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Abstract The secretor (Se)/nonsecretor (se) histo-blood
group variation depends on the action of the FUT2 enzyme
and has major implications for human susceptibility to
infections. To characterize the functionality of FUT2 variants,
we assessed the correlation between saliva phenotypes and
sequence variation at the FUT2 gene in sixty seven
individuals from northern Portugal. While most non-
secretor haplotypes were found to carry the 428G > A
nonsense mutation in association with a 739G > A missense
substitution, we have also identified a recombinant haplotype
carrying the 739*A allele together with the efficient 428*G
variant in individuals with the Se phenotype. This finding
suggested, in contrast to previous results, that the 739*A
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allele encodes an efficient Se allele. To test this hypothesis
we evaluated the in vivo enzyme activity of full coding
expression constructs in transient transfection of CHO-K1
cells using FACS (fluorescence-activated cell sorting) anal-
ysis and expression of type 2 and type 3 chain H structures
as read out. We detected FUT2 activity for the 739*A
expression construct, demonstrating that the 739G > A
substitution is indeed not inactivating. In accordance with the
hypothesis that FUT2 is under long standing balancing
selection, we estimated that the time depth of FUT2 global
genetic variation is as old as 3 million years. Age estimates
of specific variants suggest that the 428G > A mutation
occurred at least 1.87 million years ago while the 739G > A
substitution is about 816,000 years old. The 385A > T
missense mutation underlying the non-secretor phenotype in
East Asians appears to be more recent and is likely to have
occurred about 256,000 years ago.

Keywords o-1,2-fucosyltransferase (FUT2) -
Secretor status - Sequence variation - Mutation age -
Enzyme activity

Introduction

Glycoconjugates are biosynthesized by the sequential
action of glycosyltransferases and genetic variation on the
genes that code for the glycosyltransferases generates inter-
individual diversity on cell surface glycoconjugates. A
disease-related variation occurs on the Lewis system, where
polymorphisms of the fucosyltransferase 2 (FUT2) enzyme
underlie the secretor (Se) or nonsecretor (se) phenotypes,
according to the capability or incapability, respectively, to
produce a biosynthetically active enzyme [1]. Several
studies have shown that the Se/se variation has relevant
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implications in human infections. For example, nonsecre-
tors are known to be virtually resistant to infection by the
prototype strain (Norwalk virus) of norovirus [2, 3] as well
as by other strains [4, 5]. Inversely, women with the
nonsecretor phenotype are more prone to Escherichia coli-
mediated recurrent urinary tract infections than secretor
women [6]. Recently, it has been suggested that BabA-
positive Helicobacter pylori adhesion/infection is secretor-
dependent both in humans and Rhesus monkeys [7, 8]. A
further indication of the functional relevance of the Se/se
variation is the increasing evidence that the FUT?2 gene has
undergone non neutral evolution, suggestive of an impor-
tant role in the host/pathogens arms race [9-11]. Proper
characterization of efficiency of allelic variation at the
FUT?2 locus is therefore of utmost importance.

In European and African populations the nonsecretor
phenotype has similar frequencies of about 20% and is
essentially due to homozigosity for the same null allele,
caused by a 428G > A nonsense mutation at codon 143
(W143X) generating an inactive enzyme [12, 13]. In
eastern Asians, nonsecretors have similar frequencies to
Europeans and Africans, but are homozygous for a
different, weak-activity allele resulting from a 385A > T
missense mutation at codon 129 (I129F) [14, 15]. In
addition, various other inactive or weak alleles with lower
frequencies have been described and can be found at http://
www.ncbi.nlm.nih.gov/gv/mhc/xslcgi.cgi?cmd=bgmut/hom
[16]. We have previously reported that, in the Portuguese
population, two FUT2 polymorphisms, 739G > A at codon
247 (G247S) and 839 T > C at codon 280 (F280S), are
associated with decreased or absent FUT2 enzyme activity,
respectively, in an in vitro assay [17].

