2 and FUT1. Finally, we show that an Alu-Y element was inserted in intron 1 of the FUT1
ancestor of humans and apes (chimpanzees, gorillas, orangutans, and gibbons); this Alu-Y element has not been
found in monkeys or nonprimate mammals, which lack ABH antigens on red cells. A potential mechanism leading
to the red cell expression of the H enzyme in primates, related to the insertion of this Alu-Y sequence, is proposed.

Introduction

Antigens of ABO and Lewis systems are oligosac-
charides synthesized by the sequential action of glyco-
syltransferases. These enzymes add specific carbohy-
drate residues onto precursor lactosamine sugar chains
or onto the H blood group antigen. In humans, this H
antigen can be synthesized by two a2-fucosyltransfer-
ases (EC 2.4.1.69), named H and Se and encoded by
FUT1 and FUT2 genes, respectively (Oriol, Danilovs,
and Hawkins 1981). These H and Se enzymes possess
a high degree of homology to each other (67% identity),
but they differ in substrate specificities and tissue ex-
pression (Costache et al. 1997b). The H enzyme (en-
coded by FUT1) is responsible for the expression of H
antigen in the red cell lineage and vascular endothelium,
whereas the Se enzyme (encoded by FUT2) is respon-
sible for the synthesis of H antigen in secretory epithelia
of individuals referred to as ‘‘secretors’’ because they
have soluble ABH substances in exocrine secretions
(Oriol et al. 1992). The secretors possess at least one
functional FUT2 allele (Se). About 20% of European
individuals display a ‘‘nonsecretor’’ phenotype and are
homozygous for FUT2 null alleles (se/se). Various types
of se null alleles have been identified in human popu-
lations (Kelly et al. 1995; Henry et al. 1996a, 1996b;

Abbreviations: H, FUT1 encoded human a2-fucosyltransferase;
PCR, polymerase chain reaction; Se, FUT2 encoded human a2-fuco-
syltransferase; Sec1, human pseudogene of the a2-fucosyltransferase
family; USF, upstream stimulation factor.
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Koda et al. 1996; Yu et al. 1996, 1999; Liu et al. 1998).
Contrary to the relatively high frequency of null alleles
at the human FUT2 locus (se), the null alleles at the
FUT1 locus (h) are rare. When present in double doses,
they are responsible for the absence of H antigen at the
surfaces of red blood cells (Bombay and para-Bombay
phenotypes). Twenty-three different inactivating muta-
tions in h null alleles of FUT1 have been characterized.
Each one has a very low frequency and either introduces
a stop codon, alters the reading frame, or induces a sin-
gle amino acid replacement in the catalytic domain
(Johnson et al. 1994; Kelly et al. 1994; Kaneko et al.
1997; Koda et al. 1997a; Wagner and Flegel 1997; Wang
et al. 1997; Yu et al. 1997; Fernandez-Mateos et al.
1998).

Human FUT1, FUT2, and Sec1 constitute a gene
cluster located in 19q13.3 (Reguigne-Arnould et al.
1995). FUT1 and FUT2 genes are separated by 35.5 kb,
and FUT1 is in a telomeric position. The Sec1 human
pseudogene belonging to the a2-fucosyltransferase gene
family is at 12 kb and centromeric from FUT2 (Rou-
quier et al. 1995).

The human H and Se enzymes are anchored in the
Golgi membrane by only 25 (H) or 28 (Se) N-terminal
amino acid residues, which compose the intracytoplas-
mic and transmembrane segments and are not indis-
pensable for the activity of the enzyme (Larsen et al.
1990; Kelly et al. 1995). This Sec1 gene is characterized
by two adjacent deletions responsible for a frameshift
and a premature stop codon. This truncated Sec1 poly-
peptide exhibits no a2-fucosyltransferase activity when
tested by transfection/expression in COS cells (Kelly et
al. 1995). Therefore, it is a pseudogene, although its
promoter is functional because Sec1 transcripts are pre-
sent in human tumor cell lines (Koda et al. 1997b).

Among nonhuman primates, only anthropoid apes
(chimpanzees, gorillas, orangutans, and gibbons) ex-
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Table 1
PCR Primers Used for Amplification of Homologs of Human FUT1, FUT2, and Sec1 genes

Primer Sequence (59–39) Position of Primer 59 End

FUT1.dir.1 . . . . . . . . . . . . .
FUT1.dir.2 . . . . . . . . . . . . .
FUT1.rev.1 . . . . . . . . . . . . .
FUT1.rev.2 . . . . . . . . . . . . .
FUT1.rev.3 . . . . . . . . . . . . .
FUT2.dir.1 . . . . . . . . . . . . .
FUT2.dir2. . . . . . . . . . . . . .
FUT2.rev . . . . . . . . . . . . . .
Sec1.dir.1 . . . . . . . . . . . . . .
Sec1.dir.2 . . . . . . . . . . . . . .
Sec1.rev.1. . . . . . . . . . . . . .
Sec1.rev.2. . . . . . . . . . . . . .
FUT1.intron1.dir . . . . . . . .
FUT1.exon2.rev . . . . . . . . .

