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In silico molecular dynamics of human glycophorin A (GPA) 
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Background: Glycophorin A (GPA) is one of two glycoproteins found on the surface of human red blood 
cells (RBCs) that constitute the MNS blood group system. The structure of GPA’s extracellular domain is 
unknown despite previous attempts using X-ray crystallography and NMR spectroscopy. As a result, there 
is a knowledge gap regarding antigen presentation. This hinders the production of monoclonal antibodies 
(mAbs) against MNS antigens.
Methods: In silico modelling techniques including homology modelling and ab initio predictions were 
implemented to develop a proposed structure for the monomeric form of the GPA extracellular domain. 
Developed structures were then subjected to molecular dynamics (MD) simulations.
Results: The results obtained indicated that the monomeric extracellular domain of GPA is most likely 
intrinsically disordered, with the exception of a β-hairpin-like structure spanning the exon 3–4 junction. 
Further analysis showed this β-hairpin-like structure was not observed when starting from an extended or 
cyclical peptide structure within the time-scale used in the MD simulation study, suggesting that linear 
or cyclical peptide fragments of this region are unsuitable representations for the purposes of antigen 
presentation. Lastly, of the MNS antigens produced by single amino acid variations found in the exon 3–4 
junction, only the ERIK antigen (p.Gly78Arg; MNS37) was found to alter the β-hairpin-like structure.
Conclusions: The monomer of the extracellular domain of GPA has a high level of disorder, with the 
exception of the antigenic exon 3–4 junction, which adopts a β-hairpin-like structure. Our work suggests that 
linear peptides and expression of the monomeric form of GPA might be of limited use for immunisation or 
screening processes used in antibody identification. Further understanding of the antigenic determinants of 
GPA will require a more sophisticated combination of laboratory and computational approaches, as well as 
consideration of possible structural changes as a result of dimerisation.
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Introduction 

Glycophorin A (GPA) is a single-pass transmembrane 
sialoglycoprotein found in human red blood cells (RBCs), 
and is one of two glycoproteins that constitute the MNS 
blood group system. The MNS blood group system 
contains multiple clinically significant antigens, and has 
been associated with haemolytic disease of the foetus and 
newborn (1). 

Unfortunately, there is currently a lack of monoclonal 
antibodies (mAbs) available for a number of antigens in 
the MNS blood group system (2). Previous attempts in our 
laboratory at producing mAbs against various glycophorin 
peptides  in both GPA KO mice,  and biopanning 
experiments resulted in antibodies with strong affinity 
towards the peptides, but little or no affinity to an RBC. 
It is possible that there are structural features associated 
with antigenicity of GPA that are not present in the 
peptide sequence alone. Therefore, a structural model of 
the extracellular domain of GPA (GPA-ECD) may act as a 
stepping-stone in understanding antigen presentation, and 
subsequently improve the way mAbs are identified. 

Typically, protein structures are solved through the 
process of X-ray crystallography or nuclear magnetic 
resonance (NMR) spectroscopy. However, the GPA-
ECD is heavily glycosylated, and contains 16 O-linked 
and 1 N-glycosylation sites (3,4). This high level of 
glycosylation hinders the formation of a stable crystal for 
X-ray crystallography, and the high degree of heterogeneity 
associated with glycosylation adds further complexity when 
analysing any produced structures (5,6). It is possible to 
remove glycosylation through the use of neuraminidase 
cleavage or to express a soluble version of the protein in 
a bacterial system (7), however, there are still problems in 
retaining native structure through the preceding methods. 
NMR has been previously used to solve the transmembrane 
domain structure of GPA (8), however, there is limited 
information about the secondary structure of GPA-ECD. 
What is available from NMR and circular dichroism (CD) 
studies, which includes studies with neuraminidase cleavage 
of glycosylation, indicates that there is a disordered portion 
of GPA-ECD structure (9,10). Apart from consensus that 
GPA is a single-pass transmembrane protein, no detailed 

structure of GPA-ECD or its antigens has emerged from 
these methods to date. 

Due to the limited availability of experimental data, 
combined with the difficulty of obtaining structural data 
for the GPA-ECD, three structure prediction methods 
of increasing complexity were used: (I) homology/
comparative modelling, (II) threading and (III) ab initio 
simulation. This was performed to better understand the 
molecular basis of GPA antigenicity, as well as whether 
these in silico modelling methods can provide a prediction 
of GPA secondary structure and subsequent antigen 
conformation. Although glycosylation is a factor in 
antigenicity, there is limited evidence to suggest it has a 
significant role in protein backbone structure. Due to the 
increased level of complexity as well as processing power 
required to simulate glycosylation, this study produced an 
initial model of GPA-ECD structure based on an amino 
acid backbone. Protein glycosylation will be added once a 
structure has been determined in order to investigate its 
role in antigenicity. 

Methods

Generation of 3D structures of GPA-ECD

GPA-ECD
The amino acid sequence of GPA was obtained from 
Uniprot (Universal Protein Resource, RRID:SCR_ 
002380)  (11)  access ion number  P02724 (GLPA_
HUMAN). The amino acid sequence of the extracellular 
domain of glycophorin A (GPA-ECD, residues 19–89; 71 
residues) were submitted to Robetta (Robetta RRID:SCR_ 
018805) (12), iTasser (iTasser RRID:SCR_018803) (13) 
and FALCON (FALCON RRID:SCR_018804) (14). 
The top 5–10 models generated by all three programs 
were used for analysis. Five ab initio models generated by 
Robetta (12) were further analysed and validated using 
atomistic molecular dynamics (MD) simulations (see “MD 
simulations” below). In addition, a previously predicted 
GPA model with a β-barrel structure (15) generated using 
the program FALCON (14), for the extracellular domain 
GPA-ECD (residues 21–91; 71 residues) was also used 
for MD simulations. All amino acid sequences for GYPA 
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models can be seen in Table 1.

