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Abstract

The non-classical human leukocyte antigen (HLA) class I genes present a very low
rate of variation. So far, only 10 HLA-E alleles encoding three proteins have been
described, but only two are frequently found in worldwide populations. Because
of its historical background, Brazilians are very suitable for population genetic
studies. Therefore, 104 bone marrow donors from Brazil were evaluated for HLA-E
exons 1–4. Seven variation sites were found, including two known single nucleotide
polymorphisms (SNPs) at positions +424 and +756 and five new SNPs at positions
+170 (intron 1), +1294 (intron 3), +1625, +1645 and +1857 (exon 4). Haplotyping
analysis did show eight haplotypes, three of them known as E*01:01:01, E*01:03:01
and E*01:03:02:01 and five HLA-E new alleles that carry the new variation sites.
The HLA-E*01:01:01 allele was the predominant haplotype (62.50%), followed by
E*01:03:02:01 (24.52%). Selective neutrality tests have disclosed an interesting
pattern of selective pressures in which balancing selection is probably shaping allele
frequency distributions at an SNP at exon 3 (codon 107), sequence diversity at exon
4 and the non-coding regions is facing significant purifying pressure. Even in an
admixed population such as the Brazilian one, the HLA-E locus is very conserved,
presenting few polymorphic SNPs in the coding region.

Introduction

The human leukocyte antigen (HLA) complex encompasses
a cluster of genes encoding glycoproteins that mediate cell-
to-cell interactions and regulation of the immune response.
The HLA class I genes are divided into classical (HLA-A,
HLA-B and HLA-C ) and non-classical loci (HLA-E, HLA-F
and HLA-G) (1). The non-classical class I genes can be dis-
tinguished from the classical ones by their function, tissue
distribution and degree of gene variation, because the classical
class I genes are considered to be the most polymorphic in the
human genome, whereas non-classical class I genes present
a very low rate of variation. Like classical class I molecules,
non-classical HLA-E, -F and -G molecules may complex with

β2-microglobulin and may act as peptide presenters (2, 3),
although their main role is not antigen presentation. HLA-E
plays a role both as a modulator of natural killer (NK) cell
activity by interacting with the CD94-NKG2A receptor in
the innate immunity pathway (4) and as an antigen present-
ing molecule triggering a specific immune response (5). The
CD94 glycoprotein is expressed on the membrane of most NK
cells and on a subset of T lymphocytes, forming a heterodimer
with the NKG2A/B, NKG2C, NKG2E and NKG2H glycopro-
teins. Interactions with such CD94 heterodimers can augment,
inhibit, or have no effect on NK cell-mediated cytotoxic-
ity and cytokine production (6). Apparently, the expression
of HLA-E molecules may be increased by the upregulation
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of the HLA-G gene as HLA-E preferentially binds to the
monomeric leader peptide derived from HLA-G, and this com-
plex interacts with the inhibitory NK receptor CD94/NKG2A.
Therefore, the expression of HLA-G may influence the expres-
sion of HLA-E (4, 7, 8).

HLA-E is the least polymorphic of class I HLA genes,
exhibiting only 10 alleles encoding three distinct pro-
teins (The International Immunogenetics Database – IMGT,
version 3.4.0 – http://www.ebi.ac.uk/imgt/hla/stats.html). A
study on HLA-E typing (exons 2 and 3) performed on
371 individuals from six different ethnic groups detected
only three distinct HLA-E alleles, encoding two distinct
molecules (9). Overall, three distinct allele groups (HLA-
E*01:01, HLA-E*01:03 and HLA-E*01:04 ) (IMGT, database
version 3.4.0) have been described in diverse human popula-
tions; however, only two allele groups (HLA-E*01:01 and
HLA-E*01:03 ), which differ by a single amino acid (argi-
nine in the former and glycine in the latter at position 107 of
the α2 heavy chain domain), are found in worldwide popula-
tions. Both allele groups are found at nearly equal frequencies,
suggesting that balancing selection is acting on this gene,
with putative functional differences between these two vari-
ants (10). Until now, the existence of the third allele group
(HLA-E*01:04 ) has been the subject of much controversy
with some authors suggesting that such allele group is in fact
a consequence of sequencing artifacts (11), because it has not
been found in any population so far studied, including Brazil-
ians of the present series.

The genetic background of the Brazilian population is
highly diverse as a consequence of five centuries of intereth-
nic crosses of people from three continents, including
European colonizers, primarily Portuguese, African slaves
and autochthonous Amerindians (12). To date, the polymor-
phism of the HLA-E locus has not been characterized in
the Brazilian population, in which more sequence variation
would be predictable because of such interethnic admixture.
Because of its historical background, the Brazilian popula-
tion has been considered to be suitable for population genetic
studies. On this basis, we evaluated the HLA-E sequence that
encodes the external portion of the HLA-E molecule, search-
ing for variation and assessing the haplotype structure of this
region.