TCAGCCCCAGGAGTCTAAAC
CATGTGGCTCCGGAGCCATCGTCAGCTCTGC
GGCAGGGTGATGCGGAAT
CTGCCCGAGTGGGTGGGCATTAATGCAGAC
GAGCCAGCAGTACGTGGCTTCAGAGGCCTG
CACACACCCACACTATGCCTGCACACCAC
GACGATCAATGCAATAGGC
GCACTAATGCTGGCCCGTCCTTTGAGACCT
CATGTCCTCTCTCCTCCCC(A/G)CAGCCG
TGACCATGTCCTCTCTCCT(C/T)CC
GCCAGCACCCCCTTCCATAC
CTAGAGGCCGTTCTGTCCAGCCTGTCCAAGG
GGAGGCTGGGTATTATCTAG
CACTACCATCAAGACGCAGAGACCG

150 bp up ATG
1 bp up ATG

389 bp dw ATG
54 bp up TGA
38 bp dw TGA

105 bp up ‘‘first’’ ATG
192 bp dw ‘‘first’’ ATG
23 bp dw TAA

1 bp up putative ATG
5 bp up putative ATG

641 bp dw putative ATG
1,045 bp dw putative ATG

1936 of FUT1 intron 1
148 of FUT1 exon 2

NOTE.—Positions of intron 1 and exon 2 FUT1 primers are given by reference to the genomic sequence available in GenBank/EBI (I34189). Positions of FUT2
primers are indicated by reference to the first initiation codon (Kelly et al. 1995). up 5 upstream; dw 5 downstream.

press ABH antigens on red cells. All apes studied so far
secrete, in addition, soluble ABH substances in saliva,
with the exception of one orangutan (Moor-Jankowski
and Wiener 1964). In contrast, monkeys (Old and New
World) lack ABH on red cells and are secretors of ABH
in saliva (Blancher and Socha 1997; Oriol 1995).

The purpose of this work was to identify potential
inactivating mutations in the normal nonhuman primate
counterparts of FUT1 and FUT2, especially in the spe-
cies which do not express H antigen on erythrocytes.
Such inactivating mutations could explain the lack of
ABH antigens on primate red cells. We also compared
our sequences with those of humans, primates, and
mammals present in databases in order to study the evo-
lutionary pathway followed by FUT1, FUT2, and Sec1
genes.

Materials and Methods
Origin of Samples

Human DNA samples were from Toulouse (Eta-
blissement de Transfusion Sanguine Pyrénées Garonne,
Site de Toulouse, France). Chimpanzee (Pan troglo-
dytes), gorilla (Gorilla gorilla), gibbon (Hylobates lar),
rhesus monkey (Macaca mulatta), cynomolgus (Macaca
fascicularis), and marmoset (Callithrix jacchus) blood
samples were obtained from animals maintained at the
Laboratory for Experimental Medicine and Surgery in
Primates (LEMSIP, New York Medical Center, New
York University). Squirrel monkey (Saimiri sciureus)
and brown lemur (Eulemur fulvus) blood samples were
obtained from the Centre de Primatologie de Strasbourg,
Nierderhausbergen, France. Orangutan total RNA was
from an animal living at the Bronx Zoo (New York).

Southern Blot

BamHI, EcoRI, or HindIII restriction enzyme-di-
gested DNA samples (10 mg) were separated by 0.8%
agarose gel electrophoresis. Southern blot analysis was
carried out using 32P-labeled human FUT1 and FUT2
probes (whole coding regions). Nylon membranes (Hy-

bond N1, Amersham Pharmacia Biotech, Bucking-
hamshire, England) were hybridized first with the FUT1
probe. Hybridizations were performed at 658C in 5 3
SSPE (1 3 SSPE 5 0.18 M NaCl, 10 mM NaH2PO4,
1 mM EDTA) supplemented with 0.02% Ficoll, 0.02%
bovine serum albumin, 0.5% SDS, and 100 mg/ml of
salmon sperm DNA. After each hybridization, filters
were washed, first at low stringency (2 3 SSPE, 208C,
15 min) and then at high stringency (2 3 SSPE, 0.1%
SDS, 508C for 15 min). Autoradiographies were carried
out after the two types of washings (Biomax film, Ko-
dak, Rochester, N.Y.). After removal of the FUT1 probe
in boiling 0.5% SDS, the same membranes were rehy-
bridized with the FUT2 probe. The hybridization, wash-
ing, and autoradiography conditions for the FUT2 probe
were the same as those used for the FUT1 probe.

Polymerase Chain Reaction and Sequencing

All polymerase chain reactions (PCRs) were car-
ried out using the Expand High Fidelity enzyme mix
(Boerhinger, Indianapolis, Ind.). Primers were deduced
from the human sequences of FUT1, FUT2, and Sec1
and from their available nonhuman primate counterparts
(table 1). The pairs of primers used for the various spe-
cies studied were as follows: for chimpanzee, gorilla,
gibbon, rhesus monkey FUT1-like (DNA)—FUT1.dir.1/
FUT1.rev.1 and FUT1.dir.2/FUT1.rev.3; for marmoset
and lemur FUT1-like (DNA)—FUT1.dir.1/FUT1.rev.1
and FUT1.dir.2/FUT1.rev.2; for orangutan FUT1-like
(cDNA)—FUT1.dir.2/FUT1.rev.3; for chimpanzee, gorilla,
and gibbon FUT2-like (DNA)—FUT2.dir/FUT2.rev; for
rhesus monkey, marmoset, and lemur FUT2-like
(DNA)—FUT2.dir.2/FUT2.rev; for rhesus monkey
Sec1-like (DNA)—Sec1.dir.1/Sec1.rev.2; for squirrel
monkey Sec1-like (DNA)—Sec1.dir.2/Sec1.rev.1; for
marmoset Sec1-like (DNA)—Sec1.dir.2/Sec1.rev.2; for
chimpanzee, gorilla, orangutan, gibbon, rhesus monkey,
cynomolgus, and baboon FUT1 intron 1—FUT1.
intron1.dir/FUT1.exon2.rev.
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Genomic DNA was used as a template for PCR for
all sequences, with the exception of the orangutan
FUT1-like sequence, which was obtained from a total
RNA sample. The FUT1-like cDNA was amplified by
PCR after reverse transcription using oligo-dT and Su-
perscript II (Life Technologies Inc., Gaithersburg, Md.).
When necessary, amplified fragments were cloned into
pCR 2.1.TOPO plasmid vector (TOPO TA cloning kit,
Invitrogen, Leek, the Netherlands). PCR primers and
species-specific internal primers were used for fully se-
quencing both strands by means of a fluorescent dye
terminator cycle sequencing kit (Amplitaq FS, Perkin
Elmer, Foster City, Calif.).