GPA-ECD exon 3–4 junction hairpin peptide
A representative structure was extracted from clustering 
data produced on the GPA-ECD exon 3–4 junction from 
the combined trajectories of the 5 Rosetta GPA-ECD 
models. Two structures (residues 64–85; 22 residues) were 
selected, in the form of a beta-hairpin with N-terminal 
acetyl and C-terminal amide caps added using PyMOL 
(PyMOL, RRID:SCR_000305) version #2.2.3 (16). 

GPA-ECD exon 3–4 junction linear peptide
An extended peptide model of the GPA-ECD exon 3–4 
junction (residues 64–85; 22 residues) was produced using 
the builder tool of PyMOL (16) with N-terminal acetyl and 
C-terminal amide caps added. 

GPA-ECD exon 3–4 junction circular peptide
Two circular peptide models for GPA-ECD exon 3–4 
junction (residues 64–85; 22 residues) were produced 
using Rosetta (12). The topology files were generated 
using a combination of GROMOS (17) and GROMACS 
(GROMACS, RRID:SCR_014565).

GPA-ECD exon 3–4 junction single amino acid 
mutations
FoldX software (FoldX, RRID:SCR_008522) (18) was 
used to create single amino acid changes in the GPA-ECD 
exon 3–4 junction hairpin peptide (produced using method 
above) according to known MNS antigens caused by single 
amino acid mutations in Table S1. The modelled structures 
retained the N-terminal acetyl and C-terminal amide caps.

MD simulations

All MD simulations were performed using the GPU 
version Gromacs 2019.1 (19) on the Wiener HPC cluster 
at the University of Queensland. The Gromos 54A7 
force field was used to model protein structures (20,21). 
Each protein was placed in a cubic periodic box with the 
minimum distance of 1.2 nm between protein surface and 
wall. Each system was solvated with SPC (22) water model. 
The protonation states of titratable groups were chosen 
appropriate to pH 7.0, where N-terminal, Arg and Lys 
residues were protonated while C-terminal, Asp and Glu 
residues were deprotonated. The neutral ε-tautomer for His 
residues was used. No counter ions were added. 

Each system (protein + water) was energy minimized 

and equilibrated for 200 ps with the heavy atoms of the 
protein positionally restrained before commencing a 
series of unrestrained MD simulations. All simulations 
were performed at constant temperature (298 K) and 
pressure (1 atm) using a Berendsen thermostat (coupling 
time of 0.1 ps) and barostat [coupling time of 1.0 ps and 
isothermal compressibility of 4.575×10-4 (kJ/mol/nm3)-1]  
(23,24). A single cut-off of 1.4 nm was used for all non-
bonded interactions. The neighbour list was updated every 
0.010 ps (every 5 steps). To correct for the truncation of 
the electrostatic interactions beyond the 1.4 nm long-
range cut-off a reaction-field correction was applied using 
a dielectric permittivity of 78. The equations of motion 
were integrated using the leapfrog scheme and a step-size 
of 0.002 ps. Initial velocities at a given temperature were 
derived from a Maxwell-Boltzmann distribution. All bonds 
were constrained using the LINCS algorithm with a lincs_
order of 4 (25). The SPC water molecules were constrained 
using the SETTLE algorithm (26). MD simulations were 
performed for 200 ns for each system (with the exception of 
GPA-ECD exon 3–4 junction single amino acid mutation 
models which were run for 100 ns); all coordinates, 
velocities, forces and energies were saved every 10,000 steps 
(20 ps) for analysis. 

Analysis using RMSD, Clustering and Visual Analysis

The stability of protein structures was analysed using 
root mean square deviation (RMSD) as obtained by 
fitting the backbone atoms and calculating the RMSD 
for backbone atoms. Additional secondary-structure 
analysis was performed to check the stability and inter-
change of secondary structure elements including visual 
analysis of the trajectory in VMD program (27) (Visual 
Molecular Dynamics, RRID:SCR_001820) version 1.9.3. 
The clustering of the relevant combined MD simulation 
trajectories (5 Robetta models for GPA-ECD, GPA-
ECD exon 3–4 junction region as a representative hairpin, 
extended and circular model, and 7 FoldX GPA-ECD exon 
3–4 junction mutation models), was performed using the 
inbuilt analysis tool in GROMACS. The samples were 
run for 200 ns trajectory contained 10,000 frames, with 
the exception of the exon 3–4 junction mutation models 
which were run for 100 ns for a total of 5,000 frames. The 
clustering method of Daura et al. [1999] as implemented 
in GROMACS under the name ‘GROMOS method’ was 
used (28). For clusters of structures in an MD simulation 
trajectory, the RMSD of atom positions between all pairs 

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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Table 1 GYPA extracellular sequence (M antigen) accession number 
P02724 (GLPA_HUMAN) sequence identification numbers for 
modelled structures 1–6, exon 3–4 peptide and International Society 
of Blood Transfusion (ISBT) amino acid numbering system

Single letter 
amino acid code

ISBT Structure 1–5 Structure 6 Exon 3–4

M 1 – – –

Y 2 – – –

G 3 – – –

K 4 – – –

I 5 – – –

I 6 – – –

F 7 – – –

V 8 – – –

L 9 – – –

L 10 – – –

L 11 – – –

S 12 – – –

E 13 – – –

I 14 – – –

V 15 – – –

S 16 – – –

I 17 – – –

S 18 – – –

A 19 1 – –

S 20 2 – –

S 21 3 1 –

T 22 4 2 –

T 23 5 3 –

G 24 6 4 –

V 25 7 5 –

A 26 8 6 –

M 27 9 7 –

H 28 10 8 –

T 29 11 9 –

S 30 12 10 –

T 31 13 11 –

S 32 14 12 –

S 33 15 13 –

Table 1 (continued)

Table 1 (continued)

