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ARTICLE INFO ABSTRACT

Keywords: We took advantage of the increasingly evolving approaches for in silico studies concerning protein structures,
HILA-G protein molecular dynamics (MD), protein-protein and protein-DNA docking to evaluate: (i) the structure and
Isoforms MD characteristics of the HLA-G well-recognized isoforms, (ii) the impact of missense mutations at HLA-G
LILRB1

receptor genes (LILRB1/2), and (iii) the differential binding of the hypoxia-inducible factor 1 (HIF1) to
hypoxia-responsive elements (HRE) at the HLA-G gene. Besides reviewing these topics, they were revisited
including the following novel results: (i) the HLA-G6 isoforms were unstable docked or not with fo-
microglobulin or peptide, (ii) missense mutations at LILRB1/2 genes, exchanging amino acids at the intracel-
lular domain, particularly those located within and around the ITIM motifs, may impact the HLA-G binding
strength, and (iii) HREs motifs at the HLA-G promoter or exon 2 regions exhibiting a guanine at their third posi-
tion present a higher affinity for HIF1 when compared to an adenine at the same position. These data shed
some light into the functional aspects of HLA-G, particularly how polymorphisms may influence the role of
the molecule. Computational and atomistic studies have provided alternative tools for experimental physical
methodologies, which are time-consuming, expensive, demanding large quantities of purified proteins, and
exhibit low output.
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1. Introduction

Massive parallel sequencing has provided data regarding the com-
plete structure of many genes, supplying information to unravel the
amino acid sequence of proteins and the regulatory nucleotide
sequence to understand the putative translational and posttransla-
tional gene control. Because protein function is related to its three-
dimensional (3D) structure, the relationship between amino acid
sequence and protein structure may facilitate the understanding of
the biological function of proteins [1]. Seminal procedures to identify
3D protein structures are primarily focused on experimental methods,
such as X-ray, nuclear magnetic resonance, spectroscopy and cryo-
electron microscopy, which are time-consuming, expensive, demand
relatively large quantities of purified proteins, and exhibit low-
output [2]. An alternative to experimental procedures is the use of
computational (in silico) approaches using public datasets, such as
the protein data bank (PDB, https://www.rcsb.org/) [3] PDB is a com-
prehensive archive of information regarding the 3D shapes of proteins,
nucleic acids, and complex assemblies solved by experimental meth-
ods, containing more than 194,000 entries [3]. In addition to static
structures, Molecular Dynamic (MD) simulations may provide the
behavior of the modeled structures.

Overall, tertiary protein structure prediction (PSP) algorithms are
classified into two main groups: (i) template-based modeling (homol-
ogy and threading methods) and (ii) template-free modeling (ab initio).
The first one uses solved PDB protein structures as a template to model
the target protein according to the amino acid sequence or folding sim-
ilarity. When a target-template similarity is <20 %, the second mod-
eling method is applied, which considers the physical-chemical
properties of each amino acid in the query polypeptide chain to predict
tertiary structures [4]. Besides PSP methods, molecular docking algo-
rithms have been used to predict the “fit” between three-dimensional
structures; i. e., how the structure of one molecule binds to the struc-
ture of another molecule to form a molecular complex, including pro-
teins, RNAs, DNAs, peptides, or other small molecules [5]. The result
of PSPs is an arrangement of protein atoms in coordinates of a Carte-
sian plane [3].

Proteins cannot be exclusively considered as a set of amino acids
delimited in a certain spatial orientation; on the contrary, proteins
can adopt different conformations according to the environment in
which they play their functions or interact with other molecules. In
these cases, it is necessary to carry out MD simulation studies to under-
stand the behavior of the molecules [6]. The system to be simulated
consists of a collection of interacting particles represented as atoms,
encompassing the biological molecule inside a water box in conditions
of controlled volume, temperature, pH, pressure, and ion content, over
a specific time. This strategy has permitted to simulate a biological sys-
tem in a physiological environment with the atoms in motion to verify
whether the 3D structure remains stable during its movement along a
determined time [7].

In this review, we revisited our previous computational findings
regarding: (i) the structural aspects of the human leukocyte antigen-
G (HLA-G) isoforms (complete membrane-bound and some isoforms)
[8], (ii) the consequences on protein stability of gene missense muta-
tions at the major HLA-G receptors (LILRB1 and LILRB2) [9], and (iii)
the atomistic mechanisms that may explain the differential action of

the hypoxia-inducible factor 1 (HIF1) on the HLA-G gene [10] and
complemented these approaches adding novel unpublished data.