Sequence Analysis and Phylogeny

Alignment of all the available a2-fucosyltransfer-
ase nucleotide and peptide sequences was carried out
using CLUSTAL W, version 1.7 (Thompson, Higgins,
and Gibson 1994), on the basis of the FUT1/FUT2 and
FUT1/Sec1 alignments of human sequences (Kelly et al.
1995). Calculated distances were either gamma distanc-
es which were calculated between amino acid sequences
(parameter a 5 2), or distances between nucleotide se-
quences which were estimated by using the two-param-
eter method (Kimura 1980). Phylogenetic trees were
constructed with the neighbor-joining method (MEGA
software; Kumar, Tamura, and Nei 1993). Bootstrap
analysis was performed on 500 data sets.

The new primate sequences reported in this paper
have been submitted to GenBank/EBI under the follow-
ing accession numbers: FUT1-like genes—chimpanzee,
AF080603; gorilla, AF080605; orangutan, AF111935;
gibbon, AF045545; rhesus monkey, AF080607; cynom-
olgus, AF112474; squirrel monkey, AF136647; mar-
moset, AF111936; brown lemur, AF045546. FUT2-like
genes—chimpanzee, AF080604; gorilla, AF080606;
gibbon, AF136648; rhesus monkey, AF136644; mar-
moset, AF136645; brown lemur, AF136647. Sec1-like
genes—rhesus monkey, AF080608; cynomolgus,
AF112475; squirrel monkey, AF111937; marmoset,
AF111938.

In addition to the primate a2-fucosyltransferase
genes described in this article, the GenBank/EBI acces-
sion numbers of fucosyltransferase genes shown in the
phylogenetic tree but cloned by other teams are as fol-
lows: FUT1—human, M35531; green monkey, D87932;
pig, U70883, L50534; rabbit, X80226; mouse, U90553,
Y09883, AF113533; rat, AB015637, AB006137,
AF131237; FUT2—human, U17894; chimpanzee,
AB015634; gorilla, AB015635; orangutan, AB015636;
green monkey, D87934; cow, X99620; pig, U70881,
AF027304; rabbit, X91269; mouse, AF064792; rat,
AB006138, AF131238, AF042743; Sec1—human
U17895; chimpanzee, AB006612; gorilla, AB006611;
orangutan, AB006610; gibbon, AB006609; green mon-
key, D87933; pig, U70882; rabbit, X80225; mouse,
Y09882, AF113532; rat, AF131239. For cases in which
several sequences of the same gene for a given species
were found in data banks, all of the available accession

numbers are listed, but only one sequence appears in the
tree.

Detection of repetitive elements and Alu subfamily
classification were performed with the CENSOR Web
server (http://www.girinst.org/) (Jurka et al. 1996).
Analysis of the promoter region located 59 of FUT1
exon 2 was performed with the TFSEARCH program
(http://pdap1.trc.rwcp.or.jp) (Akiyama 1995).

Results
Southern Blot Analysis of a2-Fucosyltransferase Genes

Genomic DNA from man and nonhuman primates
was digested with BamHI, EcoRI, or HindIII restriction
enzymes and hybridized with the human FUT1 probe
(fig. 1A–C, left) and the human FUT2 probe (fig. 1A–
C, right). The numbers of bands revealed with distinct
couples of restriction enzymes and probes are summa-
rized in table 2.

For humans, the sizes of EcoRI restriction frag-
ments were in accordance with previously published re-
sults (Rouquier et al. 1995). The FUT1 probe recognized
a band of 6.4 kb, corresponding to the FUT1 gene. The
FUT2 probe revealed two EcoRI fragments: a strong
band of 18 kb, which corresponds to FUT2, and a weak
band of 8.2 kb, which contains Sec1.

Hybridization patterns obtained with human, chim-
panzee, and gorilla samples were nearly identical for all
combinations of enzyme and probe. For these three spe-
cies, the FUT2 probe recognized two bands of different
intensities. The more intense band corresponds to FUT2
in humans and to FUT2-like genes in African apes. The
less intense band contains Sec1 (humans) or Sec1-like
(African apes) genes. Hybridization patterns obtained
with gibbons, Old World monkeys (baboons, rhesus
monkeys, cynomolgus monkeys), and New World mon-
keys (squirrel monkeys, marmosets) differed from those
observed for humans and African apes (chimpanzees,
gorillas) in the numbers of bands and the lengths of
hybridized fragments.