Single letter 
amino acid code

ISBT Structure 1–5 Structure 6 Exon 3–4

S 34 16 14 –

V 35 17 15 –

T 36 18 16 –

K 37 19 17 –

S 38 20 18 –

Y 39 21 19 –

I 40 22 20 –

S 41 23 21 –

S 42 24 22 –

Q 43 25 23 –

T 44 26 24 –

N 45 27 25 –

D 46 28 26 –

T 47 29 27 –

H 48 30 28 –

K 49 31 29 –

R 50 32 30 –

D 51 33 31 –

T 52 34 32 –

Y 53 35 33 –

A 54 36 34 –

A 55 37 35 –

T 56 38 36 –

P 57 39 37 –

R 58 40 38 –

A 59 41 39 –

H 60 42 40 –

E 61 43 41 –

V 62 44 42 –

S 63 45 43 –

E 64 46 44 1

I 65 47 45 2

S 66 48 46 3

V 67 49 47 4

Table 1 (continued)
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of structures were determined. For each structure, the 
number of alternate iterations either similar or dissimilar, 
based on backbone atom RMSD values less than or equal to 
a specified value determined by RMS distribution analysis, 
was calculated. The structure with the highest number of 
neighbours was taken as the centre of a cluster, and formed 
the complete cluster together with all its neighbours. The 
structures of this cluster were thereafter eliminated from 
the pool of structures, and the process was repeated until 
the pool of structures was empty. An RMS distribution plot 
was generated to select appropriate cut-off RMSD values in 
the cases where more than one unique cluster was found.

Secondary structural features were automatically 
identified via the internal algorithms of the Visual Molecular 
Dynamics program (VMD). The program feature ‘Timeline’ 
was used to produce a graphical representation of secondary 
structure associated with each amino acid across the timeline 
of the full MD simulation. This tool was used to determine 
the specific amino acids associated with secondary structures, 
as well as the duration of the presence of the secondary 
structural feature throughout the simulation.

Circular dichroism (CD) spectropolarimetry of GPA-ECD

A peptide containing the GPA extracellular domain 
sequence [SSTTGVAMHTSTSSSVTKSYISSQTNDTH
KRDTYAATPRAHEVSEISVRTVYPPEEETGERVQLA
HHFSEPE] was synthesised by Thermo Fisher. CD spectra 
of GPA-ECD peptide (100 µM in 20 mM KHPO4, pH 6.0) 
were acquired under constant N2 flush using a Jasco J-810 
spectropolarimeter. Measurements were taken at 0.2-nm 
wavelength increments from 195 to 250 nm at 100 nm/min 
using a cell with a path length of 1 mm, bandwidth of 2 nm, 
response time of 1 s and five accumulations, and corrected 
for buffer baseline contribution. 

Results

Development and analysis of initial structures

Homology modelling
Homology/comparative modelling was attempted, although 
due to overall very low sequence identity and low homology 
of the GPA-ECD to known 3D structures of proteins (both 
solved by crystallography as well as NMR as reported in 
the Protein Data Bank (PDB) [Research Collaboratory 
for Structural Bioinformatics Protein Data Bank (RCSB 
PDB), RRID:SCR_012820)] this method was not suitable. 
Partial matches obtained by performing BLAST (29) (NCBI 
BLAST, RRID:SCR_004870) analysis against the PDB 
database revealed fragments of 20-30 residues in length 
from GPYA-EC exhibiting a sequence identity of 38–50% 
with known structures. However, homology modelling 
techniques require a minimum of approx. 150 residues with 
homology of at least 30–50% (30,31). As all the returned 
sequences were so short, it is unlikely that they reflect the 
appropriate secondary/tertiary structure as they are missing 
numerous interactions with other surrounding structures. 
Most of these segments were helical in nature (Table S2), 
but were too small to build a reliable homology model. 

Table 1 (continued)

Single letter 
amino acid code

ISBT Structure 1–5 Structure 6 Exon 3–4

R 68 50 48 5

T 69 51 49 6

V 70 52 50 7

Y 71 53 51 8

P 72 54 52 9

P 73 55 53 10

E 74 56 54 11

E 75 57 55 12

E 76 58 56 13

T 77 59 57 14

G 78 60 58 15

E 79 61 59 16

R 80 62 60 17

V 81 63 61 18

Q 82 64 62 19

L 83 65 63 20

A 84 66 64 21

H 85 67 65 22

H 86 68 66 –

F 87 69 67 –

S 88 70 68 –

E 89 71 69 –

P 90 – 70 –

E 91 – 71 –

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf


Annals of Blood, 2021Page 6 of 17

© Annals of Blood. All rights reserved. Ann Blood 2021;6:11 | http://dx.doi.org/10.21037/aob-20-51

Threading—iTasser and FALCON
As homology modelling was an inappropriate method for 
determining a suitable starting structure, the threading 
method (iTasser) was implemented for the structure 
prediction for GPA-ECD. The fold prediction is made 
by “threading” each amino acid in the target sequence 
to a position in the top 10 template structures generated 
from the LOMETS threading programs. For each target, 
iTasser uses the SPICKER program to cluster large 
ensembles of structural conformations based on pair-wise 
structure similarity and selects the top 5 models, where 
the confidence of each is measured by a C-score (32-40).  
However, this method relies on the fact that the total 
number of protein folds in nature is much smaller than the 
total number of known sequences (41,42). 

None of the 5 models of GPA-ECD produced by iTasser 
had positive or relatively high C-scores, indicating a low 
level of confidence. Visual analysis using PyMOL and 
VMD revealed these 5 models mostly exhibited a random-
coil structure, in contrast to comparative modelling of short 
GPA sequence segments (approx. 25 amino acids long), 
where all results returned as α-helical structures.

Subsequently, an alternative threading method, 
FALCON was used. FALCON uses homologous templates 
to calculate common structural frameworks using the TBM 
(Template Based Modelling, including homology and 
threading) module. If the TBM module fails to identify 
protein homologues, the ab initio module is activated. Initial 
attempts for GPA-ECD led to generation of 10 structural 
models, but none had confidence levels that justified 
continuation of study.

A previous model had been created using the FALCON 
program (15), so that program was also adopted for the 
current work. The previous model was created using 
residues 21–91 (71 residues), as compared to 19–89 
(71 residues) used in the current study. The previously 
created structure consisted of 5 highly coiled, antiparallel 
β sheets in 1-2-3-5-4-1 topology, referred to as an OB-
fold (oligonucleotide/oligosaccharide-binding fold). In our 
attempts to replicate the previous model using FALCON, 
the β-barrel structure was obtained only as 10th best-ranked 
model. Additionally, this model was only possible to obtain 
using the amino acid residues 21–91, where no β-barrel 
structures appeared using residues 19–89. Notwithstanding 
this, our produced replicate model was renamed ‘Structure 
6’ and included as one of the selected models for further 
analysis. However, the sensitivity of the threading method 
towards a small addition/deletion of residues on the end-

regions was surprising, and more investigations may be 
needed (beyond the scope of the current work) to support 
this observation.