1.1. Structural aspects of the HLA-G isoforms

The first crystallographic structure of the HLA-G molecule coupled
with B,-microglobulin and peptide [11] exhibited some gaps, leaving
aside important residues sequences associated with the interaction of
HLA-G with its receptors, the final portion of the a3 domain, and the
transmembrane and intracytoplasmic domains. To fill these gaps, we
evaluated the structure and MD of the membrane-bound HLA-G1
molecule, the soluble HLA-G1 dimer, and the soluble HLA-G5 isoform.
The membrane-bound HLA-G1 and the soluble HLA-G1 dimer coupled
with Bp-microglobulin and the histone H2A-derived RIIPRHLQL non-
apeptide [12] were stable. Similarly, the HLA-G5 isoform (al-3
domains and 21 residues encoded by intron 4) coupled with the po-
microglobulin and with the RIIPRHLQL nonapeptide was stable,
whereas HLA-G5 structures uncoupled with the B,-microglobulin or
with the RIIPRHLQL nonapeptide were unstable because of the ran-
dom movement produced by the 21-residue tail retained from intron
4, which opened the cleft permitting the escape of the peptide [8].

In Supplementary results and discussion section, we complemented
the modeling of HLA-G isoforms, adding the structural analysis and
MD of the HLA-G6 monomer, which is encoded by exon 2 (a1 domain)
and exon 4 («3 domain) of the HLA-G gene, eliminating exon 2, but
conserving intron 4, retaining the same 21-residue tail also present
in the HLA-G5 isoform.

1.2. Missense mutations at the LILRB1/LILRB2 genes

LILRB1 (LIR-1/CD85j/ILT2) and LILRB2 (LIR-2/CD85d/ILT4)
belong to the leukocyte receptor complex (LRC) located at the long
arm of chromosome 19. Among the functional members of the leuko-
cyte Ig-like receptor (LILR) family, five are inhibitory (LILRB1-5), five
activators (LILRA1,2,4-6), and one is a soluble (LILRA3) receptor [13].
LILRB1/2 contain four extracellular Ig-like domains (D1-D4), a trans-
membrane domain, and 3-4 immunoreceptor tyrosine-based inhibi-
tory motifs (ITIMs) in the cytoplasmic tails, which recruit tyrosine
phosphatases, inhibiting activating signals [14,15]. Ligand binding
to receptor yields the phosphorylation of the ITIM tyrosine residue
by Src tyrosine kinases that recruit two cytoplasmic tyrosine phos-
phatases, referred to as SHP-1 and SHP-2, which dephosphorylate sig-
naling molecules [16]. These receptors interact with HLA class I
classical and non-classical molecules, as well as with proteins from
viruses and parasites [17-19] transducing negative signals through
their ITIMs, inhibiting the function of natural killer, T/B-cells, and
myelomonocytic cells [20,21]. Overall, the interactions with HLA class
I occur through the binding of the two LILRB1/2N-terminal extracellu-
lar domains (D1/D2) with the a3 and pomicroglobulin domains of the
HLA molecules.

LILRBI1 interacts with HLA-A2 molecules through: (i) six D1 (Q18,
K42, W67, E68, G97, A98) and seven D2 (Y99, 1100, Q125, V126,
A127, D184, L187) residues with fourteen pomicroglobulin residues
(11, Q2, R3, T4, V85, T86, L87, S88, Q89, K91, 192, V93, K94, D96),
and (ii) six D1 residues (Y36, Y38, R39, K41, T43, Y76) with six a3
domain residues (A193, V194, S195, D196, E198, V248) [22]. In con-
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trast, LILRB2 employs a lower number of residues for the interaction
with HLAs, which results in a predominant recognition of o3 and
almost independence of f,microglobulin. LILRB2 interacts through
(i) four D2 residues (W67, D177, N179, V183) with two residues from
Bomicroglobulin (K6, K91) and (ii) five D1 residues (R36, Y38, K42,
147, T48) that bind to three HLA-G o3 residues (F195, Y197, E229)
[23]. Compared to other LRCs, LILRs show a fair degree of polymor-
phism [13]; however, the LILRB1/2 family has an accelerated evolu-
tion, with increased interspecies differences compared to the genome
average [24,25].

Little attention has been devoted to the LILRB1/2 diversity
[26-29]. Despite the high nucleotide conservation, especially at the
LILRB1/2 coding regions, a recent study conducted by our group high-
lighted the presence of several polymorphisms affecting the protein
stability and, consequently, the ligand recognition and function of
these receptors [9]. In total, 58 single nucleotide variants (SNVs),
arranged in 13 LILRB1 haplotypes, were identified. The majority
(68.6 %) of these SNVs is located at the D1-D4 domains and may affect
the binding to HLA class I molecules. Additionally, we and other
authors identified variants that may affect the LILRB1 stability, such
as P68L (rs1061679), T93A (rs12460501), L114R (rs778057754),
T142I (rs1061680), 1155S (rs1061681) at the D1/D2 domains, and
A309V (rs61737895), G350R (rs61739173), Q401L rs61739175), at
the D3/D4 domains [26,29,30]. Nevertheless, only P68L (D1 domain)
contacts the HLA class I molecules, disturbing protein folding and
reducing the binding with HLA-G [26,31]. Additionally, P68L is in
complete linkage disequilibrium (LD) with ten other variants in
LILRBI gene [9]. The rs1061679 SNV shows a differential frequency
in worldwide populations, where the rs1061679*T allele exhibits a
frequency of 0.56 in Brazilians, 0.37 in Africans, 0.40 in East Asians,
0.49 in admixed Americans, 0.30 in European, and 0.29 in South
Asians, according to the 1000 Genome Project Consortium [32].