Amplification and Sequencing of FUT1-like Genes

The whole coding sequence of FUT1-like genes
was amplified by PCR from genomic DNA using prim-
ers described in table 1. In humans, the coding part of
FUT1 is fully included in exon 8 (Koda, Soejima, and
Kimura 1998). The whole coding sequence was obtained
for chimpanzees, gorillas, gibbons, rhesus monkeys, and
cynomolgus monkeys. The 39 end of the FUT1-like cod-
ing exon (potentially encoding amino acids 346–365)
could not be amplified in samples from New World
monkeys (squirrel monkeys and marmosets) and brown
lemurs (two animals studied).

Nonhuman FUT1-like sequences potentially en-
code proteins of 365 aa. The predicted H-like enzymes
(fig. 2A) did not exhibit premature stop codons and are
highly similar to the human H sequence, with 96% ami-
no acid identity between humans and rhesus monkeys,
and 87% identity between humans and brown lemurs.

Nucleotides flanking FUT1-like coding sequences,
which correspond in humans to the 39 end of FUT1 in-
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Table 2
Number of Bands Revealed with FUT1 or FUT2 Probes on Southern Blots

DNA
SPECIES

FUT1 PROBE

BamHI EcoRI HindIII

FUT2 PROBE

BamHI EcoRI HindIII

Human. . . . . . . . . . . . . . . .
Chimpanzee. . . . . . . . . . . .
Gorilla . . . . . . . . . . . . . . . .
Gibbon. . . . . . . . . . . . . . . .
Baboon . . . . . . . . . . . . . . .
Rhesus monkey. . . . . . . . .
Cynomolgus . . . . . . . . . . .
Marmoset . . . . . . . . . . . . .
Squirrel monkey . . . . . . . .

1
1
1
1
3?
3*
2*
1
2*

1
1
1
2
2?
2
1
1
1

1
1
1
2
1
2
1
2?
1

2
2
2
2
2
3
1
1
2

2
2
2
3
1
2
1
1
2

2
2
2
2
2
2
2
1
2

NOTE.—Genomic DNA was digested with BamHI, EcoRI, or HindIII restriction enzymes and hybridized with cDNA probes corresponding to the coding parts
of human FUT1 or FUT2 genes. Relative intensities of the bands are shown in figure 1A–C. DNA samples from two chimpanzees and two gorillas gave identical
bands (data not shown). An asterisk indicates that a BamHI site was found in the coding sequence of FUT1 (rhesus monkeys, cynomolgus monkeys, and marmosets).
A question mark indicates that the FUT1 coding sequence was not fully determined (marmosets) or that FUT1 was not sequenced in a species (baboons).

→

FIG. 2.—Amino acid multiple alignments. H-like, Se-like, and Sec1-like polypeptides are aligned by reference to H and Se human proteins
or rabbit Sec1, respectively. Dots represent identity, dashes represent amino acid deletions, and question marks represent unknown positions.
Residue numbers are indicated above the reference sequences. Amino acid positions associated to silent phenotypes are individually numbered.
Amino acid residues within the proposed transmembrane domains in reference polypeptides are double underlined. The a2-fucosyltransferase
conserved peptide motifs I, II, and III (Oriol et al. 1999) are boxed. Potential Asn-linked glycosylation sites are indicated in bold type. A, H
polypeptides (FUT1 gene). Replacement amino acids in silent h alleles are shown under the human H sequence; dashes indicate deletions,
asterisks indicate that silencing mutations induced the introduction of a stop codon, and f’s (f ) indicate that mutations led to frameshifts in the
reading frame. B, Se polypeptides (FUT2 gene). Replacement amino acids or stop codons (*) associated with the nonsecretor phenotype are
shown below the Se sequence. C, Sec1 polypeptides are aligned by reference to the translation of the rabbit Sec1 coding sequence, whose
functionality has been assessed by in vitro experiments (Hitoshi et al. 1995, 1996). Amino acid residues in human and gorilla Sec1, when
unrelated to rabbit Sec1, are indicated with crosses. Human Sec1 was made translatable (human frame 2) by addition of two nucleotides at
positions 670 and 671. The gorilla Sec1-like sequence is missing one nucleotide at position 613 to obtain the translatable segment of gorilla
frame 2. Chimpanzees and reading frames 2 of gorillas and humans had the 976 C→T mutation, inducing a premature TAA stop codon.
Segments of human and gorilla polypeptides which were translatable from modified Sec1 genes are shown in lowercase letters.

←

FIG. 1.—Southern blot analysis with human FUT1 (left) and FUT2 (right) probes on primate genomic DNA. A, BamHI restriction enzyme.
B, EcoRI restriction enzyme. C, HindIII restriction enzyme. Under the stringency conditions used, the human FUT1 probe reveals FUT1-like
primate bands, and the FUT2 human probe reveals FUT2-like and Sec1-like primate bands.

tron 7, were amplified and sequenced from DNA sam-
ples of chimpanzees, gorillas, gibbons, rhesus monkeys,
cynomolgus monkeys, marmosets, and lemurs (fig. 3).