Ab Initio modelling—Robetta
Due to the divergent structural observations obtained from 
the homology modelling and threading methods, prediction 
of the 3D structure of GPA-ECD was attempted using the 
program Robetta that implements ab initio methods. The 
ab initio Relax application consists of two main steps. The 
first step is a coarse-grained fragment-based search through 
conformational space using a knowledge-based “centroid” 
score function that favours protein-like features. The second 
optional step is all-atom refinement using the Robetta full-
atom force field (43). Robetta was selected due to its success 
in the bi-annual “Critical Assessment of Protein Structure 
Prediction” (CASP) (44) experiments, which test the latest 
methods for protein structure prediction. The top 5 models 
obtained from Robetta were renamed as Structures 1–5 
respectively and chosen for further investigation. When 
selecting models, weight was given not only to the ranking 
of the model by the Robetta program, but also to the 
expectation that residues involved in glycosylation were 
exposed to the surface. 

Analysis of GPA-ECD structures

All six initial predicted structures (5 from Robetta and 1 
from FALCON) exhibited distinct secondary structural 
features in the form of 3 to 6 β-sheets (listed in Table S3). 
There was a consistent feature of two β-sheets across all 
models, where the first β-sheet was located within the 
region 64–71 [EISVRTVY] and the second was located 
within the region 80–87 [RVQLAHHF] (Table S3). 
Although each β-sheet differed slightly in length and 
location, these β-sheets were also retained across all models 
throughout the simulation using the GROMOS force 
field. The combined region 64–85 is highlighted in red in  
Figure 1 as a comparison between the initial structure 
predictions. This β-hairpin is also the site of a number of 
GPA antigens (Table S1). Another region of consensus 
was a β-sheet found to span the region 25–30 [VAMHTS] 
(Table S3). However, the β-sheet identified at 25–30 
disappeared within 20 ns of MD simulation and was thus 
not considered a stable β-sheet region. Using secondary 
structure prediction program PsiPred (45) short β-sheets 
were predicted to be located in corresponding location  
64-71 [EISVRTVY] (Figure S1). Despite the consensus of 

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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Structure 1 Structure 2 Structure 3

Structure 4 Structure 5 Structure 6

Figure 1 Initial predicted structures of the extracellular domain of glycophorin A. The extracted stable exon 3–4 region (extracted from 
the results of 1 µs molecular dynamics simulation) is highlighted in red (EISVRTVYPPEEETGERVQLAH) for comparison between the 
identified stable β-hairpin against initial structure predictions. Images visualised using PyMOL (15).

the three aforementioned β-sheets, the structure for the 
entire GPA-ECD of the initial predictions varies greatly, 
and is likely to be associated with the inherent uncertainties 
in predicting secondary structure from primary sequence 
alone (46,47).

MD simulations were performed in explicit water on 
the six initial structures to validate the stability of these 
secondary structures. Furthermore, as the initial structures 
differed from one another, MD was used to determine 
if two or more would converge into a single stable 
representative form. After 200 ns of MD in explicit solvent, 
visual analysis indicated that all models were unable to 
retain their secondary structure, failed to conform into a 
single common structure, and all tended towards complete 
unfolding of the proteins captured at 0, 100 and 200 ns 
(Figure 2). 

For Structures 1, 2 and 3, a notable feature was the 
lengthening or shortening of β-sheets as well as significant 
twisting of the β-sheets seen by visual analysis (Figure 2). 
This distortion of shape correlates with the fluctuating 
RMSD values shown in the Y-axis of Figure S2 for 
Structures 1, 2 and 3. A stable conformation was not found 
for Structure 4 as it completely unfolds to form a random-

coil structure after 200 ns of MD simulation (Figure 2), also 
illustrated in Figure S2. The RMSD value of Structure 4 
continuously increases from 0.3 to 0.6 nm over the entire 
200 ns simulation, indicating continuous protein backbone 
alteration. Structure 5 had more widely fluctuating RMSD 
values (Figure S2, where the changes in secondary structure 
are visible across Figure 2). Structure 6 presented with the 
highest level of secondary structure stability. Although the 
RMSD values varied within the first 50 ns between 0.3 
and 0.6 nm (Figure S2), indicating an unstable starting 
structure [most likely the alteration of the β-sheet at 
27–30 (MHTS)], then at 50 ns there was a sharp spike in 
RMSD to 0.65 nm indicating a transition in the secondary 
structure, which remains stable at 0.6–0.65 nm for the rest 
of the 200 ns simulation. This revealed that a reasonably 
stable structure has been obtained, which is corroborated by 
visual inspection of the structure at each time point shown 
in Figure 2. The RMSF was also calculated for each of the 
protein structures (Figure S3) where Structures 1, 2, 4 and 
5 show high levels of fluctuations throughout the protein. 
Structures 3 and 5 appear to have lower levels of fluctuation, 
with the exception of two peaks both between residues 40 to 
50, and 70 to 80, as well as high fluctuation on the termini 

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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Structure 1

Structure 2

Structure 3

Structure 4

Structure 5

Structure 6

0 ns 100 ns 200 ns

Figure 2 Snapshots of all 6 initial extracellular predicted glycophorin A structures after molecular dynamics at 0 ns, 100 ns and 200 ns. 
Structure represented in cartoon format, with colouring based on secondary structure; α-helices are coloured maroon, 3–10 α-helices are 
coloured dark blue, β-sheets are coloured yellow, and loops are coloured white and cyan. Images derived from VMD software (26).

of the protein. However, under visual analysis (Figure 2) it 
can be seen that the secondary structural features shift from 
β-sheets to random coils, as well as changes in the tertiary 
structure.