For the LILRB2 gene, we identified 41 SNVs, arranged in 11 haplo-
types. Compared to the LILRBI gene, a lower number of variations at
Ig-like domains (51.2 %) was detected, with only 5 SNVs (12.19 %) at
D1/D2 domains. Natural selection signatures at residue level revealed
positive selection signals only at the D3/D4 domains; however, struc-
tural analysis identified a unique residue at D1/D2 (M235V-rs386056)
domains exhibiting a protein destabilizing effect. Noteworthy, mis-
sense mutations at the D3/D4 domains may alter the interaction with
HLA molecules because these domains serve as a scaffold for the D1/
D2 domains [33]. Tajima’s D Test results support these findings, show-
ing a signature of purifying selection at the complete LILRB2 gene
regions [9].

In addition to the myriad of destabilizing missense mutations
observed at the LILRB1/2 regions that encode the D1/D2 domains,
we also observed missense mutations at the LILRB1/2 genes that
encode the intracellular domain and specifically at the ITIM domains,
which are presented in the Results/Discussion section.

1.3. HLA-G mutations that may influence the binding of the hypoxia-
inducible factor 1 (HIF1) to hypoxia-responsive elements (HRE)

HLA-G transcription can be induced by the binding of HIF1 with
HREs under hypoxic conditions in physiological and non-
physiological situations. For instance, hypoxia is an important physio-
logical microenvironment for placental development and formation of
the maternal-fetal interface [34,35], increasing HLA-G expression in
fetal endothelial cells, cytotrophoblasts and amniotic fluid, contribut-
ing to the immune tolerance of the fetus by the mother. In addition,
HIF1-HRE binding targeting HLA-G may have a role in individual
adaptation mechanisms to high altitudes, since increased soluble
HLA-G was observed in mountain climbers [36] and HLA-G genetic
variability may impact high altitude adaptation [37]. In non-
physiological situations, the low level of cellular and tissue oxygen
has been reported to increase transcription and production of HLA-G
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in several HLA-G-negative tumor lineages, such as melanoma and
glioma [38-40], in which tumor cells use HLA-G immunomodulatory
mechanisms to immune system escape.

HIF1 is a key hypoxia transcription factor regulator that belongs to
the Helix-Loop-Helix-PER-ARNT-SIM protein family. HIF1 functions as
a heterodimer, composed of an oxygen-regulated o subunit (HIF1a)
and a stable § subunit (HIF1b) [41]. Under hypoxic conditions, HIF1a
dimerizes with the HIF1b subunit and binds to hypoxia regulatory ele-
ments (HRE:5'RCGTG’3) in the target genes, stimulating gene tran-
scription in association with coactivator protein complexes, like
CBP/p300 [42].

DNA binding residues at the HIF1 a and p subunits may bind to sev-
eral potential HREs motifs identified at the HLA-G promoter and cod-
ing region. At the promoter region, two HREs located 1.4 kb region
upstream the translation start codon (ATG) have been described. The
first is at positions —242 to —238 base pairs (bp) upstream the first
translated ATG, at the genomic region chr6:29827603-29827607
(hg38), with the sequence 5'GCGTG'3. The second is at positions
—966 to —962 bp, genomic region chr6:29826879-29826883, also
with sequence 5'GCGTG'3. The first site is non-functional [40] and
no known polymorphism was observed, while the second present
one frequent variant, at position —964 G > A (rs1632947) [38].
Two additional HREs have been described at positions + 281
to + 285 bp (5’ACGTG’3, chr6:29828125-29828129) and + 291
to + 295 bp (downstream the 5'CACGC3’ sequence,
chr6:29828135-29828139) at exon 2 [35]. Despite no polymorphism
has been reported at the + 281 HRE, two variants were identified in
the second HRE (sequence + 291 to + 295): +292 A > T
(rs41551813) and + 293C > T (rs72558173). The first SNV causes
a non-synonymous amino acid change from threonine to serine
(T31S) and the second from threonine to methionine (T31M) in the
ol domain of the protein [39,40] (Fig. 1).