Amplification and Sequencing of FUT2-like Genes

We characterized chimpanzee, gorilla, and gibbon
genomic sequences of FUT2-like coding regions, which
are, in humans, part of the FUT2 exon 2 (Koda et al.
1997b). Only the 39 part of FUT2 (corresponding to
amino acids 58–330) could be amplified from samples
from rhesus monkeys, marmosets, and brown lemurs. In
addition, a short segment of the cynomolgus FUT2-like
gene was amplified from nucleotide 192 to nucleotide
591 (data not shown). All sequences were translatable
into 332 (short) or 343 (long) Se-like polypeptides (fig.
2B), with a degree of identity with the human Se enzyme
ranging from 89–90% (marmosets and lemurs) to more
than 99% (only three amino acid replacements between
humans and chimpanzees). The chimpanzee FUT2-like
sequence reported here was identical to a previously char-
acterized chimpanzee FUT2-like sequence (AB015634).
In humans, two distinct translation initiation codons

have been described for FUT2 cDNA (Kelly et al.
1995), and the two corresponding polypeptides are
shown in figure 2B.

Amplification and Sequencing of Sec1-like Genes

Human Sec1 is a pseudogene with a deletion of 2
nt (GG between positions 668 and 671) leading to a
frameshift and predicting a truncated polypeptide of 246
aa, with residues 223–246 being unrelated to fucosyl-
transferase polypeptides (Kelly et al. 1995). The gorilla
Sec1 has an insertion of one C in position 612 or 613
inducing a frameshift. Its predicted polypeptide is trun-
cated to 247 aa, and residues 205–247 are unrelated to
H enzymes. The chimpanzee Sec1 has a nonsense C→T
mutation at position 976, inducing a premature TAA
stop codon and the loss of the 23 C-terminal amino ac-
ids. The human and gorilla frame 2 sequences had the
same C→T mutation (fig. 2C).

We also characterized genomic Sec1-like sequences
of rhesus monkeys, cynomolgus monkeys, squirrel mon-
keys, and marmosets. Unlike human, gorilla, and chim-
panzee Sec1, rhesus monkey and cynomolgus Sec1-like
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FIG. 2 (Continued)
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FIG. 2 (Continued)

genes had the same open reading frame as those of
orangutans, gibbons, and green monkeys (fig. 2C). The
squirrel monkey Sec1-like gene could be amplified only
between nucleotides 40 and 693 (by reference to the
human Sec1 sequence) and potentially encodes a Sec1
polypeptide without premature stop codons. From two

marmoset genomic DNA samples, we amplified frag-
ments which were homologous to human Sec1 but dis-
played multiple deletions (one base in position 170, 23
bases between nucleotides 193 and 216, 210 bases be-
tween nucleotides 326 and 536, and a deletion of one
base in position 610). Excluding the deleted segments,
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FIG. 3.—Alignment of intronic sequences 59 upstream of the coding exon of FUT1. FUT1-like sequences of nonhuman primates are shown
by reference to the human FUT1 intron 3 sequence (Wagner and Flegel 1997) (Z69587). Dots represent nucleotide identities and dashes represent
deletions. Nucleotide positions of intron 3 are numbered backward, taking as position 21 the G of the 39 splicing consensus site of intron 7,
which is underlined. Position 243 is polymorphic in humans (A/T). The ATG initiation codon within exon 8 is double underlined.

the marmoset Sec1 sequence exhibited 90% and 84%
nucleotide identities when compared with human Sec1
or human FUT2, respectively.

Phylogeny

In order to study the phylogenetic relationships of
the three a2-fucosyltransferase families, we made a pro-
tein alignment of the available sequences from the prod-
ucts of FUT1, FUT2, and Sec1 genes. Three primate
sequences for which large segments remained unchar-
acterized (squirrel monkey Sec1, rhesus monkey Se, and
marmoset Se) and polypeptides encoded by pseudogenes
(human, gorilla, and marmoset Sec1) were not included.
The phylogenetic tree showed two major clusters, one
encompassing the H-related (FUT1) proteins and the
other encompassing all the Se-related (FUT2) and Sec1-
related proteins (fig. 4). Therefore, the tree suggests that
a common a2-fucosyltransferase ancestor gene dupli-
cated to give rise to the FUT1 ancestor gene and an
ancestor gene common to FUT2 and Sec1. In the FUT2-
Sec1 cluster, two distinct subfamilies can be identified,
corresponding to Se and Sec1 proteins, respectively.
This suggests that the FUT2-Sec1 common ancestor
gene duplicated before the great mammalian radiation
and gave rise to FUT2 and Sec1 genes. Moreover, dis-
tances in the cluster of Sec1 sequences are longer than
distances in the Se (FUT2) cluster. This is particularly
evident for primate sequences (fig. 4).

Amplification of Intron 1 of FUT1-like Genes

A contig of 11.5 kb was created by aligning three
FUT1 DNA segments available in databases: (1) exon
1 and its 59 flanking segment (Koda, Soejima, and Ki-
mura 1998), (2) a large segment encompassing exon 1
to the beginning of exon 8 (direct submission by J. B.

Lowe; GenBank accession number I34189), and (3) a
genomic fragment from exon 8 to the end of the 39 un-
translated region (Larsen et al. 1990). In this contig,
which encompasses most of the FUT1 gene, we identi-
fied 11 Alu elements which belong to various Alu sub-
families. On the basis of the known age of these Alu
subfamilies, one can infer the relative date of insertion
of these Alu elements into FUT1 (fig. 5). One of these
Alu elements lies in close proximity to a region sug-
gested to be involved in the red cell expression of FUT1
in humans (Koda, Soejima, and Kimura 1998) and be-
longs to the Alu-Y/Sb2 subfamily (Jurka et al. 1996).
Therefore, we checked for the presence of this Alu el-
ement in species known to express the H antigen at the
surfaces of red blood cells (humans, chimpanzees, go-
rillas, orangutans, and gibbons) and in species which are
known to lack the H antigen on red blood cells (ma-
caques and baboons). Primers were deduced from avail-
able human sequences for the amplification of fragments
including this Alu element (see table 1 and Materials
and Methods).

