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Abstract

Stomatin is a membrane protein in human red blood cells. The crystal structure, in which the monomeric stomatin
from the hyperthermophilic archaeon Pyrococcus horikoshii consists of the a/f domain and the C-terminal a-helical
segment, forms a homo-trimer, and stomatin is organized into further high order homo-oligomeric complexes,
comprising 9- to 12-mers. To better understand the molecular functions of stomatin, the hypothesis how human
stomatin oligomerizes and is associated with cell membranes should be validated. Here, we report what
conformations can be generated from the stomatin structure by estimating the flexibility of a-helical segments of
human stomatin. And we also simulate how the oligomeric structure of human stomatin interacts with cell
membranes. The results showed that the a-helical segments can make flexible movements; the a-helical segment
and the a/B domain of the monomer can form a flat structure, and the a-helical segments of the trimer can approach
lipid membranes. Based on the flat structure of human stomatin, we proposed a hypothetical oligomeric model to
interact with the surface of cell membranes. The oligomeric model well explains the stomatin functions as a

scaffolding protein to support the cell membrane.

Keywords: Cell membrane; Lipid rafts; Molecular dynamics
simulation; SPFH domain; Stomatin protein
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Introduction

Stomatin is one of the major integral membrane proteins of human
erythrocytes. The protein is deficient from the erythrocyte membranes
of patients with overhydrated hereditary stomatocytosis, a form of
hemolytic anemia characterized by stomatocytic red blood cells with
abnormal permeability to Na* and K* [1]. This appears to be caused by
mis-trafficking of stomatin during erythropoiesis [2]. Human stomatin
is ubiquitously expressed in essentially every tissue except brain [3]. It
has been reported that stomatin modulates the activity of acid-sensing
ion channels [4,5] and GLUT-1 glucose transporter [6,7]. Stomatin is
organized into high order homo-oligomeric complexes of
approximately 300 kDa, comprising 9- to 12-mers [8], and is localized
in detergent-resistant membrane domains, which are also termed lipid
rafts [9-11]. It has also been reported that stomatin is a major
component of vesicles produced by red cells [12], and potentiates cell
fusion [13]. Recently, mutational studies of stomatin have been
reported to elucidate subcellular localization, oligomerization, and
biochemical properties [14]. Stomatin-like proteins have been found in
most species of eukaryotes, bacteria, and archaea [15], and the related
proteins are known as stomatin, prohibitin, flotillin, and HfIK/C
(SPFH) domain proteins which are found in the lipid rafts of various
cellular membranes [15-17]. These SPFH domain proteins could
function as a membrane-bound oligomeric scaffolding protein in lipid
rafts [10], in the topologically similar manner to caveolins [18].

Our group previously determined the first crystal structure of the
core domain of stomatin from the hyperthermophilic archaeon
Pyrococcus horikoshii (ph) [19]. In this structure, the SPFH domain
was found to form a stable trimer, while three C-terminal a-helical
segments extended from the apexes of the triangle. The crystal
structures of the mouse stomatin-domain were shown to assemble into
a banana shaped dimer [20]. As an overall structure of human
stomatin has not been determined, it remains to be elucidated how
stomatin proteins oligomerize for themselves, and how they are
associated with the membranes. Here, we report the molecular
modeling and simulation of human stomatin using the structures
determined previously as starting models. And we also validate the
flexibility of C-terminal a-helical segments of stomatin, and estimate
the interactions between stomatin and lipid molecules. These results
would suggest the hypothesis how stomatin oligomerizes and is
associated with membranes.

Materials and Methods

Modeling of the 3D structure of human stomatin

We obtained the amino acid sequence of human stomatin from the
RefSeq database at NCBI (http://www.ncbi.nlm.nih.gov/refseq/,
accession: NP 004090). To determine template structures of human
stomatin, we used a BLAST algorithm [21] in Discovery Studio 2016
[22] for searching homologous sequences of human stomatin in
Protein Data Bank (PDB) [23]. The BLAST search found Pyrococcus
horikoshii stomatin (PDB code: 3BK6) [19] and mouse stomatin (PDB
code: 4FVG) [20]. We aligned the amino acid sequences of stomatins
in Discovery Studio (Align sequences or sequence profiles protocol
[24]). Based on the multiple sequence alignment, 3D models of human
stomatin were constructed in Discovery Studio (Homology Modeling
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protocol [25]). The modeled structure was verified by Verify Protein
protocol [26] and Ramachandran plot [27] in Discovery Studio.