The —964G > A SNP at the promoter region is the most frequent
in worldwide populations, exhibiting an allele frequency of 0.5369 for
the —964A allele, while the exon 2 SNPs present a frequency of
0.0609 for the + 292 T allele and of 0.0009 for the + 293 T allele
[43,44]. The —964A variant is observed in the HLA-G*01:04,
G*01:01:02, G*01:05 N, and G*01:06 alleles, while other alleles exhi-
bit the —964G variant. The exon 2 + 292 T variant is present in the
HLA-G*01:03 allele and the + 293 T variant in the HLA-G*01:10 and
G*01:11 alleles (Fig. 1). Among the exon 2 HRE haplotypes, the
G*01:03, G*01:10 and G*01:11 alleles have a world population fre-
quency lower than 1 % [43,44].

Yaghi et al [40] first described the impact of HLA-G gene variability
on HIF1-HRE interaction and HLA-G expression under hypoxic condi-
tions, using the hypoxia-mimicking agent deferoxamine. The expres-
sion occurred due a synergic action of the HIF1 binding to the
promoter —966 HRE together with the exon 2 HREs (HREs + 281
and + 291). The —964G allele exhibited increased HLA-G expression
in comparison to —964A allele, revealing the impact of the
—964G > A SNP on gene regulation by HIF1 [40].

To understand the atomistic mechanisms associated with the differ-
ential action of HIF1 on the HRE promoter region, we constructed
protein-DNA (HIF1-HRE) complexes, containing the —964G and
—964A alleles and compared the physical-chemical properties and
the complex stability, using chemistry computational approaches and
MD, respectively. The —964A allele exhibited a decreased surface
interaction and binding affinity to the HIF1/HRE complex and pre-
sented lower stability when compared to the complex containing the
G allele, under hypoxic conditions [40]. In addition, the —964A allele
induced a deformation in the double helix structure that led to a
stacked base-pair opening in the DNA strand, negatively influencing
the HIF1/HRE interaction and complex stability [10]. To understand
the role of the HIF1/HLA-G interaction at the exon 2 HRE, in this
review we further studied the atomistic features of this DNA-protein
interaction.
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HLA-G | 5UTR | CODING REGION | R |
#7966 -962 242 %-238 ..., P281 285 291 295 ...
DNA strand 5=—{ GCRTG — GCGTG J— 3'5— ACGTG |— GWYCG ——3
HRE -966 HRE -242 HRE +281 HRE +291
Upstream Upstream Upstream Downstream
sequence sequence sequence sequence
Variation sites 4 L
-964 G>A (R) +292 A>T (W)
+293 C>T (Y)
Coding alleles 4 —t
G*01:04 -964A +292A +293C
G*01:01:02 -964A +202A +293C
G*01:05N -964A +292A +293C
G*01:06 -964A +202A +293C
G*01:03 not described +202T +293C
G*01:10 not described +292A +293T
G*01:11 not described +292A +293T

x Non-functional element;

| SNP/SNV annotation according IGMT/HLA database.

Fig. 1. Hypoxia regulatory elements (HRE) at the promoter and coding region (exon 2) of the HLA-G gene. A summary of the haplotypes that present at least one
HLA-G allele located into HREs at the promoter and coding region is shown. 5’'UTR: 5'untranslated region; 3'UTR: 3'untranslated region; SNP: Single Nucleotide
Polymorphism: population frequency > 1 %; SNV: Single Nucleotide Variation; population frequency < 1 %. The R/W/Y at the DNA strand represent the [UPAC
nucleotide code, where R refers to G > A; W refers to A > T; and Y refers to C > T.

Fig. 2. Three-dimensional representation of the HLA-G6 isoform. (A) Free HLA-G6 monomer (blue); (B) HLA-G6 isoform coupled with the histone H2A
RIIPRHLQL nonapeptide (red); (C) HLA-G6 isoform coupled with the f,-microglobulin (green) and the RIIPRHLQL nonapeptide (red). In black is represented the
21 residues retained from intron 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2. Supplementary results and discussion are described here for the first time. Considering that HLA-G6 shares
the al/a3 domains with the complete HLA-G protein, a homology
2.1. Structural aspects of the HLA-G6 isoform modeling strategy was used for this portion, while the residues

retained from intron 4 were modeled by an ab initio methodology, as

The fact that HLA-G6 acts through LILRB2 is of particular interest described for the HLA-G5 isoform [8]. The complete membrane-
because this receptor is expressed only by monocytes, dendritic cells, bound HLA-G1 model (based on the HLA-G*01:01 molecule that is
and macrophages [45]. The structural aspects of the HLA-G6 monomer the most common worldwide) was then applied as template for three
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possible HLA-G6 isoform structures: monomer, monomer containing
the nonapeptide in the cleft, and monomer containing the nonapeptide
in the cleft and coupled with B,-microglobulin. Validation software,
image and structure visualization, residue interaction, and the Ca Root
Mean Square Deviation (RMSD) and Root Mean Square Fluctuations
(RMSF) values, calculated using the initial structures as reference,
were performed as previously described [8] Three MD of 300 ns were
performed, using GROMACS v5.1.4 [46] and CHARMM36m force field
[47]. MD simulations were also performed in triplicate using GRO-
MACS v4.6.5 package and the G54a7 force field, for a total of
2.2 ps, following closely similar approaches as described for the
HLA-G5 model [8].