Primers intron1-dir and exon2-rev allowed ampli-
fication of 0.75-kb fragments from human, chimpanzee,
gorilla, and orangutan DNA samples. Partial sequencing
and analysis of the fragments demonstrated the presence
of the Alu-Y element in these species. For the gibbon,
the amplified fragments were 1.05 kb long, but two Alu-
Y elements were present, with the upstream one being
inserted in the 39 oligo-dA tail of the Alu in 39 position.
In Old World monkeys (rhesus monkeys, cynomolgus
monkeys, and baboons) PCR products of 0.45 kb were
obtained, but direct sequencing of these fragments did
not allow the study of intron 1, because multiple ge-
nomic targets were amplified with primers intron1-dir
and exon2-rev in these species.
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FIG. 4.—Phylogenetic tree of amino acid sequences deduced from FUT1-like, FUT2-like, and Sec1-like coding sequences. Multiple align-
ments were made with CLUSTAL W taking into account the peptide conserved motifs I, II, and III (Oriol et al. 1999). Human, gorilla, and
marmoset Sec1’s were excluded from the protein alignment because frameshifts and deletions would have given aberrant distances. Likewise,
rhesus monkey Se, marmoset Se, and squirrel monkey Sec1 were not included because these sequences were not fully characterized. Gamma
distances were calculated (parameter a 5 2), and 500 data sets were generated by bootstrap (MEGA software; Kumar, Tamura, and Nei 1993).
The resulting tree was constructed by neighbor joining and is shown with the bootstrap frequencies on the branching points. Asterisk indicates
bootstrap frequencies ,50%.

Discussion
Counterparts of FUT1, FUT2, and Sec1 in
Nonhuman Primates

Southern patterns revealed by the FUT1 probe in
human, chimpanzee, and gorilla genomic DNA digested
either by BamHI, EcoRI, or HindIII were identical and
consisted of only one band (table 2). This confirmed that

chimpanzees and gorillas, like humans, possess only one
FUT1 gene per haploid genome.

The sequence of FUT1 cynomolgus and squirrel
monkey amplicons revealed the presence of one BamHI
site, which explains the presence of two bands on the
BamHI Southern blot. Since the cynomolgus and squir-
rel monkey EcoRI and HindIII patterns displayed only
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FIG. 5.—Proposed organization of the FUT1 genomic region in humans and nonhuman primates. The genomic organization of human
FUT1 was deduced from the alignment of genomic sequences available in databases (see text). Each box represents either exons or Alu elements
inserted in noncoding portions of the gene. Alu subfamilies (Jurka et al. 1996) are indicated in the squares: Alu-J/Jo, Alu-Sp, Alu-Sx, Alu-Sc,
and Alu-Y. The coding part of the FUT1 gene is indicated by a hatched box. Relative dates of insertion for Alu elements are proposed on the
basis of the literature (Kapitonov and Jurka 1996) and are shown with vertical bars. The presence of an Alu-Y element in intron 1 was established
for humans and anthropoid apes (this paper). Proposed sites for the binding of GATA and USF transcription factors in intron 1 are indicated
with black or white triangles, respectively.

one FUT1 band, the results are compatible with the pres-
ence of a single FUT1 gene per haploid genome in these
two species.

In gibbons, the presence two EcoRI and HindIII
FUT1 bands and the absence of EcoRI and HindIII sites
in FUT1 amplicons suggest that gibbons could possess
two copies of the FUT1 gene per haploid genome.

In rhesus monkeys and baboons, the FUT1 probe
revealed three bands (BamHI) or two bands (EcoRI) (ta-
ble 2). In the case of rhesus monkey, the sequence of
the FUT1 amplicon displayed one BamHI site, but no
EcoRI or HindIII restriction sites. Therefore, we con-
clude that the number of bands revealed by Southern
blot is compatible with at least two genomic targets. The
absence of any ambiguity by direct sequencing of rhesus
FUT1 amplicons led us to suppose that only one FUT1
gene was amplified. Accordingly, one of the two rhesus
FUT1 genes is probably too mutated and cannot be am-
plified by using primer pairs described in this study. In
the case of baboons, the whole DNA sample was used
for the Southern blot, and no firm conclusion could be
drawn for the number of FUT1 genes in this species.
However, the similarity of the Southern pattern with that
of rhesus monkeys suggests that the baboon also pos-
sesses two copies of FUT1 per haploid genome.

The study of marmoset FUT1 amplicons revealed
the absence of BamHI, EcoRI, and HindIII restriction
sites. The presence of two FUT1 HindIII bands is there-
fore not explained by the presence of a HindIII restric-
tion site in the region hybridized by the FUT1 probe.
This could signify the presence of at least two FUT1
copies per haploid genome. However, the sequence of
the marmoset FUT1 is incomplete, and one cannot ex-
clude the presence of a HindIII site in the missing por-
tion of the sequence.