Methods and samples

A total of 104 healthy bone marrow donors from the
state of São Paulo, Southeastern Brazil were recruited,
and genomic DNA was obtained from peripheral blood
using a salting-out procedure (13). HLA-E alleles were
defined by the nucleotide variation encompassing exons 1–4,
including introns. Briefly, exons 1–4 were amplified by
the polymerase chain reaction (PCR), using HE01F (5′-
TCCTGGATACTCATGACGCAGACTC-3′) (11) and HE43
(5′-CCCATCCCCCTCCTTACT-3′) primers (14), yielding a

2041-bp product. PCR was performed in a final volume of
50 μl containing 0.7x PCR buffer [70 mM Tris–HCl pH
8.8, 20 mM (NH4)2SO4, 3 mM MgCl2, 1 mM dithiothre-
itol (DTT), 1% Triton 100, 50 mg bovine serum albumin
(BSA)], 0.2 mM of each dNTP, 15 pmol of each primer,
1.5 U of Taq DNA-polymerase Platinum (Invitrogen, Carls-
bad, CA) and 200 ng of genomic DNA. The initial denat-
uration cycle was carried out at 94◦C for 3 min, followed
by 35 cycles at 94◦C for 30 s, 62◦C for 30 s and 72◦C
for 135 s, and by a final extension step at 72◦C for 5 min.
HLA-E variation was evaluated by direct sequencing of PCR
products, which were evaluated using 1% agarose gel and
directly sequenced using the following primers: HE01R (5′-
CCTCTTACCCAGGTGAAGCAGCG-3′), HE532ALL (5′-
CCTACGACGGCAAGGATTATC-3′), HE43 (5′-CCCATCC
CCCTCCTTACT-3′) and HE45 (5′-TTTCTGACTCTTCCC
CTC-3′), described by Grimsley and colleagues (11, 14),
and HE02F (5′-TCTAGAGAAGCCAATCAGCG-3′), HEE2R
(5′-CCTCGCTCTGATTGTAGTAG-3′) and HE03F (5′-CAC
GACTCCCGACTATAAAG-3′), designed for this study. All
sequences obtained from each sample were aligned with
the genomic sequences of the official alleles [recognized by
the World Health Organization (WHO) and the international
ImMunoGeneTics (IMGT)], and each single nucleotide poly-
morphism (SNP) detected was individually annotated. The
SNPs were evaluated using an inlab software, denominated
SNPex (contact the corresponding author for availability),
designed to define the phase of SNPs of each sample taking
into account the sequences of the officially described alle-
les and, therefore, to determine the HLA-E alleles present in
each sample. Besides the HLA-E coding region, these samples
have also been previously typed for HLA-A, -B , -C , -DR and
-DQ alleles using commercially available kits (One Lambda,
Canoga Park, CA) and the coding region of HLA-G, as pre-
viously published (15–17).

The presence of a significant association between all
HLA-E variation sites was evaluated by means of a like-
lihood ratio test of linkage disequilibrium (LD) (18), using
the ARLEQUIN version 3.5.1.2 (19) and Haploview 4.2 (20)
software. Given the positive association but unknown gametic
phase, the PHASE method (21), implemented by the PHASE
v2 package (Mac OS version) (21), as well as the
EM (Expectation–Maximization) (18) and ELB (Excoffier–
Laval–Balding) algorithms (22), implemented by the
ARLEQUIN version 3.5.1.2 (19), were used to assign the
most probable haplotype constitution of each sample. Set
points used for haplotyping identifications included: i) EM
algorithm: epsilon value: 1e–7, number of starting points:
100, maximum number of interactions: 5000, estimating stan-
dard deviation (SD) through bootstrap with the number of
bootstraps to perform at 5000 and the number of starting
points for SD estimations at 50; ii) ELB algorithm: alpha
value: 0.01, epsilon value: 0.01, gamma value: 0, sampling
interval: 500, burn-in steps: 100,000, recombination steps: 0;
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iii) PHASE method, number of interactions: 1000, thinning
interval: 1, burn-in value: 100, delta value for each locus:
1. For the PHASE method 10 independent runs performed
yielded the same results for all samples. In fact, all meth-
ods used for haplotyping did show the same results for each
sample. In addition, for samples in which new variation spots
were detected, the PCR products were cloned using TOPO®

(Invitrogen) and sequenced to define the phase of haplotypes
harboring rare HLA-E alleles.