Across all six structures, the twisting of β-sheets 
and presence of transient α-helical segments (Figure 2) 

suggests a propensity to shift into an α-helical structure. 
However, the majority of observed α-helical segments 
appeared intermittently at different locations across the 
six structures as well as at different time-points during 
the simulation (Table S4). The majority of the helices 
produced were also 3–10 helices which have been proposed 

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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to be an intermediate conformation, although four (of 
twelve) observed helices were not 3–10 helices. Lastly, the 
α-helical segments were on average 3 amino acids long 
and thus were not considered to be a significant structural 
feature even if they were retained for the majority of the 
200 ns simulation. 

Although the overall secondary structure failed to 
find a stable form, there were two stable β-sheets. The 
β-sheet at 81–87 [VQLAHHF] was retained throughout 
the 200 ns MD simulation for Structures 1,2,3,5 and 6, 
as well as for more than 100 ns in Structure 4. This was 
also observed for the β-sheet at 64–67 [EISV] (with the 
exception of Structure 3). These two β-sheets are located 
in the exon 3–4 junction region. These sheets are present 
in the same location as in the initial Robetta and FALCON 
predicted structures (Figure 1 in red), indicating that these 
β-sheets may be a stable component of the GPA-ECD. A 

representative structure of the exon 3–4 junction region 
was obtained from the combined trajectories of 1 µs of MD 
simulation, this structure exhibited a β-hairpin-like structure 
with an internal protein backbone, with side chains and 
glycosylation sites exposed externally (Figure 3A). This 
structure is also the location for seven GPA antigens which 
have been identified on Figure 3B and Table S1. 

In relation to the addition of counter-ions, there is 
currently no strong evidence that neutralisation of the 
protein enhances stabilisation, and is highly dependent on 
the model variant and procedure used (48). However, a test 
for MD simulation of Structure 1 was performed in a 100 
mM NaCl environment and run for 100 ns in explicit water, 
where no additional stability was seen. 

GPA-ECD as an intrinsically disordered-like protein

Considering the size of the GPA protein, four independent 
approaches were used (ab initio, threading, homology 
modelling and MD simulations) to derive a consensus about 
the secondary structure of its extracellular domain. The 
results of the MD simulations across the 6 structures lead 
to the observation that monomeric form of GPA-ECD 
most likely exists in an intrinsically disordered form with a 
small predicted region of local stability of the β-hairpin-like 
structure across the exon 3–4 junction. 

In addition, experiments were performed to test if 
GPA-ECD is disordered, using circular dichroism (CD) 
spectropolarimetry. A non-glycosylated peptide of the 
GPA-ECD was analysed and the CD spectrum indicated 
that the peptide does not have significant α-helical or β-sheet 
secondary structure elements and it is most likely in a 
random coil conformation in solution (Figure 4). 

Another method of predicting IDPs is through sequence 
analysis (49). This follows the principle that IDPs have 
lower frequencies of order-promoting residues (W, C, I, 
F, D and L) and hydrophobic/aromatic residues, as well as 
higher frequencies of disorder-promoting residues (R, P, 
Q, G, E, S, A and K) and charged/polar residues (50,51). 
This pattern can be seen in the GPA-ECD (as shown in  
Table 2), where over half of the residues within the 
extracellular domain are disorder promoting, and only 
approximately one fifth are order promoting. Lastly, 
secondary structure prediction based on the entire GPA 
protein sequence using PsiPred and DISOPRED (45,52) 
predicted disordered regions predominantly in exon 2 and 4 
(Figure S1).

MNS16 Ria

MNS14 Mta

MNS37 ERIK

MNS47 SARA

MNS43 Mars

O-linked Glycosylation Sites

–85

–85

–64

–64

MNS12 Vr

64 85

64 *      * 85

MNS38 Osa

A

B

Figure 3 A representative model of the glycophorin A (GPA) exon 
3–4 junction hairpin structure visualised using PyMOL (15). (A) 
Depiction of GPA exon 3–4 junction hairpin structure with cartoon 
backbone and line side chains, with labelled O-linked glycosylation 
sites. (B) Depiction of GPA exon 3–4 junction hairpin structure 
showing cartoon backbone only, with labelled single amino acid 
variants.

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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Antigen presentation in GPA-ECD

The M/N (MNS1/2), MNTD (MNS46) and Nya (MNS18) 
antigens were located in regions on the GPA-ECD that 
were highly unstable and had no consensus for secondary 
structure across the six models after MD simulation. 
As a result, no conclusive data could be determined for 
secondary structure prediction of these antigenic sites.

The exon 3–4 junction was the only region of stability 
across the six models, and is the location for seven MNS 
antigens encoded by single amino acid changes (Table S1 
and Figure 3B). To determine whether these alterations 
would reduce the stability of the β-hairpin-like structure, or 

allow the formation of new secondary structures, seven new 
structures were produced. Each new β-hairpin-like structure 
contained a single amino acid change corresponding to 
one of the seven MNS antigens (Table S1). It was found 
that after 100 ns of MD simulation, only one single amino 
acid variation caused disruption to the β-hairpin structure; 
p.Gly78Arg (MNS:37 ERIK+) (Figure 5). Although slight 
alterations were noted in p.Ser66Tyr (MNS:12 Vr+), 
p.Pro73Ser [MNS:38 Os(a+)] and p.Gly82Lys (MNS:−42,43  
MARS+), by the end of the 100 ns simulation the β-hairpin-
like structure had re-formed. For p.Glu76Lys [MNS:16 
Ri(a+)], p.Thr77Ile [MNS:14 Mt(a+)] and p.Arg80Ser 
(MNS:47 SARA+), the core β-hairpin-like structure was 
maintained. Additionally, no single amino acid changes 
were able to produce a stable alternative structure to the 
β-hairpin. This indicates that only the amino acid change 
associated with the ERIK antigen causes a structural change 
in GPA-ECD, and this would be expected to have an impact 
on the presentation of the antigen for antibody production. 
It should also be noted that p.Ser66Tyr (MNS:12 Vr+) 
mutation is also an O-linked glycosylation site, and the 
alteration of the Serine to a Tyrosine would result in the 
elimination of this glycosylation site, which would be 
expected to change the surface presentation of GPA-ECD. 