Modeling of the 3D structures of trimeric stomatin and lipid
membranes

We created the trimeric structure of human stomatin by
superimposing to the asymmetric unit of ph stomatin [19]. The
modeled structure of human stomatin was superimposed on the chains
A, B, and C of ph stomatin in Discovery Studio (Superimpose Proteins
protocol). To predict membrane association of the trimeric structure of
human stomatin, we used CHARMM-GUI Membrane Builder [28] to
build the structure of lipid bilayer membranes, which consists of 600
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and 600
cholesterol molecules. The trimeric structure of human stomatin was
put on the surface of the lipid membranes in Discovery Studio.

MD simulation

We used the AMBER16 software [29] for molecular dynamics (MD)
simulation accelerated by single GPU (GeForce GTX-1080). The
AMBER 14sb and lipid 14 force fields [30,31] were allocated to the
structures of human stomatin and lipid membranes, respectively. We
created a rectangular box around the structure of stomatin and lipid
membranes and filled with TIP-3P water molecules [32]. We put
counter ions in the box not to have any electric charges in the system.
Energy minimization was performed to the system by the steepest
descent method (10,000 steps) and conjugate gradient method (10,000
steps). 1 ns MD simulations were conducted by gradually increasing
the reference temperature from 0 K to 310 K by Langevin dynamics
(ntt=3, gamma In=1.0). The time step was set to 2 fs by SHAKE
algorithm of hydrogen atoms (ntc=2) [33]. The cutoff of van der Waals
energy was set to 10 A. The Coulomb energy was computed by particle
mesh Ewald (PME) algorithm [34]. 200 ns MD simulations were
conducted with constant pressure condition (ntb=2), and the reference
pressure was set to 1 atm. We conducted ten independent energy
minimizations and MD simulations by changing the initial structure of
the monomeric structure of human stomatin or the structure of the
trimeric stomatin and lipid membranes.

Analysis of MD trajectories

We used C-N bonds in peptide backbones for defining an axis of a
peptide sequence. By summing vectors from the C atom to the N atom,
the directional vector of the peptide sequence was obtained. The angle
between two vectors of peptide sequences was calculated from each
conformation in MD trajectories. To define the plane of a lipid
membrane, we conducted a principal component analysis for each
structure of the lipid membranes in MD trajectories. The angle
between the vertical vector of a membrane plane and the vector of a
peptide sequence in stomatin was computed.

Results

Modeling of the structure of human stomatin

The 3D structure of human stomatin has not been experimentally
determined. In this study, homology modeling was employed to obtain
the 3D model of human stomatin. The homology search tool found
two stomatins determined by X-ray crystallography. One of the crystal
structures is ph stomatin. This crystal structure has the o/f core

domain and the C-terminal a-helical segment (a5 + partial a6) of ph
stomatin [19]. The template structure is corresponding from Pro85 to
Thr254 in human stomatin (Figure 1). The other crystal structure is
mouse stomatin. This crystal structure has the o/p core domain of
mouse stomatin [20]. The template structure is corresponding from
Val93 to GIn201 in human stomatin. The sequence identity between
human (P85-T254) and ph (P55-T224) stomatins is 48.2%, while that
between human (V93-Q201) and mouse (V94-Q202) stomatins is
96.3%. The mouse template structure has a higher sequence identity
than ph stomatin but lacks some residues in the N-terminal or C-
terminal regions compared with ph stomatin. Meanwhile, the BLAST
search found some template structures corresponding to the N-
terminal or C-terminal region of human stomatin. The e-values of the
template structures were larger than 1. These values were very larger
than that of ph stomatin (6.0 x 10°%7) or mouse stomatin (1.8 x 10->3).
This shows that the template structures are not appropriate to build the
N-terminal (A1-L84) and C-terminal (L255-G287) regions of human
stomatin.

The 3D structure of human stomatin (P85-T254) was modeled
(Figure 2A), and the modeled structure of human stomatin has al-a6
helices and 2-B5 strands, which are named after helices and strands in
ph stomatin [19]. The verify scores are relatively higher in the a3 and
a4 helices and 4 and P5 strands, and they are relatively lower in the
al, a2, a5 and a6 helices and B2 and B3 strands (Figures 2A and 2B).
The sum of verify scores in the modeled structure of human stomatin
was 51.5. The verify expected high and low scores were 77.0 and 34.7,
respectively. The verify score of the modeled stomatin is smaller than
the verify expected high score and larger than the verify expected low
score. The Ramachandran plot shows that 99.4% (169/170) residues are
included in the favorable or allowed regions, and K194 is an only
residue in the disallowed region (Figure 2C).