Allelic frequencies and observed heterozygosity (hO) were
computed by the direct counting method. Adherences of
genotypic proportions to expectations under Hardy–Weinberg
equilibrium were tested by the exact test of Guo and
Thompson (23), using the GENEPOP 3.4 software (24). The
expected heterozygosity values (hSk) and nucleotide (π) and
haplotype diversity as well as their SDs were estimated by the
ARLEQUIN 3.5.1.2 program (19).

Departure from selective neutrality was evaluated by three
different methods. The Ewens–Watterson test (25, 26), imple-
mented by Slatkin (27), where a Markov-Chain Monte Carlo
resampling algorithm allows to obtain a null distribution and
compares the observed homozygosity under Hardy–Weinberg
proportions with the expected homozygosity under the hypoth-
esis of neutrality for the same sample size and number of
alleles. This procedure permits to test alternative hypothe-
ses of either directional (observed homozygosity greater than
expected homozygosity) or balancing selection (observed
homozygosity lower than expected homozygosity). The test
was carried out using the PyPop software (28). The Tajima’s
D test (29), which examines the relationship between the
number of segregating sites and nucleotide diversity by com-
paring the sequence diversity statistics θW and π. Under the
standard neutral model, the expectations of θW and of π are
equal, and therefore, the expected value of Tajima’s D is 0
under neutrality (30). A positive Tajima’s D value reflects a
relative excess of intermediate-frequency alleles and is evi-
dence for heterozygous advantage, while a negative value
reflects an excess of rare variants and is evidence for selection
of one specific allele over alternate alleles (31). The signifi-
cance of the D statistic is tested by generating 99,999 random
samples under the hypothesis of selective neutrality and pop-
ulation equilibrium, using a coalescent simulation algorithm.
The test was carried out using the ARLEQUIN version 3.1
program (19). The third approach included the synonymous
and non-synonymous nucleotide substitution test, which eval-
uates the relative abundance of synonymous substitutions (no
amino acid change) and non-synonymous substitutions (amino
acid change) that have occurred in the gene sequence. For
data sets containing more than two sequences, the test was
carried out by first estimating the average number of synony-
mous substitutions per synonymous site (dS ) and the number
of non-synonymous substitutions per non-synonymous site
(dN ), and their variances. Then, the null hypothesis of neu-
trality (dN = dS ) can be evaluated. The test was carried out

using the Nei-Gojobori method implemented in the MEGA 5
program (32).

Results

By evaluating the sequence of more than 1100 nucleotides of
the HLA-E gene (exons 1–4, including introns) in 208 chro-
mosomes, seven variation sites were found spread across the
gene: one at intron 1 (position +170), one at exon 2 (position
+424), one at exon 3 (position +756), one at intron 3 (posi-
tion +1294) and three at exon 4 (positions +1625, +1645 and
+1857) (Table 1). The position number considers the first base
of the ATG codon at exon 1 as nucleotide +1. Three other
previously described variation sites at the HLA-E gene were
also evaluated by the current method, but they were not found
in this Brazilian series (positions +887, +906 and +1691).
The positions +887, +906 and +1691 are associated with the
E*01:03:03, E*01:04 and E*01:03:04 alleles, respectively.
Curiously, exception made for the E*01:03:04, these alle-
les have not been found in any other population evaluated
so far, i.e. the allele E*01:04 was found only in Japanese
in the early 1990s (33), and the E*01:03:03 was submitted
to IMGT but not published, and some authors have sug-
gested that they are in fact sequencing artifacts (34). Recently,
another HLA-E allele was described with an intron 3 mutation
(E*01:03:02:02 ) (IMGT, database version 3.4.0), which was
not observed in the present series.

Of the seven variation sites observed in the present series,
two had already been described for the HLA-E gene (positions
+424 at codon 77 and +756 at codon 107) and five new muta-
tions have not been defined in the IMGT database and have
not been associated with a specific HLA-E allele or haplotype
(Table 1). Interestingly, two out of the five new mutations
have already been described as human SNPs (positions +1625
and +1857), one of them being recently described by the
1000 Genomes Project (www.1000genomes.org) (Table 1).
Notwithstanding that, they were not associated with a specific
HLA-E allele by IMGT.