The best models obtained for the HLA-G6 isoform are shown in
Fig. 2, illustrating the HLA-G6 alone (Fig. 2A), coupled with the
RIIPRHLQL nonapeptide (Fig. 2B) or with peptide and fo-
microglobulin (Fig. 2C). The 21-residue tail retained from intron 4
assumes a loop conformation (Fig. 2 A/B/C).

The molecular dynamics of the HLA-G6 isoforms showed that two
replicates (r]l and r2) assumed a relatively stable behavior when com-
pared to replicate r3, which after 50 ns of simulation reached very
high levels of RMSD (7-17 A). The loop from the intron translation
is also largely responsible for destabilizing the model, interacting with
the 1l and o3 domains, destabilizing its whole structure. The RMSF
showed that the structural fluctuation was more concentrated in the
al domain and loop from the intron. The initial and final moments
of the simulation demonstrated that the interaction of the loop with
the al domain was able to lead to the partial unfolding of the a-
helix found in this region. The RMSD value calculated between the
structures removed from the trajectory at the initial and final moments
is like the values obtained previously for unstable structures.

Soluble HLA-G6 isoform containing the peptide coupled to the al
domain: the same structure of the monomer of the HLA-G6 isoform
was used for the docking of the RIIPRHLQL nonapeptide to the al
domain of the monomer to assess whether the presence of the peptide
in the groove would be able to provide greater stability to the struc-
ture. The structure selected from the docking demonstrated strong
binding energy of the RIIPRHLQL nonapeptide to the al domain
(Fig. 2B). This structure was subjected to MD to examine the stability
of the model. Even during the most stable simulations (r1 and r2), the
RMSD values were high (10-27.7 ;\), which correlates with the insta-
bility of the structure. The structure referring to the r3 replicate loses
the necessary contacts with the peptide at 200 ns of the simulation
when the peptide escapes from the al domain and leads to a sudden
increase in the RMSD values. In addition, the RMSF showed very large
structural variation throughout the HLA-G6 isoform and the peptide
dynamics, contrary to what was observed for the HLA-G6 monomer,
in which the fluctuation of residues was more concentrated in the resi-
dues that make up the al domain. The comparison of the initial and
final structures of the trajectory demonstrated extensive deformations
in the entire HLA-G6 isoform, such as an inversion of the o-helix and f-
sheets that make up the a1l domain.

Soluble HLA-G6 isoform containing the peptide coupled to the al
domain and to f»-microgobulin: literature reports indicate the lack of
the a2 domain as a reason for the impossibility of the presence of
Bo-microglobulin in isoforms composed of al-a3 domains, such as
HLA-G6 [48]. Based on the structure of the HLA-G5 [8] isoform cou-
pled to By microglobulin and the interaction positions found in these
structures, it was possible to obtain the docking of the HLA-G6 isoform
coupled with peptide and pp-microglobulin (Fig. 2C). The comparison
of residues that are part of the HLA-G6 and B,-microglobulin interac-
tion demonstrated a smaller number of residues than those found in
the HLA-G5 and By-microglobulin interaction interface [8], even con-
sidering the absence of the a2 domain in the HLA-G6 isoform.

MD for the system containing HLA-G6 with the nonapeptide
RIIPRHLQL and coupled to the p2-microglobulin protein reached a
total time of approximately 60 ns. Upon reaching this point of the tra-
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jectory, the software used for the dynamics simulations indicated the
great instability of the system and the impossibility of continuing
the test. All replicates of the HLA-G6 simulations reached this point
of instability and ended abruptly. The RMSD values for replicates rl
and r2 were relatively stable compared to previous simulations for
the other structural possibilities of HLA-G6. The initial and final
moments of the trajectory demonstrated torsion of the a-helix that
make up the al domain, but the other structural alterations were much
less aggressive than the alterations seen in the previous simulations for
the other structural possibilities of HLA- G6.

We believe that the impossibility of proceeding with the MD simu-
lations is due to the positioning of the p,-microglobulin, its distance
from the a3 domain and, consequently, the lack of essential interac-
tions between the al-a3 and fs-microglobulin domains. The RMSD
values (Fig. 3) achieved during the HLA-G6 trajectories permitted to
observe that the HLA-G6 monomer was the most stable construction.
Even the HLA-G6 isoform containing peptide and f,-microglobulin
reached values close to RMSD, and its molecular dynamics system
proved to be so unstable that it was not possible to continue the
simulations.