Simulation of the monomer of human stomatin

MD simulations of the monomeric structure of human stomatin
show a variety of movements of the a5 helix. To analyze the relative
position of the a-helical segment and the a/p core domain, the angles
of axes of a5 helix and a2 or a4 helix were calculated (Figures 3A and
3B). The results show that the angle between a2 and a5 helices can
approximately move from 30° to 140° in the 200 ns MD simulations,
and the angle between a4 and a5 helices can approximately move from
10° to 120° in the 200 ns MD simulations. The movements of the
monomeric structure showed conformations in which each a-helical
segment moves to almost the same plane of the a/p core domain
(Figure 4).

Simulation of the trimer of human stomatin and lipid
membranes

MD simulations of the trimeric structure of human stomatin and
lipid membranes also show a variety of movements of the a5 helix. The
angles of the a-helical segment and the plane of the lipid membrane
show that the a-helical segment can approximately move from 0° to
80° in the 200 ns MD simulations (Figure 5). The result shows that the
movements of the a5 helix and lipid membranes can move almost any
directions. These movements showed that the a-helical segments move
close to the plane of the lipid membrane (Figure 6).
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Discussion

The obtained model of human stomatin consists of the a/f domain
and the a-helical segment. The o/p domain and a-helical segment is
estimated to be located on cell membranes in cytosol. Although the
modeled structure does not have N-terminal and C-terminal regions of
human stomatin, the N-terminal region is predicted to have
transmembrane regions, and the C-terminal region is essential to
oligomerize stomatins. Appropriate template structures of the N-
terminal and C-terminal regions of human stomatin did not exist
because the template structures of the terminal regions have larger e-
values compared with ph stomatin and mouse stomatin. It is possible
to be a bad accuracy in predicting the terminal regions, even if we used
the template structures. In addition, terminal regions of proteins are
often disordered. It would be difficult to build the terminal regions of
human stomatin. The results of the Ramachandran plot and Verify
Protein (Figure 2) suggest that the modeled structure is accurate to a
certain extent. However, some residues in the modeled structure have
low verify scores. Residues with low verify scores show that there are
hydrophobic patches on the surface of the structure. The result
suggests that the hydrophobic patches of human stomatin are
responsible for binding to lipid membranes.

The crystal structure of ph stomatin was determined as a
homotrimer [19]. In the asymmetric unit of the crystal, the a-helical
segment is flexible because three a-helical segments are not same
positions compared with each of the a/f domains [19]. The MD
simulations were conducted in an explicit solvent condition to analyze
the movements in water solvent. The MD simulations showed that the
a-helical segment can make flexible movements because the relative
position between the a/f domain and a-helical segment was flexible
(Figure 3). However, the o-helical segment cannot move any
directions. These results suggest that the conformation of the a/f
domain and the a-helical segment is flexible but slightly limited. The
conformations include a movement that the a-helical segment moves
in a same plane of the o/p domain. The result suggests that the a-
helical segment can make a conformation interacting with cell
membranes.

MD simulations of the trimeric structure were conducted to be
supposed in the situation that the trimer is associated with cell
membranes. The results showed that the relative positions of the a-
helical segments and the planes of the lipid membranes are not limited
strictly. Therefore, the movements of a-helical segments may not
depend on the lipid membrane. The movements showed that the a-
helical segments can move close to the lipid membrane and stabilize on
it. The result suggests that the a-helical segments can interact with cell
membranes. In order to validate the results of human stomatin, we
should perform MD simulations by using the crystal structure of ph
stomatin or mouse stomatin with the modeled lipid membranes.
However, it took about more than one month to conduct the 200 ns
MD simulation of the modeled structure of human stomatin with the
lipid membranes in our computing environment. We try to perform
the MD simulations of ph and mouse stomatin in future works to
simulate whether ph stomatin and mouse stomatin have a same
function as of human stomatin.