Both FUT2 and Sec1 genes are detected in humans
with the FUT2 probe (Rouquier et al. 1995). On the
basis of the band patterns revealed by this FUT2 probe,
one can infer the presence of counterparts of these two
genes in African apes, gibbons, rhesus monkeys, and
squirrel monkeys (fig. 2B). On the other hand, the FUT2

probe only revealed patterns of one or two bands in
cynomolgus and marmoset samples (table 2). Since the
Sec1-like coding sequence of the marmoset had large
deletions, it is possible that the FUT2 probe could not
hybridize with marmoset Sec1. Likewise, only a short
segment of the cynomolgus FUT2-like gene could be
amplified (nucleotides 192–591, data not shown), and
all other combinations of FUT2-specific PCR primers
failed to amplify FUT2 in this species. Therefore, in the
same way as the marmoset Sec1-like gene, the cynom-
olgus FUT2-like gene could be inactivated by deletions
inside its coding region. Another possibility is the pres-
ence of additional restriction sites in marmoset and cy-
nomolgus Sec1 or FUT2 genes, leading to the appear-
ance of short DNA fragments which could not be de-
tected by Southern blot analysis.

Most Nonhuman Primates Potentially Express Three
a2-Fucosyltransferases

None of the primate FUT1-like coding sequences
exhibit mutations leading to the appearance of stop co-
dons or altering the reading frame, and none of the mu-
tations restricted to red cell H-deficient human pheno-
types were found in the nonhuman primate H-like poly-
peptides analyzed. Furthermore, 10 highly conserved
amino acids distributed within three conserved peptide
motifs have been identified in all the functional a2-fu-
cosyltransferases of vertebrates, invertebrates, and bac-
teria (Oriol et al. 1999). These amino acids are expected
to participate in the GDP-fucose donor recognition of
the enzyme (Breton, Oriol, and Imberty 1996, 1998),
and none of them was modified in any of the FUT1-like
primate sequences analyzed. Regions upstream of exon
8 of primate FUT1 genes were also sequenced, and no
defect was found in the 39 splicing consensus site (fig.
3).

Similar to FUT1, none of the FUT2 inactivating
mutations identified in humans were found in the non-
human FUT2-like sequences studied (fig. 2B), and all of
the highly conserved amino acids of a2-fucosyltrans-
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ferases were conserved in all of the FUT2-like primate
sequences analyzed.

The predicted human Sec1 protein has no enzyme
activity and lacks the a2-fucosyltransferase conserved
motifs II and III (Oriol et al. 1999). The gorilla Sec1-
like sequence also lacks these two conserved motifs and
half of the a2-fucosyltransferase conserved motif I (fig.
2C). Consequently, no enzyme activity can be expected
from this gorilla peptide. The predicted chimpanzee
Sec1 protein has the three conserved a2-fucosyltrans-
ferase peptide motifs, but it is shortened to 325 aa by a
nonsense mutation and is also probably nonfunctional
(fig. 2C). Although the truncation effects on the activity
of this particular enzyme have not been determined,
studies on other fucosyltransferases have shown that de-
letion of one or more amino acids on the C-terminus
(catalytic domain) induces a dramatic loss of enzyme
activity (Xu, Vo, and Macher 1996), whereas truncation
of as much as 60 aa on the N-terminus (intracytosolic,
transmembrane, and stem domains) did not modify the
enzyme activity (DeVries et al. 1995). Careful analysis
of the human and gorilla Sec1 sequences showed that
the same stop codon inducing the Sec1 chimpanzee pre-
mature truncation is also present, but in reading frame
2 of human and gorilla Sec1 pseudogenes (fig. 2C), sug-
gesting that the nonsense mutation had occurred in the
common ancestor of humans and African apes (chim-
panzees and gorillas). The other mutations (GG dele-
tions in humans and C insertion in gorillas) differ in the
two species and therefore postdated the speciation of
humans and gorillas. For all the other primate species,
with the exception of chimpanzees, gorillas, and mar-
mosets, Sec1-like genes encode potential functional
Sec1-like enzymes of 348 aa (fig. 2C). Therefore, Asian
apes, Old World monkeys, and some New World mon-
keys might express three distinct a2-fucosyltransferases
like the rabbit (Hitoshi et al. 1995, 1996).

Divergent Evolution of Fucosyltransferase Genes

No strong sequence homology has been detected
between a2-fucosyltransferase (FUT1, FUT2, Sec1) and
a3-fucosyltransferase (FUT3, FUT4, FUT5, FUT6,
FUT7, and FUT9) genes, but within each of these two
gene families pairwise comparison of homologous genes
of different mammals always gives strong homology.
This suggests that the a2-fucosyltransferase ancestor
gene and the a3-fucosyltransferase ancestor gene dif-
ferentiated before the mammalian radiation (Costache et
al. 1997a). We previously proposed that these two an-
cestor genes could have derived, by duplication, from a
single common ancestor gene (Oriol et al. 1999).

The present study confirms that before the mammal
radiation, the a2-fucosyltransferase ancestor gene du-
plicated to give rise to two genes: the FUT1 gene and
another gene which duplicated again, giving rise to
FUT2 and Sec1. As a matter of fact, the three human
a2-fucosyltransferase genes are located in a segment of
less than 100 kb in 19q13.3. FUT2 and Sec1 are sepa-
rated by only 12 kb (Rouquier et al. 1995). This is also
the case for the rabbit, for which the loci of RFT-I, RFT-

II, and RFT-III genes, which are the respective counter-
parts of FUT1, Sec1, and FUT2, also extend over less
than 100 kb (Hitoshi et al. 1995, 1996).