Considering the variation sites observed at the HLA-E gene
in Brazilians, only three reached polymorphic frequencies,
i.e. the known variations at positions +424 and +756 and
the new variation site at position +1645 (Table 1). These
three SNPs correspond to a synonymous substitution (position
+424) and missense mutations at exons 3 (position +756)
and 4 (position +1645), leading to an amino acid substitution
in the HLA-E molecule (Table 1). The non-synonymous
mutation at the +756 position leads to an arginine (basic and
hydrophilic amino acid) to glycine (polar and neutral amino
acid) change, which theoretically does not drastically affect
the final protein. However, the mutation at the +1645 position
leads to a very different amino acid substitution: an aspartic
acid (hydrophilic) to valine (apolar and hydrophobic). Another
missense mutation at position +1857, which almost reached
polymorphic frequencies, also leads to a substitution involving
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Table 1 List of variation sites for the human leukocyte antigen (HLA) −E coding region (previously known and new ones), their effect on the HLA-E
molecule and their frequency in Brazil

HLA-E
region

SNP
accession
number SNP effect

Associated
with specific
HLA-E alleles

Nucleotide
position Codon

Position
on codon Variation

Region where
it was

described

Frequency
in Brazil

(2n = 208)

Intron 1 None None No 170 — — G/T Brazil G = 0.9952
Exon 2 rs1059510 Synonymous Yes 424 77 Third base C/T Spain C = 0.7330

AAC (Asn)
AAT (Asn)

Exon 3 rs1264457 Missense Yes 756 107 First base A/G Japan A = 0.6298
AGG (Arg)
GGG (Gly)

Exon 3 rs41560815 Synonymous Yes 887 150 Third base C/T Unknown C = 1.0000
GCC (Ala)
TCT (Ala)

Exon 3 rs41562314 Missense Yes 906 157 First base A/G East Asia A = 1.0000
AGA (Arg)
GGA (Gly)

Intron 3 None None No 1294 — — G/A Brazil G = 0.9952
Exon 4 rs11548296 Synonymous No 1625 189 Third base G/C West Africa

(Nigeria), Brazil
G = 0.9952

GTG (Val)
GTC (Val)

Exon 4 None Missense No 1645 196 Second base A/T Brazil A = 0.9856
GAC (Asp)
GTC (Val)

Exon 4 rs17875370 Synonymous Yes 1691 211 Third base G/A Caucasoid
(region unknown)

G = 1.0000
GCG (Ala)
GCA (Ala)

Exon 4 rs62621992 Missense No 1857 267 First base C/T North America
Brazil

C = 0.9904
rs115331960 CCC (Pro)

TCC (Ser)

amino acid residues with completely different properties:
proline (apolar and hydrophobic) to serine (polar and neutral).

The presence of a significant association between all HLA-E
variation sites was evaluated by using Haploview 4.2 (20).
Figure 1 illustrates the pattern of LD along the HLA-E locus.
Except for the SNP pair +424/+1857, all SNPs reached the
maximum D ′ value. However, it can be noticed that only an
SNP pair (positions +424 and +756) did present strong LD
as evaluated by the log of the odds (LOD) score; such SNPs
are the two most frequent variants in the present series. As
all other SNPs presented the minor allele with low frequen-
cies, i.e. lower than 1.5%, there was no power to detect such
LD. In addition, the likelihood ratio test of LD (18), using the
ARLEQUIN version 3.1 program (19), did also show LD only
between the frequently polymorphisms (positions +424 and
+756), corroborating the data obtained by Haploview. Nev-
ertheless, considering such elevated LD among the frequent
SNPs, computational haplotype inferences were performed as
described earlier.

On the basis of nucleotide sequence variations and the
phase of alleles from those seven variation sites obtained
by probabilistic models, eight different haplotypes (i.e.
HLA-E alleles) were obtained. Of these, three haplotypes
have already been described and matched with the IMGT

Figure 1 Linkage disequilibrium (LD) between pairs of SNPs at the
human leukocyte antigen (HLA)-E locus. The image was generated using
the Haploview software. Areas in black indicate strong LD (LOD ≥ 2,
D′ = 1), gray indicates weak LD (LOD < 2, D′ = 1) and white indicates
no LD (LOD < 2, D′ < 1). D′ values different from 1.00 are represented
inside the squares as percentages. LOD, log of the odds; D′, pairwise
LD parameter between SNPs.

18 © 2011 John Wiley & Sons A/S · Tissue Antigens 79, 15–24
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Table 2 Human leukocyte antigen (HLA)-E allele frequency in Brazilians and other populations studied so fara

HLA-E alleles African-Americans
African
Shona Hutterites Hispanics Australians

Asian
Indians Chinese Thaib Koreansb Japanese Brazilians

E*01:01:01c 56.58 50.93 41.70 56.20 57.00 0.6475 24.00 42.50 49.10 32.00 62.50
E*01:03:01d 18.42 29.63 56.50 43.80 43.00 0.1250 76.00 57.50 28.80 39.00 9.13
E*01:03:02:01 25.00 19.44 0.2025 22.10 29.00 24.52
E*01:03:03 — — — — — 0.00
E*01:03:04 — — — — — 0.00
E*01:04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
New allelese — — — — — — — — — — 3.84
2nf 76 216 1704 96 400 400 50 400 972 100 208
hSk

g 0.5912 0.6179 — — — 0.5185 — — 0.6279 0.6681 0.5432
References (11) (54) (14) (14) (55) (56) (14) (57) (58) (11) This study

aThe ‘ – ’ denotes an allele that was not evaluated.
bGroup of healthy controls.
cAlleles E*01:01:01:01 to E*01:01:01:03 were pooled together as E*01:01:01.
dAlleles E*01:03:01:01 and E*01:03:01:02 were pooled together as E*01:03:01.
eNew HLA-E variants observed in the present study and specified in Table 3.
fNumber of chromosomes sampled.
gExpected heterozygosity values.