Cell membranes change their shapes during processes such as
division, membrane fusion, vesicle trafficking, and so on. These
processes are accompanied by membrane curvature, which can be
modulated by changes in the oligomerization of curvature scaffolding
proteins [35,36]. Caveolins, one of these scaffolding proteins, show
common topological properties with SPFH domain proteins such as

stomatin and flotillin [18]. The a-helical segments of stomatin may
flexibly move along with the membrane surface as described above.
This movement may cause membrane bending. It remains to be
elucidated whether the basic unit of human stomatin is a trimer. In the
structure of the mouse stomatin-domain [20], each a/f domain
assembles into a dimer; and the dimer is a basic unit. Here in our
report, we hypothesize that human stomatin assembles into a trimer as
a basic unit, and the trimeric model can explain well that stomatin is
associated with cell membranes.

A C-terminal hydrophobic region (264STIVFPLPI272) of human
stomatin is crucial for oligomerization [11]. Based on the secondary-
structure prediction program PSIPRED ([37], the region is between a6
(residues 244-259) and a7 (residues 271-281). Given that a6 and a7
helices form a helix bundle in an anti-parallel way, the region of the
hairpin loop between a6 and a7 will interact with that of another
molecule, and the oligomers may be formed via the interaction.
According to these points, we propose a hypothetical oligomerized 9-
mer model of human stomatin (Figure 7). This model supports the
previous report that stomatin is organized into oligomeric complexes
of 9- to 12-mers [8]. Stomatin functions as a scaffolding protein to
support the cell membrane from underneath as discussed in Umlauf et
al. [10]. Now, we try to determine the overall structure of ph stomatin
including  N-terminal membrane-spanning and  C-terminal
hydrophobic regions to elucidate such oligomerization mechanisms in
detail [38].
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STOM mouse MSDKRQSS
PH15T1
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Figure 1: The multiple sequence alignment of human stomatin
(STOM human), mouse stomatin (STOM mouse), and Pyrococcus
horikoshii stomatin (PH1511). The sequences were obtained from
the RefSeq database at NCBI (STOM human, NP 004090; STOM
mouse, NP 038543; PH1511, WP 010885588). The sequences were
aligned with ClustalW [24] and displayed by ESPript [38]. A black
dot above the sequences marks every 10 amino acid residues. White
lettering boxed with a red background indicates residues that are
conserved in all sequences, and red lettering indicates similar
residues.
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Figure 2: (A) The 3D model of human stomatin. The residues were
colored by blue-white-red. The residues with relatively high verify
scores were shown in blue, those with intermediate verify scores
were shown in white, and those with relatively low verify scores
were shown in red. (B) Scores of Verify 3D for each residue. (C)
Ramachandran plot. The inner sides of the cyan lines indicate
favorable regions, and those of the magenta lines indicate allowed
regions. The outer sides of the magenta lines indicate disallowed
regions. The triangles displayed Gly, squares displayed Pro, and
circles displayed the other amino acids. The residues in favorable or
allowed regions were shown in green, and those in disallowed
regions were shown in red.
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Figure 4: The monomeric structure of human stomatin in MD
simulation. The residues from N- to C-terminus were colored from
warm to cool colors.
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Figure 5: Time variations of an angle between an a5 helix of human
stomatin and a plane of lipid membranes. We conducted 10 MD
simulations of trimeric human stomatin with modeled lipid
membranes. The curves colored from cyan to magenta indicate each
of the 30 MD trajectories, including the angle between each of the
three a5 helices and a plane of the lipid membranes.

Figure 3: (A) Time variations of an angle between a2 and a5 helices
of human stomatin. (B) Time variations of an angle between a4 and
a5 helices of human stomatin. We conducted 10 MD simulations of
monomeric human stomatin. The curves colored from cyan to
magenta indicate each of the 10 MD trajectories, including the
angle between the two helices.
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Figure 6: The trimeric structure of human stomatin and its
membrane association in MD simulation. Cyan, magenta, and
green ribbons indicate each chain of the human stomatin. Ball-and-
stick models display lipid membranes.
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Figure 7: The hypothetical model of oligomeric human stomatins.
The 9-meric model of human stomatins was assembled from three
trimeric structures, which were constructed by superimposing the
monomeric structure of human stomatin in 140 ns MD simulation
(see Figure 4) onto the trimeric structure of Pyrococcus horikoshii
stomatins by Discovery Studio. Inside the dotted circle, a6 and a7
may form a helix bundle, and the hairpin loop between a6 and a7
may interact with that of another molecule.
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