In the present study, we characterized the sequence
variation at the FUT2 gene in a Portuguese sample and
found that the 739G > A mutation is associated to the
secretor phenotype in saliva, suggesting that the 739*A
variant is not inactivating in vivo. In order to evaluate the
possibility that the FUT2 739*A allele was affecting enzyme
specificity to other acceptor substrates, we used CHO-K1
cells that offer the unique possibility of studying type 2 and
type 3 substrate acceptors and confirmed the presence of
enzyme activity for the 739*A expression construct. Togeth-
er the data unequivocally demonstrate that the 739G > A
substitution is not inactivating and that classical enzyme
assays need to be confirmed in the in vivo situation.

Materials and methods
Population

We analyzed a random subset of 99 samples from a
previous survey comprising 460 workers from a shipyard
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in northern Portugal, who donated blood samples and
performed upper digestive endoscopies [7, 18, 19]. Saliva
was collected from 67 individuals. All individuals gave
informed consent and the study was approved by the ethical
committee of “Hospital S. Jodo”.

PCR amplification and sequencing of the coding region
of FUT2

Genomic DNA was extracted from blood cells. The entire
coding region (exon 2) of FUT2 gene, encompassing
1032 bp, was amplified by PCR and then sequenced in all
99 individuals. PCR was performed using forward primer:
5'-CCATCTCCCAGCTAACGTGTCC-3' and reverse prim-
er: 5'-GGGAGGCAGAGAAGGAGAAAAGG-3'. PCR
was performed in 25 pL of reaction mixtures comprising
1 uL of DNA, 2.5 uL of 10 x Tag polymerase buffer,
25 pmol of each primer, 1 pL of dNTPs (10 mM) and
0.2 uL of Tag polymerase (Invitrogen). The conditions used
in the reaction were as follows: 10 min of initial
denaturation at 96°C, followed by 35 cycles of denaturation
at 94°C for 20 s, annealing at 59°C for 30 s and extension
at 72°C for 90 s, with a final extension at 72°C for 7 min.
The resultant PCR products were verified by electrophore-
sis in 1% (w/v) agarose/TBE (90 mM Tris/85 mM boric
acid/0.5 M Na,EDTA, pH 8.0) gel using an operative
voltage of 180 V. The products were then extracted using a
GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare).

The PCR products were used as templates for the
sequencing reactions. Each reaction was performed in a final
volume of 10 uL, which comprised 3 pL of DNA, 3 pmol of
primer (mentioned above) and 4 uL of TRR (terminator ready
reaction) mix (ABI Prism® 3100 Sequencer; Applied Bio-
systems). The temperature profile used in sequencing PCR
was 95°C for 2 min, followed by 30 cycles of denaturation at
95°C for 45 s, annealing at 50°C at 30 s and extension at 60°C
for 4 min. The DNA sequence was then analyzed in the ABI
Prism® sequencer.

Haplotype-based data analysis

Haplotypes were statistically inferred from the genotype data
by using the program PHASE, version 2.1.1 [20, 21].
Haplotype networks were constructed with the NETWORK
4.5 software (http:/www.fluxus-engineering.com/) using the
median-joining algorithm [22]. To provide a temporal
framework for the phylogenetic relationships among hap-
lotypes and to estimate coalescent times and ages of relevant
mutations, we used GENETREE version 9.0 [23], after
removing rare recombinant haplotypes from the sequence
data. The mutation rate per gene per generation was
estimated from the average number of nucleotide substitu-
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tions per site between human and chimpanzee reference
sequences, calculated with DnaSP v.4.0 [24]. Time estimates
in generations were converted into years using a 25 year
generation time. Human/Chimpanzee divergence was as-
sumed to have occurred 5 million years ago [25].