criteria for the E*01:01:01, E*01:03:01 and E*01:03:02:01
alleles (Table 2). The E*01:01:01:01, E*01:01:01:02 and
E*01:01:01:03 alleles were pooled together in this article as
E*01:01:01 because they differ by mutations outside the eval-
uated region. The E*01:03:01:01 and E*01:03:01:02 alleles
were pooled together as E*01:03:01 for the same reason.
It should be mentioned that all frequency data presented in
Table 2 did also use the same grouping policy described
above.

The five remaining haplotypes were in fact new alleles,
each one carrying one of the new variation sites described
(Tables 1 and 3). As these new HLA-E alleles have not
yet been recognized by IMGT, provisory names were given
according to the original known allele in which the muta-
tion seems to have occurred (Table 3). The HLA-E geno-
types did fit the Hardy–Weinberg equilibrium expectations

Table 3 New human leukocyte antigen (HLA)-E alleles found in the
Brazilian population

HLA-E allele Mutation Frequency

E*01:01:01β +170 0.48
E*01:03:01β +1625 0.48
E*01:03:01pro267ser +1857 0.96
E*01:03:02:01β +1294 0.48
E*01:03:02:01asp196val +1645 1.44

The Greek letter β indicates a new allele that does not result in new
protein, thus sharing a preexistent allele group. This nomenclature
option was used because of the fact that such alleles have not yet been
recognized by the international ImMunoGeneTics database (IMGT). In
cases of amino acid change, the former and the new amino acid is given
with the codon number, which also indicates the existence of a new
allele group.

for all SNPs evaluated and for the HLA-E haplotypes (P =
0.3548 ± 0.0227).

The HLA-E*01:01:01 allele was the predominant one in the
Brazilian population, with a frequency of 62.50%, followed by
the E*01:03:02:01 (24.52%) and E*01:03:01 (9.13%) alleles.
Although the specific SNPs associated with the E*01:03:03,
E*01:03:04 and E*01:04 alleles were evaluated, all the 104
samples analyzed were monomorphic for these variation sites.

Because of the paucity of frequency data of the HLA-E
gene at a high resolution level in worldwide populations, it
was not possible to perform an exhaustive population genetic
approach involving the populations or ethnic groups that con-
tributed to the Brazilian gene pool. Some preliminary clues,
however, can already be obtained based on currently available
data (Table 2). The Brazilian population presented the largest
HLA-E allele diversity. However, together with Asian Indi-
ans, it presented the lowest expected heterozygosity (Table 2)
among the populations with a more refined HLA-E evaluation
(African-Americans, African Shona, Asian Indians, Koreans
and Japanese).

The frequency of the HLA-E alleles, and as a consequence
of each of the known SNPs at the HLA-E locus, varies
substantially across the world (Table 2). An exact test of
population differentiation showed that the Brazilian allele
frequency distribution is significantly different from those of
African Shona, Korean and Japanese populations (in all cases,
P = 0.0000 ± 0.0000). However, no significant differences in
comparisons with African-Americans (P = 0.2438 ± 0.0233)
and Asian Indians (P = 0.1149 ± 0.0216) were observed.

The presence of a significant association between the HLA
loci was evaluated by means of a likelihood ratio test of
LD (18), using the ARLEQUIN version 3.1 program (19).
The likelihood ratio test of LD involving the HLA-A, HLA-B,
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Figure 2 Linkage disequilibrium (LD) among human leukocyte antigen
(HLA) loci. Dark gray squares indicate statistical LD with P < 0.05, light
gray squares represent LD with P between 0.5 and 0.1 and white
squares represent absence of LD. This image was generated manually.

HLA-C, HLA-DRB1 and HLA-DQB1 loci (low-resolution
allele groups), HLA-G and HLA-E (haplotypes) evidenced
the absence of a significant association between HLA-E and
other HLA loci (Figure 2). Because of their proximity, the loci
HLA-G, HLA-A and HLA-C, HLA-B and HLA-C, HLA-DRB1
and HLA-DQB1 did present significant LD (Figure 1). In spite
of the LD among HLA-G, HLA-A and HLA-C, it was not possi-
ble to detect such interaction with HLA-E, which lies between
HLA-A and HLA-C.