As none of our presented structural possibilities were stable when
subjected to MD, a possible stable structural conformation for these
soluble HLA-G6 structures that have the ol and a3 domains could be
dimers composed of al-a3: al-a3, as in the work published by Kuroki
et al. [49], where HLA-G2 (al-a3 membrane) naturally forms a free
Bo-microglobulin homodimer and does not have disulfide bonds join-
ing the dimer monomers, resembling the arrangement of class II
HLA heterodimers («1-02:p1-p2), an idea proposed by Ishitani and col-
leagues in 1992 [50]. One might think that perhaps the HLA-G6 iso-
form cannot exist as a soluble monomer and needs to be in a
dimeric conformation to be stable.

The HLA-G6 and all studied isoform models/structures are avail-
able through GitHub (https://github.com/thaisarns/HLA-G6), permit-
ting the use of these models as templates for modeling other alleles
and isoforms.

2.2. Missense mutations at the major HLA-G receptors (LILRB1/LILRB2)

ITIM polymorphisms may impact the LILRB1/2 inhibitory signal-
ing, interfering with the immune response regulation [51]. We
reported two previously unpublished missense variants (rs41308744
and rs202204734) at the ITIM motif 2 of LILRB1 gene [9]. These vari-
ants are in complete LD with each other but have no disequilibrium
with any other variant evaluated (Fig. 4). The alternative C allele
shows a frequency distribution in 1000 Genomes Project populations
varying from 0.01 in East/South Asians to 0.03 in Africans, while
the variant is monomorphic in American and European populations.
In Brazilians, its frequency is like that found for Africans included in
the 1000 Genomes Project. Despite the non-availability of ITIM struc-
tural analysis, codon-based signatures of selection analysis using the
Fast-Unconstrained Bayesian Approximation (FUBAR) method [24]
identified a positive selection signature under the residue E564K/Q
or E564A. Other two missense variations showing positive selection
signals (rs28409473-G583E and rs16985478-E625K) were indeed
identified in the cytoplasmatic residues, around the ITIM regions.
The rs28409473 is in complete LD with three other D1 polymorphisms
(Fig. 4), including the T93A (rs12460501), identified by FoldX analy-
sis [52,53] as the second more destabilizing variation. Noteworthy,
T93A (rs12460501) and P68L (rs1061679) are in complete LD with
each other and when evaluating only missense polymorphisms from
cytoplasmic and D1/D2 domains, rs1061679 shows complete LD with
four variants located at the D1 domain (Fig. 4). About 24 % of the
LILRB1SNVs observed in the study encoded amino acids in the cyto-
plasmatic region. The Tajima’s D Test results [54] agree with these
results. Interestingly, a significant signal of balancing selection, or
heterozygous advantage, was found for the final portion of the gene.
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Fig. 4. Linkage disequilibrium (LD) among the missense single nucleotide variations observed at the nucleotide sequences that encode the D1/D2, ITIM-2, and
other cytoplasmic regions of the LILRB1 (A) and LILRBZ2 (B) genes. Tagger SNPs are highlighted in bold. Areas in red indicate strong LD (LOD > 2, D’ = 1); areas in
light red indicate moderate LD (LOD > 2, D’ < 1); areas in blue indicate LD with a lack of statistical evidence (LOD < 2, D’ = 1); while areas in white indicate no
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single-nucleotide polymorphisms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Immunity-related genes correspond to one of the main classes
enriched with either positive or balancing selection signatures [55].
Balancing selection is also an explanation for the high genetic diversity
found in the HLA complex and is associated with the maintenance of
genetic variability in the population [56]. In this case, the observed
selection signatures highlight the importance of the immune signaling
plasticity, i.e., the intensity of inhibitory signals transduced by the
ITIM-2 motif may be alternated according to the polymorphisms
observed, impacting on the LILRB1-mediated regulation of immune
response. Therefore, although LILRB1 binds to conserved domains in
HLA class I molecules, distinct LILRB1 proteins may have differential
functional properties.