Expression vectors for wild-type and mutant FUT?2 variants

To assess the enzyme activity of wild-type (wf) and
polymorphic variants of FUT2 gene, expression vectors
were assembled, as described previously [17]. Four vectors
were obtained using pcDNA3.1: FUT2wt (FUT2-428G-
739G-839 T), FUT2-739G—A, FUT2-839 T—C and
pcDNA3.1 empty vector. The sequence of all the constructs
was confirmed by direct sequencing. FUT2wt and FUT2-
839 T—C were used as positive and negative controls,
respectively.

In vivo activity of «-1,2-Fucosyltransferase variants

For the «-1,2-fucosyltransferase activity assays in vivo,
confluent CHO-K1 cells were transfected with the expres-
sion vectors described above. CHO-K1 cells were cultured in
RPMI 1640, supplemented with 10% fetal calf serum,
2 mM L-glutamine, free nucleotides (10 pg/ml), 100 U/ml
penicillin, and 100 mg/ml streptomycin (Gibco, Paisley,
UK). They were cultured at confluence after dispersal with
0.025% trypsin and 0.02% EDTA. Cells were routinely
checked for mycoplasma contamination using Hoechst
33258 (Sigma, St Louis, MO) labeling. Following amplifi-
cation and purification with the Miniprep Qiagen kit, 8 ug of
the recombinant pcDNA3.1 constructs were cotransfected
with 4 pg of the pEGFP-N3 control vector (Invitrogen) into
CHO-K1 cells using Lipofectamin 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions. Forty-eight hours
following transfection, cells were collected and the presence
of «-1,2-linked fucose residues was tested by flow cytometry
using the UEA-I lectin (Ulex europaeus agglutinin 1, Vector
Labs) and the MBrl monoclonal antibody (Alexis Biochem-
icals) that detect the H type 2 (Fuca2Gal34GIcNAc3-R)
and H type 3 (Fucax2Galp3GalNAcwx-R) motifs, respective-
ly. To this aim, 2.5x10° viable transfected cells were
incubated in the presence of either biotin-labeled lectin at
5 pg/ml (Vector Labs) or the MBrl monoclonal antibody at
5 pg/ml for 20 min at 4°C. After 3 washings with PBS
(phosphate buffered saline), cells were incubated under the
same conditions in the presence of either phycoerythrin-
conjugated streptavidin (BD Biosciences) at a 1/40 dilution
or a Cy5-conjugated anti-mouse IgG (BD Biosciences) at a
1/500 dilution. After 3 more washings with PBS, cell
fluorescence was measured on a FACScalibur flow cytom-
eter (Becton-Dickinson) and analyzed using the CellQuest
program (Becton-Dickinson). The transfected protein expres-

sion was quantified by the GFP fluorescence recorded on the
FL1 channel. EFGP fluorescence was recorded on the FL1
channel, while the presence of the H type 2 and H type 3
motifs was detected on the FL2 and FL4 channels,
respectively.

Lewis b and Ulex (secretor) phenotypes in saliva

Lewis b and Ulex levels in saliva were evaluated as previously
described [7]. Briefly, saliva collected in sterile tubes was
boiled and centrifuged and supernatant stored at —70°C and
later used for coating NUNC immunoplates at 1/1000 in
100 mM/L carbonate-bicarbonate buffer by overnight incu-
bation at 37°C. Anti-Lewis b (Leb)-speciﬁc monoclonal
antibody 2-25Le, a kind gift from Dr. J. Bara (CNRS,
Villejuif, France) was used, followed by peroxidase anti-
mouse immunoglobulin (Uptima: Interchim) in 5% milk/
PBS at 1/2000 for 1 h at 37°C. Reactions were developed
with TMB (3, 3', 5, 5'-tetramethylbenzidine, BD Bioscien-
ces) and optical density read at 450 nm after addition of a
stopping solution. For Ulex staining NUNC immunoplates
were coated with samples serially diluted from 1/400. After
blocking in PBS containing 5% deffated milk for 1 h at 37°C
alkaline phosphatase-conjugated UEA-I lectin (Sigma) at
10 pg/ml was incubated for 2 h at 37°C. Reactions were
developed using p-nitrophenyl phosphate (Sigma) and
optical densities read at 405 nm.