Development of suitable peptides mimicking the β-hairpin-
like structure of the exon 3–4 junction region

The coordinates of the representative hairpin structure 
obtained from the 1 µs MD simulation of GPA-ECD were 
used to extract a shorter (22 amino acid) peptide sequence 
that was used for further computational analysis. The 
hairpin peptide ran for 200 ns MD simulation and was able 
to retain its secondary structure despite slight extension 
and shortening of the β-sheet (shown in Figure 6). As 
peptide synthesis is most commonly carried out linearly, 
the extended peptide structure (with no pre-determined 
structure) was also tested to determine if a linear peptide 
would be able to fold into the β-hairpin-like structure.

MD simulations starting with the linear peptide, in 
contrast to the simulations carried out from the hairpin 
structure, were unable to fold into the β-hairpin-like 
structure or conform into a single stable structure after  
200 ns of MD simulations (shown in Figure 7). 

As the linear peptide was deemed to be an unsuitable 
candidate for laboratory experimental purposes, it was 
hypothesised that a circular peptide might replicate the 
modelled β-hairpin-like structure without the need for a 
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Figure 4 Circular dichroism (CD) analysis of the glycophorin A 
extracellular domain (GPA-ECD) peptide.

Table 2 Table of order promoting and disorder promoting residues 
in the modelled glycophorin A extracellular domain (GPA-ECD) 
(amino acids 19-92—inclusive of 1 amino acid on either side of the 
extracellular domain)

Amino acid # in GPA-
ECD

Amino 
acid

# in GPA-
ECD

Total

Order promoting residues

W† 0 F† 1 16/73

C¶ 0 V‡ 6

Y† 3 D§ 2

I‡ 3 L‡ 1

Disorder promoting residues

R§ 4 E§ 8 40/73

P‡ 4 S¶ 12

Q¶ 2 A‡ 6

G‡ 2 K§ 2
†, aromatic; ‡, hydrophobic; §, charged; ¶, polar.

https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
https://cdn.amegroups.cn/static/public/AOB-20-51-supplementary.pdf
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0 ns 20 ns 40 ns 60 ns

80 ns 100 ns

Figure 5 Representation of glycophorin A exon 3–4 structure MNS37 ERIK mutation (p.Gly78Arg) at 20 ns time points starting from a 
hairpin conformation. Peptide represented in new cartoon format, with colouring based on secondary structure; white and blue are loops, 
yellow is β-sheets. Images derived from VMD software (26).

 0 ns 20 ns 40 ns 60 ns 80 ns 100 ns

120 ns 140 ns 160 ns 180 ns 200 ns

Figure 6 Representation of glycophorin A exon 3–4 structure at 20 ns time points starting from a hairpin conformation. N-terminus 
represented by Van Der Walls (VDW) ball structure, and peptide represented in new cartoon format, with colouring based on secondary 
structure; white and blue are loops, yellow is β-sheets. Images derived from VMD software (26).
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 0 ns 20 ns 40 ns 60 ns 80 ns 100 ns

120 ns 140 ns 160 ns 180 ns 200 ns

Figure 7 Representation of glycophorin A exon 3–4 structure at 20 ns time points starting from an extended conformation. N-terminus 
represented by Van Der Walls (VDW) ball structure, and peptide represented in new cartoon format, with colouring based on secondary 
structure; white and blue are loops. Images derived from VMD software (26).

protein scaffold. The modelled circular peptide had limited 
ability to retain the β-hairpin-like structure, as can be 
seen in Figure 8. Although the circular peptide was able 
to retain a hairpin-like structure for the first 80 ns, initial 
twisting can be seen at 120 ns, as well as further folding and 
collapsing of the circular peptide from 160 ns onward. With 
a shortened circular peptide length this twisting and folding 
may reduce. 

When starting from a β-hairpin structure, or within the 
confines of the entire GPA-ECD, the β-hairpin peptide was 
stable. However, peptides that did not start as a β-hairpin 
(starting from a circular or linear peptide) were unable to 
re-form the β-hairpin-like structure after 100 ns MD. 

Discussion

From the initial searches for homologous protein structures, 
it was assumed that our predicted structure would similarly 
contain α-helices. However this was not the case across any 
of our models. This is likely due to the predicted behaviour 
of short peptide fragments (20–30 amino acids) not 
necessarily being replicated in a large molecular structure. 
In particular, that the formation of β-sheets relies heavily 

upon tertiary structure and cannot be replicated in smaller 
fragments (53). As secondary structure is determined 
by a multiplicity of molecular interactions outside the 
short domain subjected to sequence comparison, it is not 
surprising that the short sequences of homology did not 
align with the produced models.

A key setback in our initial models is the lack of 
glycosylation. There is evidence that glycosylation might 
not alter the structure and folding of proteins, but rather 
acts to enhance protein stability via destabilizing the 
unfolded protein state (54,55). Alternatively, glycosylation 
removal allows for recognition of misfolded glycoproteins 
for proteasome degradation (56). Additionally, a previous 
study by Ekman et al. [2019] using a similar structure to 
Structure 6 indicated that the addition of glycosylation 
(substituting full glycosylation for α-N-Acetyl-D-
galactosamine molecules) had a slight stabilization effect 
but did not play a major role in the determination of 
GPA-ECD structure (15). On this basis, it is unlikely that 
the lack of glycosylation is the cause of the disordered 
nature of the simulated structures. As a result, there was 
sufficient confidence in the ability to produce accurate 
secondary structures using the protein backbone and in silico 
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 0 ns 20 ns 40 ns 60 ns 80 ns

100 ns 120 ns 140 ns 160 ns 180 ns 200 ns

Figure 8 Representation of glycophorin A exon 3–4 structure at 20 ns time points starting from a cyclic conformation. N-terminus coloured 
in green, and peptide backbone represented in licorice format, and side chains in bond format, with colouring based on secondary structure. 
Images derived from VMD software (26).

methods without glycosylation, with the intention to add 
glycosylation once the base structure had been determined.