The nucleotide diversity at the HLA-E locus was 0.00050,
about 66% of the human genome average (0.00075) (35, 36)

(Table 4). Considering the nucleotide diversity for each exon
separately, only exons 2 and 3 presented a higher diversity,
about two times the human average. In addition, exon 1
was monomorphic and exon 4 presented very low nucleotide
diversity. Interestingly, the non-coding regions (introns) were
practically monomorphic (nucleotide diversity of 0.00002) in
a sequence even bigger than the coding sequence evaluated in
the present sample. The coding sequences presented 50 times
the nucleotide diversity of the non-coding sequences.

By using the polymorphic data obtained in this study, the
Ewans–Watterson neutrality test, which takes into account
heterozygosis, was performed to investigate whether natural
selection may exert significant pressure on the allele and geno-
type frequencies at the HLA-E locus (Table 4), but statistical
significance was not reached. However, negative normalized
F values exhibiting low P -values were observed for exons 2
and 3 (P = 0.1706 and P = 0.0091, respectively), and posi-
tive normalized values were observed for exon 4 and for non-
coding sequences. The second neutrality test used, Tajima’s D
test, which takes into account sequence diversity, resulted in
the observation that exons 2 and 3 presented positive D values,
but with no statistical significance. On the other hand, exon 4
and the non-coding sequences did present negative D values
(P = 0.0220 and P = 0.02400, respectively). Taken together,
these negative Ewens–Waterson’s normalized F values and
positive Tajima’s D values observed in exons 2 and 3 reflect
an excess of heterozygosis that may be due to balancing selec-
tion (35). On the other hand, the positive Ewens–Waterson’s
normalized F values and negative Tajima’s D values observed
in exon 4 and non-coding sequences may indicate a directional
selection toward a specific haplotype or negative selection,
especially considering the low nucleotide and haplotype diver-
sity presented by exon 4 and non-coding sequences and their

Table 4 Neutrality tests performed in the human leukocyte antigen (HLA)-E locus

Region
Sequence

length
Nucleotide
diversity (π)

No. of segregating
sitesa

Number of
haplotypes (k)

Haplotype
diversity Tajima’s D (P)

Ewens-Watterson
normalized F

HLA-E genomica 1881 0.00050 7 8 0.543 −0,4428
P = 0.3870

0.5665
P = 0.7608

HLA-E exon 1 64 0.00000 — 0 0.000 — —
HLA-E exon 2 270 0.00145 1 2 0.391 1.3178

P = 0.9170
−1.3488

P = 0.1706
HLA-E exon 3 276 0.00170 1 2 0.469 1.7793

P = 0.9490
−1.7835

P = 0.0909
HLA-E exon 4 276 0.00021 3 4 0.057 −1.4132

P = 0.0220

1.7813
P = 0.9693

HLA-E codingb 886 0.00104 5 6 0.535 0.1603
P = 0.6440

−0.0371
P = 0.5727

HLA-E non-codingc 995 0.00002 2 3 0.019 −1.2800

P = 0.0240

1.4482
P = 1.0000

Significant results (P < 0.05) are given in bold.
aExons 1–4, including introns.
bExons 1–4 (introns not included).
cIntrons 1–3 (exons not included).
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Table 5 Synonymous and non-synonymous nucleotide substitution test of neutrality, positive and purifying selection for analysis averaging human
leukocyte antigen (HLA)-E sequence pairs (the official ones plus the new ones described here)a

dN/dS

neutrality test
Number of
sequences

Number of
codons HA = neutrality (dN �= dS) HA = positive selection (dN > dS) HA = purifying selection (dN < dS)

Exon 1 14 21 dN − dS = 0.0000; P = 1.0000 dN − dS = 0.0000; P = 1.0000 dN − dS = 0.0000; P = 1.0000
Exon 2 14 89 dN − dS = −0.9845; P = 0.3269 dN − dS = −0.9899; P = 1.0000 dS − dN = 0.9992; P = 0.1599
Exon 3 15 91 dN − dS = 0.1889; P = 0.8505 dN − dS = 0.1952; P = 0.4228 dS − dN = −0.1945; P = 1.0000
Exon 4 14 91 dN − dS = −0.9367; P = 0.3508 dN − dS = −0.9328; P = 1.0000 dS − dN = 0.9336; P = 0.1762
Exons 2 and 3 14 181 dN − dS = −0.9150; P = 0.3620 dN − dS = −0.9335; P = 1.0000 dN − dS = 0.9828; P = 0.1638
Exons 3 and 4 14 183 dN − dS = −0.7263; P = 0.4691 dN − dS = −0.7224; P = 1.0000 dN − dS = 0.7164; P = 0.2376
Exons 2–4 14 273 dN − dS = −1.2118; P = 0.2280 dN − dS = −1.2244; P = 1.0000 dN − dS = 1.2885; P = 0.1000
Exons 1–4 14 295 dN − dS = −1.2159; P = 0.2264 dN − dS = −1.2145; P = 1.0000 dS − dN = 1.2083; P = 0.1147

aProbabilities of rejecting the null hypothesis of strict-neutrality (dN = dS) in favor of the alternative hypotheses are shown.