Statistical analysis

Data were analyzed by Student’s t test using the Statview
program.

Results
Haplotype diversity

In order to assess the patterns of haplotype variation at the
FUT?2 locus, we sequenced the entire coding region of the
gene in the 99 sampled individuals. We identified 11
haplotypes with 10 single nucleotide polymorphisms
(SNPs) (Table 1): 3 missense, 6 synonymous and 1
nonsense SNP. Most efficient lineages are represented by
haplotype SQ2, while most deficient lineages belong to
haplotype SQS.

Reconstruction of the evolutionary relationships between
FUT2 haplotypes uncovered two major branches that reflect
the divergence between efficient alleles and deficient alleles
carrying the 428G > A nonsense mutation (Fig. 1).
Haplotype SQ5 was the only deficient lineage that was
not associated with the 428*A variant, and results from a
302C > T weakly efficient missense mutation at codon 101

@ Springer



64

Glycoconj J (2010) 27:61-68

Table 1 FUT?2 haplotypes based on 10 polymorphic sites. Polymorphic sites are classified as missense (M), synonymous (S) and nonsense (N). The
739G > A polymorphism is outlined in light gray and the 302C > T and 428G > A mutations in dark gray. Haplotypes are outlined accordingly

1 2 3 3 4 4 7 8 9
4 7 1 0 5 2 8 3 5 6
0 1 6 2 7 8 0 9 5 0
M S S M S N S M S S
Anc* A G C C C G C G A G Frequencies
SQI * A * * * * * * * A 10
SQ2 * A * * T * * * * A 69
SQ3 * A * * T * * A * * 10
SQ4 * A * * T * T * * A 10
SQ5 * A * * * * * * A 1
- * * T — * - * * * * 2
— BOREEEREEE BN R
- * * T # * - * - * * 86
N - " -
SQ10 * * T * T * T * * A 6
SQI11 G A * * * * * * * A 1

* Ancestral haplotype from chimpanzee

(L101F) previously described in Asian populations [26—
29]. Except for haplotype SQ3, all haplotypes carrying the
739G > A mutation were found to be associated with the
428*A inactivating variant. The decoupling of the associ-

ation between 739*A and 428*A in haplotype SQ3 is likely
to have resulted from an historical recombination event
between haplotypes SQ2 and SQS in the region flanked by
positions 428 and 739 (Table 1; Fig. 1). The recombinant

Fig. 1 Median-joining network showing relationships between FUT2
haplotypes. Efficient haplotypes are represented in black and deficient in
grey. The haplotype, carrying the 739G > A mutation without the
428G > A mutation is represented in dashed lines. Each circle is
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proportional to the haplotype frequency and nucleotide differences
between haplotypes are indicated on network branches. Mutations are
displayed in the branches connecting the different haplotypes. ANC stands
for the ancestral haplotype corresponding to the chimpanzee sequence
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Fig. 2 Measurement of Lewis b levels in saliva. Box plot showing
Lewis b levels in individuals with a combination of a deficient
haplotype together with any efficient haplotype (group A) or SQ3
haplotype (group B)

SQ3 haplotype was used to evaluate the effect of the 739G >
A mutation on FUT?2 activity without the confounding effect
of the 428*A variant (see below). Haplotype SQ10 is also
likely to have resulted from a recombination event, involving
haplotypes SQ4 and SQ8, between positions 216 and 357
(Table 1; Fig. 1).

FUT2 739*A allele encodes an efficient Se enzyme
in saliva

To identify the in vivo relevance of the SQ3 haplotype
carrying the 739G > A mutation without the inactivating
428*A variant, we analyzed the levels of Lewis b and Ulex

expression in saliva in two groups of individuals. The first
group included heterozygous individuals for one deficient
and one efficient haplotype (group A). The second group
included heterozygous individuals for one deficient haplo-
type and the SQ3 haplotype (group B) (Fig. 2). All
individuals from group A were secretors, as evaluated by
UEA-I reactivity (three times above background). Surpris-
ingly, and in contrast to our expectations, expression of
Lewis b (and UEA-I—data not shown) was not affected by
the SQ3 haplotype. This observation suggests that, unlike
our previous in vitro characterization [17], the 739G > A
substitution is not an inactivating mutation in vivo.