Although the programs used in this study were deemed 
suitable in the production of a protein backbone, both 
Robetta and FALCON have been developed and tested 
against ordered structures (12,14,57). Thus, challenges arise 
when attempting to model structures with higher levels of 
disorder. To overcome these challenges, MD simulations are 
used in adjunct to such predictive programs and allow for 
the “settling” of the predicted structures into energetically 
favourable and hence more probable states. The necessity 
of the use of MD can be seen when comparing the extracted 
Exon 3–4 region to its counterpart from the initial protein 
predictions (highlighted in red in Figure 1), as the β-strands 
are slightly altered. Furthermore, investigation needs to be 
undertaken to understand why the Exon 3–4 β-strands were 
retained whereas the other predicted β-strands disappeared 
over the 200 ns of MD simulation.

The CD spectropolarimetry results support the 
hypothesis that the monomeric non-glycosylated GPA-
ECD has a high level of disorder, yet seem to contradict 
the presence of a stable β-hairpin within the GPA 
monomer. However, it should be noted that although 
CD spectropolarimetry, works well for proteins that are 

completely composed of α-helices and to a lesser extent 
completely composed of β-strands, it has been suggested 
that CD spectra is not effective at distinguishing mixed 
α-helical or β-sheet elements with particular difficulty 
identifying non-canonical β-strands (58). It is highly likely 
that the stable β-hairpin observed in our computer models 
was obscured in the CD experiments. 

The combination of CD spectropolarimetry results, 
sequence based prediction, and the visual results of the 
MD simulations supports the theory that the monomeric 
extracellular region of GPA has a high level of disorder. 
As IDPs are able to conform into different 3D-structures, 
allowing them to interact with a variety of different 
proteins (51), the intrinsically disordered-like character 
of monomeric GPA-ECD could explain GPA’s ability to 
interact with numerous RBC surface proteins. An important 
feature of GPA is its ability to form stable homodimers (59),  
but this is not inconsistent with the possibility that the 
monomeric GPA-ECD is IDP-like. IDP monomers 
are known to form stable homodimers through specific 
interactions (60,61). As GPA dimerisation is facilitated 
via transmembrane interactions (8), it is possible that 
membrane driven dimerisation stabilises the extracellular 
domain of the monomer.
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When attempting to identify antigenic sites, or develop 
antibodies against the GPA-ECD, the monomeric form 
of this molecule may not be a suitable representation of 
antigens in the context of an RBC. It is likely that antigen 
presentation in GPA-ECD is comprised of a combination of 
features including specific amino acid sequences, orientation, 
and presence of glycosylation. Consideration should also 
be made to the fact that the process of dimerisation may 
affect ECD antigen presentation. Additionally, GPA has 
direct interaction with, and exists in a complex alongside 
other RBC membrane proteins (62,63). These interactions 
may also play a role in the tertiary structural presentation 
of the ECD, as well as antigen presentation such as the case 
of the Wrb antigen (64). Nonetheless, the stable β-hairpin-
like structure that was evident in the MD simulations may 
be used to improve antigen presentation of the exon 3–4 
junction region for future laboratory-based experiments.

The models of a peptide structure of the β-hairpin 
indicates that the hairpin structure is stable even when 
removed from the influence of the neighbouring amino 
acids. This further implies that if the hairpin structure 
is synthetically produced as a peptide in the β-hairpin-
like form it should retain its structure and thus be a useful 
embodiment of the native structure.

The inability of the circular or extended peptide to 
fold into a β-hair pin might have occurred due to an 
activation energy barrier that restricts the “foldability” of 
this structure. This energy barrier may not be overcome 
within the time-scale of MD simulations attempted in the 
present study. Running the peptide simulation for a longer 
time-scale or altering the parameters of the simulation to 
overcome the activation energy barrier may allow for the 
folding of the peptide. 

Another possibility is that the formation of a hairpin 
structure requires the stabilisation energy of other 
interactions within the extracellular domain, and hence 
the isolated linear and circular peptides were unable to 
fold into the β-hairpin-like state. This inability to form the 
correct secondary structure from a linear or circular peptide 
has implications in experiments using synthetic peptides 
as replicas for antigens such as in epitope mapping and 
biopanning.

Despite the inability of the modelled circular and linear 
peptides to form the β-hairpin structure, circular or linear 
peptides are deemed to be preferred starting structures. 
This is as neither requires a protein scaffold which would 
increase the ease of laboratory-based experiments for 
this antigenic region. Further testing may be performed 

utilising differing sequence lengths (both lengthening and 
shortening), to determine an optimum sequence for peptides 
that can better replicate the β-hairpin-like structure of 
the exon 3–4 junction region. In addition, the use of other 
peptide presentation systems needs to be investigated to re-
create the putative native secondary structure.

The ultimate aim of this work is to understand the 
antigenicity associated with structural elements of GPA and 
in the future glycophorin B (GPB) and hybrid glycophorins. 
Although glycosylation might not play a significant role in 
protein structure, its presence is crucial in certain antigen 
presentation. Thus although some information can be 
gleaned regarding antigenicity from structural models alone, 
additional detail still needs to be added to these models 
to fully understand antigen presentation and antibody 
recognition. As GPA has such high levels of glycosylation 
the addition of glycosylation requires computing capabilities 
beyond what was available for this project. The specific 
effects of glycosylation on antibody recognition and antigen 
presentation, will only be determinable once an appropriate 
protein structure for GPA-ECD has been determined 
and specific glycosylation has been added to the proposed 
structure based on experimental findings. Future studies 
adding glycosylation to GPA would also need to account 
for the complexity associated with differing styles of 
glycosylation across different cell lines (65), particularly if 
GPA is expressed on alternative (non-erythrocyte) cell lines 
for experimental purposes. 

Additional studies, both computation and experimental 
will be required to validate the predicted extracellular 
structure for GPA, as well as the production of GPA 
homodimers. Once it can be determined that this modelling 
process is able to produce suitably accurate extracellular 
representations in silico, further models can be produced. 
GPA could be used as a template for homology modelling of 
GPB and other hybrid glycophorins due to their high level 
of homology (4). The model produced could also act as a 
template for the development of a GPA-ECD homodimer 
model.