A more restricted genetic diversity is observed for LILRB2 coding
residue variation at the intra-cytoplasmatic region. Only a synonymous
variation T593T (rs144888744) was observed at the ITIM-3 motif,
showing no functional significance. Additionally, the alternative fre-
quency is low in almost all populations from the 1000 Genomes Pro-
ject, varying from 0.001 in Africans to 0.093 in South Asians, and in
the Brazilian population, in which the frequency of rs144888744*G
is 0.001. When LD is evaluated, the first observation concerns to the
high level of SNVs with so low frequencies of the alternative allele that
do not even are included in the LD plot. Among the variants that give
rise to LD blocks, rs386056 and rs373032 are in complete LD with
each other (Fig. 4). Both are at the D2 domain, with rs386056 differ-
entiating haplotypes from group C, while rs373032 helps to identify
haplotypes from group B [9]. The SNV rs386056 is also in complete
LD with rs35440540, located in the cytoplasmic region, while
rs373032 is in complete LD with rs73055442, situated at the D1
domain (Fig. 4). Moreover, both polymorphisms show expressive fre-
quency variability. The rs386056*T frequency varies from 0.11 to
0.23 in Africans, Brazilians, Europeans, and Americans to 0.45 in the
East Asians from the 1000 Genomes Project, while the rs373032*T fre-
quency varies from 0.03 to 0.08 in Africans and East Asians to
0.14-0.31 in American, Brazilians, Europeans, and South Asians
[9,31].

Purifying selection removes deleterious variations in a process
known as background selection that is essential for preserving biolog-
ical function [57].Therefore, given the important role of LILRB2 in
immune regulation of lymphocytic cells, it would be expected a selec-
tive regimen supporting the maintenance of a proper molecule func-
tioning. In conclusion, these results demonstrate the understanding
of the impact of polymorphic variations and natural selection forces
in LILRB1/2 regions, given that changes in the molecules encoded
by different alleles might disturb these protein—protein interactions,
which have a central role in immunological response regulation.

Upstream
sequence

HRE +281
ACGTG
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2.3. The differential action of the HIF1 on the HLA-G gene

To further explore the role of HIF1 protein on the HLA-G HRE vari-
ability, we complemented our previous in silico analysis that evaluated
the impact of the promoter region —964G > A HRE [10] now study-
ing the polymorphic site at exon 2 (+292A > T and + 293C > T)
within HRE. These studies were performed using the same DNA/pro-
tein docking strategy, as previously described [10]. DNA double helix
3D structures were constructed spanning from the + 274 to + 302
nucleotide [58], encompassing the + 292A > T (Figs. 1 and 5).
The + 291 HRE polymorphic downstream sequence was used as active
residues to drive the docking [59,60] of the free DNA molecules with
HIF1 3D structure [10]. Three protein-DNA complexes encompassing
the + 291 HRE were constructed and named as follows: (i) HIF1-
HRE + 291AC (+292A; +293C), (ii) HIF1-HRE + 291TC
(4+292 T; +293C), and (iii) HIF1-HRE + 291AT (+292A; +293 T),
as shown in Figs. 1 and 5.

Docked complexes presented similar 3D structures (data not
shown), in which the HIF1 was attached to HRE in accordance with
experimental/computational protein/DNA complexes [10,61-63].
The physical-chemical properties of the complex were used to
calculate the HADDOCK score (HS) that estimates the binding
affinity between the two docked molecules. Negative HS values mean
that molecule partners interact easily and exhibit great binding
affinity [5,60]. The HIF1-HRE + 291AC complex exhibited higher
binding affinity (HS = -167.26) than the other two complexes, i.e.,
HIF-HRE + 291TC (HS = -161.15), and HIF1-HRE + 291AT
(HS = -158.19). These values corroborate those observed for the dock-
ing of HIF1 to the —964G > A SNP, in which the HIF1-HRE-964G
(-966 upstream HRE sequence: 5'GCGTG’3) and HIF1-HRE-964A
(-966 upstream HRE sequence: 5GCATG’3) exhibited HS values of
—163.53 and —147.90, respectively [10]. Similarly, the HIF1-
HRE + 291AC (+ 291 downstream HRE sequence 3'GTGCG’5) shares
the same HRE sequence of the HIF1-HRE-964G; and the HIF1-
HRE + 291AT (+291 downstream HRE sequence: 3'GTACG’5) has
the same regulatory sequence of the HIF1-HRE-964A. This homology
occurs because the promoter region and the exon 2 + 291 HRE shares
the same third nucleotide (guanine/adenine) at the HIF1 HRE
sequences of the studied complexes. In conclusion, we can infer that
a guanine at the third residue position of the HRE has higher binding
affinity for HIF1 than an adenine at the same position, irrespective of
the location of the HRE in the HLA-G gene.