FUT2 739*A allele is active in CHO-K1 cells

The finding that the FUT2 739*A variant is associated with
the Se phenotype in saliva from individuals producing
Lewis b, implies that the enzyme acts towards type 1 chain
acceptor substrates. We therefore wanted to test the enzyme
variant with other potential acceptor substrates known to
function with the wild type Se enzyme such as type 2 and
type 3 (O-linked) substrates. CHO-K1 cells only produce
type 2 lactosamine chains on N-linked glycoproteins and
core 1 (type 3) chains on O-linked glycoproteins, offering
the possibility to evaluate activity with these two substrates.
The o-1,2-fucosyltransferase activity of FUT?2 variants was
analyzed in vivo by transfection into CHO-K1 cells, which
are devoid of such endogenous enzyme activity. Following

Mock FUT2 wt FUT2 mut 739 FUT2 mut 839
g 8 g g
3 81 = 3
N 3] 81 8] 8]
Q¢ 0.51% ) 38.71% z 26.34% 2° 0.51%
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Fig. 3 Expression of H type 2 and H type 3 structures in CHO-K1
cells transfected with wild-type and mutant FUT?2 variants subcloned
into pcDNA3.1 plasmids. The presence of « 1-2-linked fucose
residues was analyzed by flow cytometry using the UEA-I lectin and

the MBrl monoclonal antibody for H type 2 and H type 3,
respectively. Transfection efficiency was controlled by cotransfection
with an EFGP expression vector and diagrams are representative of
three independent experiments
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Fig. 4 FUT2 scaled gene tree
for a pooled data set including
samples from Africa, western
Eurasia and East Asia. Africa
includes samples from South
Africa (Xhosa) studied by Koda
et al. [9] and African-Americans
from the SeattleSNPs database
(http://pga.gs.washington.edu/).
The western Eurasia sample
includes the Portuguese individ-
uals studied in the present work,
European—Americans from the
SeattleSNPs database, and
Europeans from South Africa
and Iranians studied by Koda et
al. [9]. East Asia includes Chi-
nese and Japanese samples from
Koda et al. [9]. Time is scaled in
million years (MY). Nucleotide
differences between haplotypes
are indicated on the tree
branches. Absolute frequencies
of FUT2 lineages are shown in
the bottom of the tree
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transient transfection, the presence of o-1,2-fucosylated
structures at the cell surface was assessed using reagents
against either H type 2 or H type 3. Relative fluorescence
intensity values were normalised based on EGFP (enhanced
green fluorescent protein) fluorescence of the FUT2 wt
allele. The ratio of EGFP values for the two other FUT2
variants transfected were 0.97 and 0.95, indicating that
transfection efficiencies were reproducible.

The FUT2 wt variant exhibited slightly higher levels of
activity compared to the FUT2 739G > A mutant both for H
type 2 and H type 3 structures (Fig. 3). Although the
difference was observed in three independent experiments,
it did not reach statistical significance. By contrast, the
FUT2 839 T—C mutant did not show any detectable
activity since mean fluorescence values for either H type 2
or H type 3 were at background level, identical with those
obtained after mock transfection.