number of segregation sites. The outcome of the third neu-
trality test, the synonymous and non-synonymous nucleotide
substitution test, suggests a non-significant but at least dif-
ferent behaviors of exon 3 (possibility of positive selection)
in comparison with the remaining evaluated regions (possi-
bility of purifying selection), which is compatible with the
increased Ewens–Watterson’s normalized F values obtained
for the Brazilian population. However, such test is completely
different from the previous ones because it does not evalu-
ate the dynamics of the HLA-E gene in the dataset obtained
(i.e. Brazilians), but it evaluates natural selection over the
worldwide identified HLA-E alleles, including the new ones
described here (Table 5).

Discussion

The classical HLA proteins, especially HLA-A, -B and -C,
are fundamental for T-cell mediated responses, as they are
highly involved in antigen presentation processes. The genes
encoding such proteins are known to be the most polymorphic
in the human genome as well as in most vertebrates. Several
lines of evidence support the idea of microorganism-mediated
balancing selection acting in such genes enhancing their
variability, because such variations would be essential to
an efficient antigen presentation of peptides derived from
thousands of microorganisms (37–41). Two mechanisms may
be involved in the maintenance of variability in such genes,
the heterozygote advantage in which heterozygous individuals
would be more adapted, and the sexual selection, in which
a preferred mating would occur between individuals with
different histocompatibility molecules (39–43). In addition, a
pathogenic co-evolution theory has recently emerged, whereby
the most common alleles are placed under the greatest
pathogenic pressure, leading to a positive selection of the least
common alleles. Irrespective of the most plausible theory to
explain variability, classical HLA genes are in fact highly
variable, with approximately 4828 different alleles already
detected, considering the HLA-A, -B and -C loci together
(IMGT database version 3.4.0).

In contrast to classical HLA genes, limited HLA-E vari-
ability has been observed in worldwide populations. Despite
the recognized role of the non-classical HLA molecules as
modulators of immune responses, the exact mechanisms by
which the HLA-E molecule does influence T and NK cell
responses is not quite understood. Moreover, it is interesting to
remark that all non-classical HLA loci that modulate immune
responses are quite invariable at the coding region compared
with their classical counterparts. Although few studies have
evaluated the variability of the HLA-E locus, a consistent data
is the low HLA-E variability observed in worldwide popula-
tions (Table 2).

Besides the low-resolution typing methods used in the few
available studies regarding HLA-E variability (Table 2), only
a few different alleles were found coding for only two dif-
ferent proteins (E*01:01 and E*01:03 ). As the methodology
used in the present work allowed high-resolution typing, any
HLA-E allele with nucleotide differences between exons 1
and 4 would be detected. In addition to the two world-
wide HLA-E molecules currently reported, only two others
were detected, both encoded by HLA-E alleles present-
ing nucleotides changes in exon 4 (mutation at positions
+1645 and +1857, Table 1), but none achieving polymor-
phic frequencies (Table 1). Another recent study evaluating
HLA-E variability at a high-resolution level was reported in
a Canadian population, confirming the presence of alleles
that encode the same two worldwide most frequent HLA-E
molecules (44). In the previous study, the authors did evaluate
only exon 3, so some degree of variation could be miss-
ing. Even so, more than 600 patients were evaluated, and no
new variation was found in exon 3, with both E*01:01 and
E*01:03 alleles showing similar frequencies.

Interestingly, even in a population such as the Brazil-
ian one, in which a high degree of variability would be
expected because of its genetic background, only two HLA-E
molecules were also frequently found. Regarding another non-
classical HLA gene, HLA-G, Brazilians did present the highest
HLA-G variability so far described (45), supporting the idea
of the high variability expected in such population. Those two
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HLA-E molecules found worldwide are different for a substi-
tution of glycine to arginine at codon 107, which may alter
the structure of the molecule. In addition, relative differences
in peptide affinity, complex stability and ligand interaction
may account for putative distinct biological functions. The
only structural difference between these two molecules is the
presence of an additional hydrogen bond involving the side
chain of arginine 107 (1). Although different surface levels of
HLA-E may modulate ligand interaction, the substitution at
residue 107 does not seem to affect the interaction of HLA-E
with CD94-NKG2 (46). However, the allele bearing codon
107G (glycine) is associated with higher HLA-E expression
levels, higher affinity for available peptides and higher sta-
bility of the HLA-E107Gly/peptide complex (47–49). There-
fore, the HLA-E molecule coded by the E*01:03 allele has
been associated with greater stability, higher expression and
a potentially stronger inhibitory effect on NK cells (50, 51).