Besides evaluating the influence of HRE variability on the HIF1
binding, we studied the atomic interactions between amino acid side
chains and nucleotides in the major and minor grooves of the DNA

HRE +291
Downstream
sequence

HIF1-HRE+291AC -~ GTGCG

Protein/DNA
complexes

— +292 A>T (rs41551813)

HIF1-HRE+291TC —GAGCG

= +293 C>T (rs72558173)

HIF1-HRE+291AT — GTACG

Fig. 5. DNA double helix three-dimensional structure exhibiting the exon 2 HREs of the HLA-G gene. Sequence differences observed at the + 291 HRE
polymorphisms are highlighted in the gray box, which were used to model the DNA molecules. DNA double helixes exhibited a length of 35 base pairs.
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Fig. 6. Intermolecular interactions between + 291 hypoxia-responsive element (HRE) and HIF1 atom-pair, emphasizing the + 292 A > T and + 293C > T
polymorphism at the HLA-G gene. On the left is shown a three-dimensional representation of the protein-DNA structure. The central box represents the + 291 HRE
region. On the right are shown details of the hydrogen bonds (distance 2.5-3.2 A) formed between residue atoms of « (pink) and  (blue) subunits with the atoms
of the nucleotides. Hydrogen bond indicated by yellow dotted lines refers to amino acid atoms that interact with the sugar-phosphate backbone DNA atoms. Dotted
dark red lines refer to amino acid atoms interacting with nitrogen base atoms. Nucleotides numbered as + 291G, +292A/T, +293C/T, +294C, +295G are
upstream sequence and nucleotides numbered as + 291rC, +292rT/A, +293rG/A, +294rG, +295rC are downstream sequence of the DNA strand. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

double helix, emphasizing the role of hydrogen bonds (Hbonds) [64].
Considering the interaction between HIF1 amino acids with the
HRE + 291 nucleotides, we observed that Hbond formation was
observed between amino acid atoms with: i) sugar-phosphate back-
bone DNA atoms (4 Hbonds for the HIF1-HRE + 291AC; 3 Hbonds
for the HIF1I-HRE + 291TC; and 5 Hbonds to the HIF1-
HRE + 291AT, and ii) nitrogen base DNA atoms (none for the HIF1-
HRE + 291AC; 5 Hbonds to the HIF1-HRE + 291TC; and 1 Hbond
to the HIF1-HRE + 291AT) (Fig. 6).

Hydrogen bonds formed between atoms pairs of the amino acid
side chains with the sugar-phosphate backbone are important interac-
tions to stabilize the molecular complex, while interactions between
atoms pairs of protein residues with DNA nitrogenous bases are
responsible for the specificity of the binding of the transcription factor
to the target regulatory element [65]. In this context, HIF1 binds at
the + 291HRE containing + 292 T and + 293C allele combination
in a more specific manner than the other complexes, because the
HIF1-HRE + 291TC complex has more amino acids interacting with
nitrogen base atoms (Fig. 6).

Although the distance from the HLA-G —966 to the + 281 HREs
covers more than thousand nucleotides, the synergic interaction with
HIF1 may be possible through CBP/p300 mediator proteins (co-
factors), which may induce the formation of a DNA loop that allows
the proximity of the transcription factor with more than one HRE,
potentiating the transcriptional gene activity [40,66]. The HIF1 gene
transcription regulation is dependent on the interaction between
CBP/p300 with the HIFla C-terminus transcriptional activation
domain (C-TAD) [67]. Despite CBP/p300 does not bind directly to
DNA, it may act as a bridge to connect one or more transcription
factors, such as HIF1 with their respective regulatory elements, inter-
acting with components of the basal transcription complex [68].
Therefore, in silico methods bring important insights regarding
HLA-G genomic variability and the interaction between HIF1 with its
regulatory element. Unfortunately, due to the absence of important
components in these theoretical models, such as the C-TAD of the
HIF1 o subunit and of the CBP/p300 cofactor, which are important
to gene transactivation, we are unable to fully understand of HIF1 role
in the transcriptional regulation of the HLA-G under hypoxic
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conditions at an atomistic level. Further studies are needed to clarify
HLA-G regulation by HIF1.

3. Conclusion

Although protein 3D structures as well as their partner molecules
may provide information regarding functional activity, they also pre-
sent limitations. For instance, very large protein systems require a
powerful computer to calculate atoms dynamic behavior, requiring
the use of supercomputers [69]. Furthermore, molecular docking pre-
dicts the molecular orientation of the docked complex using a scoring-
function to estimate molecule affinity, based on physical-chemical fea-
tures of solved molecule datasets [70,71], which may vary according
to the underlying situation in physiological or non-physiological
conditions.

Concluding, the atomistic theoretical models and MD studies may:
(i) improve the understanding of the static HLA-G crystallographic
structures; (ii) define the stability of the complete HLA-G molecule
and of its isoforms; (iii) provide the basis for the modeling of other
HLA-G molecules in addition to the HLA-G*01:01; (iv) help to explain
experimental findings regarding the HLA-G binding stability to the
major LILRB1/2 receptors; (v) recognize the putative differential
immunosuppressive role of LILRB1/2 receptors caused by intracellular
residue variations, particularly at the ITIM motifs; and (vi) understand
the atomistic features of functional studies regarding the differential
role of transcription factors on the HLA-G gene.
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