Genetic exchange between the three a2-fucosyl-
transferase genes must have been infrequent, since there
is no clustering of FUT1, FUT2, and Sec1 sequences by
species in the tree presented in figure 4. On the contrary,
the differentiation between the three a2-fucosyltransfer-
ase genes has been maintained in all of the mammals
studied here. The phylogenetic tree of amino acid se-
quences shows that the evolutionary rates of the three
a2-fucosyltransferase genes are different, with the high-
est rate being observed for Sec1 sequences.

Red Cell–Specific Transcription of FUT1 in
Anthropoids: A Possible Role for the Insertion of an
Alu-Y Element in Intron 1 of the Anthropoid Ancestor

Although our experiments did not formally dem-
onstrate the absence of the Alu-Y element in Old World
monkeys, it is very unlikely that an Alu element be-
longing to the Y subfamily is inserted in the genomes
of these species (Kapitonov and Jurka 1996). Analysis
of the Alu-Y sequence in gibbons and orangutans (data
not shown) confirmed that this element is similar to oth-
er Alu elements, proposed to be precursors of the Alu-
Y subfamily, which expanded mostly in humans and
African apes (Shaikh and Deininger 1996; Arcot et al.
1998).

In humans, the transcription start site of FUT1
changes during differentiation of the red cell lineage.
The preferred transcription start site in the leukemia cell
line K562 is upstream of exon 1, but in erythroleukemia
cells (HEL), transcription starts preferentially within in-
tron 1, upstream of exon 2. In bone marrow cells, tran-
scription of FUT1 starts in intron 7, upstream of the
coding part of exon 8 (Koda, Soejima, and Kimura
1997, 1998). Interestingly, we found an Alu-Y element
inside intron 1, close to the transcription initiation site
(Koda, Soejima, and Kimura 1998). An analysis of the
promoter region upstream of exon 2 allowed us to iden-
tify potential sites for the fixation of transcription fac-
tors: a red cell–specific (W)GATA(R) box is present in
position 2555, upstream of nucleotide 11 of exon 2,
and is flanked downstream (2102 bp) by an ‘‘E’’ box,
which is a target for the DNA binding of upstream stim-
ulation factors (USF 1 and 2). These two sites are sep-
arated by the Alu-Y (fig. 5). Proximity of GATA-1 and
USF binding sites is crucial for the transcriptional reg-
ulation of other red cell–specific genes such as the gly-
cophorins A and B (Vignal et al. 1990; Rahuel et al.
1992). On the other hand, Koda, Soejima, and Kimura
(1998) transfected K562 and HEL cells with constructs
harboring a reporter gene coupled with intron 1 seg-
ments of variable lengths. The USF binding site was
identified as the main DNA segment necessary for the
intron 1 promoter activity. Therefore, the presence of
the Alu-Y could either inactivate (by disruption of the
GATA/USF sites) or activate (by making the USF bind-
ing site more accessible) the transcription initiated by
the intron 1 promoter (fig. 5).
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The presence of Alu elements in promoter regions
of human genes has previously been related to gene
transcription modulation. For example, an Alu element
(Sz subfamily) is inserted in the promoter region of an
allele of the myeloperoxydase (MPO) gene and contains
target sequences for the binding of SP1 transcription
factors (Piedrafita et al. 1996). The MPO allele which
possesses this Alu is 25-fold more transcribed than the
allele which misses the Alu element. On the other hand,
the deletion of an Alu-Sz element in the promoter of a
potassium channel gene (Kir6.2), which is involved in
the regulation of insulin secretion, increases the pro-
moter activity of Kir6.2 (Ashfield and Ashcroft 1998).
A third example is the presence of estrogen receptor-
dependent enhancers in Alu elements which belong to a
peculiar subcategory of Alu-S elements (Norris et al.
1995). These Alu elements have to be considered as im-
portant contributors to the regulation of gene transcrip-
tion in estrogen receptor-containing cells.

In conclusion, we show that an Alu-Y element is
inserted in an orthologous position in intron 1 of human,
chimpanzee, gorilla, gibbon, and orangutan FUT1 genes.
This Alu-Y element, which lies in a region crucial for
the regulation of gene expression, might be responsible
for the expression of the H enzyme in the erythroid cell
lineage. The expression of the H activity in this lineage
determines the possibility to express ABO antigens on
red cells in humans and anthropoid apes.

Other expression regulation mechanisms will have
to be found in order to explain the differential expres-
sion of ABH antigens on vascular endothelium, since,
in addition to humans and apes, Old World monkeys
such as macaques (Socha et al. 1987) and baboons (Or-
iol et al. 1984) express ABH in this tissue location,
while New World monkeys such as marmosets (Molli-
cone et al. 1986) and all nonprimate mammals do not
express ABH on vascular endothelial cells. This tissue
is of particular clinical importance, since the vascular
endothelial cell is the first target for the hyperacute vas-
cular rejection of discordant organ xenotransplants. Un-
derstanding the addressing mechanisms responsible for
the expression of ABH on vascular endothelium might
help, for instance, to obtain pig organs expressing ABH
on vascular endothelium, which could consequently
serve as xenogeneic donor organs not rejected by human
anti-aGal antibodies, as normal pig organs are.
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