Curiously, the HLA-E locus is located between the HLA-C
and HLA-A loci, two of the most polymorphic genes in
the human genome, encompassing a region of approximately
1200 kb at chromosome 6p21.3. This region does present a
high degree of variability at the HLA-C and HLA-A loci,
probably because of balancing selection, and in between these
loci a strong pressure against variation for the HLA-E locus,
probably because of purifying selection.

As HLA-E may modulate immune system cells, a certain
degree of invariability is in fact expected for the coding region
of the gene; however, it is interesting to observe that different
selective pressures are acting along this region. Exons 2 and 3,
for instance, do present a trend for balancing selection given
the observed negative Ewens–Watterson’s normalized F val-
ues and positive Tajima’s D values. This balancing selection
is probably maintaining the polymorphism at codon 107 in
exon 3, which is associated with the two common HLA-E
proteins found worldwide. Evidence for balancing selection
at exon 2 is probably a hitchhiking effect, because the poly-
morphic site at codon 77 in exon 2 is a silent mutation, which
is in LD with codon 107. As codon 107 polymorphism is
found worldwide, it may be considered a very old mutation.
In addition, the frequency of both alleles in this polymorphism
is somehow elevated (Table 2), which is compatible with bal-
ancing selection, as evidenced in this study and in a previous
report (10).

To maintain both alleles worldwide, which would explain
such high heterozygosis, one of the following circumstances
may occur. First, this amino acid change does have a func-
tional impact, and the presence of both encoded proteins is
profitable. This is particularly difficult to infer at the present
time, as few studies have evaluated such functional rele-
vance. Apparently, the E*01:03 molecule (glycine at codon
107) is more stable and would result in a stronger inhibitory
response (47–51), but with essentially the same affinity to
CD94 as compared with its counterpart (46). It is not clear
why two different HLA-E proteins would be profitable in

humans, unless the presence of both molecules, one highly
inhibitory and more stable and the other less effective, would
prepare individuals for situations in which a high or low HLA-
E availability would be required. The second hypothesis is
that alleles from this SNP are in high LD with other SNPs at
the regulatory regions, which in fact are suffering balancing
selection to maintain high-expressing and low-expressing hap-
lotypes in the regulatory regions. This phenomenon apparently
has been observed for the HLA-G gene, in which balancing
selection maintains a high degree of variability in the regu-
latory regions, probably maintaining heterozygosis of high-
expressing and low-expressing haplotypes (17, 35).

However, it should be mentioned that both mechanisms
could be operating in different degrees, i.e. balancing selection
maintaining both two functional different molecules and
regulatory haplotypes at the same time. Nevertheless, it is
important to point out that only exon 3 did present a slight
suggestion of positive selection by the dN /dS test, which is
compatible with both selection mechanisms (Table 5).

Interestingly, exons 1 and 4, and introns 1–3 did present
a high pressure against variance. Exon 1 encodes the leader
peptide and exon 4 encodes the α3 external domain of the
HLA-E molecule. The lack of variation at exon 4 is some-
how expected, but the lack of variation in HLA-E introns is
quite intriguing. The nucleotide diversity of HLA-E introns
was approximately zero (0.00002), with only two segregat-
ing sites (with just one occurrence in 208 chromosomes) in
995 nucleotides. This lack of variation is quite unexpected,
because its non-classical counterpart, HLA-G, presents sev-
eral non-coding variations (mainly in intron 1) with elevated
frequencies (17), and the classical HLA genes do present
hundreds of non-coding polymorphic sites already described
(IMGT, version 3.4.0). This apparent negative selection act-
ing on the non-coding regions of the HLA-E locus may be
a consequence of a functional relevance of such introns (52);
however, major known functions for introns such as synthe-
sis of microRNAs and alternative splicing are not observed
in these regions of the gene (53). In conclusion, the HLA-E
locus is quite invariant even in an admixed population such
as the Brazilian one because only two frequent encoded pro-
teins were found due to a missense mutation at exon 3 codon
107. In addition to the known alleles, five new HLA-E haplo-
types were found in Brazilians, two of them associated with a
new HLA-E protein, but with low frequencies. The variance
at exon 3 apparently has been maintained in worldwide pop-
ulations because of balancing selection, which was confirmed
by our data, but a strong pressure for invariance is also act-
ing at exon 4 and introns, probably reflecting its functional
relevance, deserving further studies.
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