Discussion
We have uncovered several polymorphic sites at the FUT2

gene defining 11 haplotypes coding for active (SQ1, SQ2,
SQ4, SQ10 and SQI11) or inactive (SQS5, SQ6, SQ7, SQS8
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and SQ9) forms of the FUT2 enzyme. Except for SQS5,
carrying the 302C > T missense substitution, all deficient
haplotypes in our sample share the 428G > A nonsense
mutation. Although the 428G > A mutation is commonly
associated with the 739G > A mutation [9], we found a
recombinant haplotype (SQ3) carrying the 739*A allele
together with the active 428*G variant. Our previous results
based on in vitro assays using a detergent solubilized
enzyme and small acceptor substrates, suggested that the
739G > A mutation on haplotype SQ3 was associated with
a nonsecretor phenotype [17]. In the present study, we
observed that the levels of Lewis b in saliva were not
affected by the presence of SQ3 in combination with
deficient haplotypes, suggesting that the 739*A variant
codes for an active Se allele in vivo. Efficiency of the SQ3
haplotype was further confirmed by transfection in CHO-
K1 cells, where at best some reduction towards H type 2
and H type 3 precursors, but by no means inactivation, of
the enzyme activity was demonstrated. Previous reports
have described discrepancies between in vitro and in vivo
assays of glycosyltransferases activities. For example, a
mutation in the transmembrane domain of FUT3 that did
not affect the in vitro enzyme catalytic properties was
shown to be associated with a negative Lewis phenotype,
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most likely because of an altered Golgi membrane
anchoring [30]. Another example was published by our
group showing that «-2,6-sialyltransferase ST6GalNAc-
II is capable of biosynthesizing the sialyl-Tn antigen in
vitro on different substrates but leads only to very limited
biosynthesis of sialyl-Tn in transfected gastric carcinoma
cell lines [31]. Our present results add another example of
the lack of a strict relationship between in vivo and in vitro
enzymatic assays. However, in the present case, the
enzyme proved active in vivo but only very weakly in
vitro, suggesting that the protein conformation may be
unstable upon solubilisation. Regardless of the underlying
mechanism, this observation stresses the need for in vivo
data when describing new, putatively inactivating poly-
morphisms of glycosyltransferases.

Koda et al. [9, 32] have previously hypothesized that
FUT2 was subjected to balancing selection based on
unusual patterns of DNA sequence variation and an
estimated time to the most recent common ancestor
(TMRCA) of FUT2 genetic variation as high as 3 million
years obtained with a phylogenetic approach. We have
combined our haplotype information with an extended
dataset including available sequences from Europe, Asia
and Africa in order to generate a scaled tree of FUT2
variation, using GENETREE (Fig. 4). Our analysis yielded
a TMRCA estimate of 3.42+0.88 million years, in close
agreement to that obtained by Koda ef al. [32] with a
different method, confirming that FUT2 is among the
human genes with highest coalescent times [33, 34]. The
age of the 428G > A causing the nonsecretor phenotype in
Africans and western Eurasians was calculated at 1.87+
0.85 million years. Since the 428*A is always associated
with the 216*T variant (Fig. 4), the relative position of the
428G > A and 216C > T mutations along the branch
containing deficient lineages is arbitrary and this age should
be considered a minimum estimate based on the assumption
that the 428G > A mutation is younger than 216 C > T. The
age of the 739G > A was estimated at 816+324 thousand
years. The 385A > T causing the nonsecretor phenotype in
Asians had a younger age estimate of 256+155 thousand
years. Taken together, these results are difficult to reconcile
with the standard neutral model, in which panmixy, absence
of selection and constant population size would have
favoured a more rapid lineage turnover. Although high
TMRCAs can result from ancient population structure [34],
the fact that in both Asian and non-Asian populations the
nonsecretor phenotype is caused by different mutations,
reaching approximately the same frequency, further sug-
gests that the persistence of efficient and deficient variants
is a convergent feature of human populations that is
favoured by selection. Consistent with the selective
hypothesis, FUT2 was found to be one of the six genes
displaying evidence for non-neutral evolution in a recent

survey of 168 genes related to immune function [10].
Moreover, it has been recently shown that FUT2 allele
frequencies are correlated with pathogen richness, suggest-
ing that the secretor and nonsecretor status may have an
important role in shaping susceptibility and resistance to
different types of pathogens [11]. The detailed character-
ization of the function of FUT?2 alleles is therefore critical
to understand the involvement of this gene in host-pathogen
evolution.
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