Conclusions

In conclusion, this study predicts that the monomeric 
extracellular domain of non-glycosylated GPA has a high 
level of disorder; with the exception of the antigenic region 
that spans the exon 3–4 junction (residues 64–85), and 
presents as two β-sheets flanking a loop in a hairpin-like 
structure. Although this structure is locally stable within a 



Annals of Blood, 2021 Page 15 of 17

© Annals of Blood. All rights reserved. Ann Blood 2021;6:11 | http://dx.doi.org/10.21037/aob-20-51

simulation of the entire GPA extracellular domain, when 
starting from a linear or circular peptide, it failed to fold 
into the β-hairpin structure during the time-scale used 
in the current MD simulation study. This suggests that 
stabilisation of the β-sheet-hairpin secondary structure 
depends upon interactions with other regions of the 
extracellular domain that are brought into proximity 
during folding of the tertiary structure. As such, laboratory 
based experiments to replicate this region will require 
careful consideration of both secondary and tertiary 
structure. Lastly, it was shown that after 100 ns MD 
simulation on the mutated hairpin peptide, the only single 
amino acid variation, p.Gly78Arg (the ERIK antigen of 
the MNS system) led to the loss of the β-hairpin secondary 
structure.
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Table S1 Single amino acid changes in glycophorin A (GPA) exon 3-4 region, and associated side chain alterations

Amino acid change MNS antigen Side chain change

p.Ser66Tyr MNS:12 or Vr+ Polar to hydrophobic

p.Pro73Ser MNS:38 or Os(a+) Hydrophobic to polar

p.Glu76Lys MNS:16 or Ri(a+) Negative charged to positive charged

p.Thr77Ile MNS:14 or Mt(a+) Polar to hydrophobic

p.Gly78Arg MNS:37 or ERIK+ Small aliphatic side chain to large positively charged side chain

p.Arg80Ser MNS:47 or SARA+ Large positive charge to small polar

p.Gln82Lys MNS:-42,43 or MARS+ Polar uncharged to positive charged

Supplementary



Table S2 Homologous sequences to glycophorin A (GPA), with associated PDB structures. % identity indicates level of homology to GPA sequence. Secondary structure of homologous sequence identified from the PDB 
structure

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

GPA A S S T T G V A M H T S T S S S V T K S Y I S S Q T N D

PDB-10B1 45% identity A − − − − − V − M − − + − + S S + + − S Y +

Loose helix 13 A F L G E R V T M T C T A T S S L S S S Y L 33

PDB-4NOA 45.5% identity + A − − T S T + − + + T − + − I − S Q T − D

Helical 82 I A T P T S T T Y T L T A T P I N S Q T R D 103

40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75

GPA I S S Q T N D T H K R D T Y A A T P R A H E V S E I S V R T V Y P P E E

PDB-3RCN 38.5% identity I − S + − − D + − + R − − + A A − P R − − − + S E +

Helical 453 I W S E H L D S P R R V Q F A A F P R L S A I S E V 478

PDB-5X1E 
chain F (Icm0)

38.5% identity + D − Y A − T − − − − − + − + − − + − T − Y P P E E

Helical 722 K D K Y A G T V A N E L I K D F Q I A T S Y P P E E 747

58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87

GPA R A H E V S E I S V R T V Y P P E E T G E R V Q L A H H F S

PDB-1H5Q 38% identity R − H + − S − I − + − − − − − P E E − T G + − + − L

Helical 215 R D H Q A S N I P L N R F A Q P E E M T G Q A I L L 240

PDB-5F1P 50% identity P E − E − − − R V − L − H H − +

Helical (198-199) 198 P E R E A A Y R V M L P H H L T 213

(–) indicates no corresponding amino acid, (+) indicates amino acid with similar identity, identical amino acids are shown with their one letter identifier. Amino acid numbering (based on the PDB structures) flanks 
the homologous sequences.
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Table S3 Locations of β-sheets and α-helices for initial structures 1-6 before MD simulation, using ISBT amino acid numbering.

Structure # β-sheet β-sheet β-sheet β-sheet β-sheet β-sheet α-helix α-helix

Structure 1 26-27 37-41 63-65 68-71 80-85 21-23

Structure 2 25-29 36-38 65-70 83-87 73-75

Structure 3 25-27 69-71 81-87 36-39 75-77

Structure 4 26-28 66-71 81-87

Structure 5 26-28 61-63 67-71 82-85 32-35

Structure 6 28-30 39-43 49-53 63-69 82-85
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A

B

Figure S1 (A) Secondary structure prediction of GPA protein and (B) disorder of GPA protein as determined by PsiPred and DISOPRED 
(45,52).
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Figure S2 Root Mean Square Deviation (RMSD) analysis of protein backbone, based on protein backbone for 200 ns MD.

Structure 1 Structure 2

Structure 3 Structure 4

Structure 5 Structure 6
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Figure S3 Root Mean Square Fluctuation (RMSF) analysis of protein backbone, based on protein α-carbons for 200 ns MD.

Structure 1 Structure 2

Structure 3 Structure 4

Structure 5 Structure 6
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Table S4 Table of α-helix formation across 6 glycophorin A (GPA) structures, including time of helix formation over 200 ns MD simulation in 
explicit solvent, using ISBT amino acid numbering

Structure # Amino acids involved in α-helix formation Time of formation

Structure 1 α-helix: 22-25 130 ns onward

3-10 helix: 33-37 24-48 ns

Structure 2 3-10 helix (intermittent): 59-61 16-30 ns

3-10 helix (intermittent): 73-76 120-180 ns

Structure 3 α-helix/3-10 helix: 36-39 0-120 ns

Structure 4 3-10 helix (intermittent): 30-32 90-180 ns

3-10 helix (intermittent): 47-49 70-190 ns

3-10 helix (intermittent): 59-61 0-200 ns

Structure 5 α-helix: 32-37 0-200 ns

3-10 helix (intermittent): 47-49 0-200 ns

α-helix: 47-49 120-145 ns

Structure 6 3-10 helix (intermittent): 75-78 0-70 ns


