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Flexibility of Its o-Loop
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ABSTRACT Tetraspanins are master organizers in the plasma membrane, forming tetraspanin-enriched microdomains with
one another and other surface molecules. Their rod-shaped structure includes a large extracellular loop (LEL) that plays a pivotal
role in tetraspanin network formation. We performed comparative atomistic and coarse-grain molecular-dynamics simulations of
the LEL in isolation and full-length CD81, and reproduced LEL flexibility patterns known from wet-lab experiments in which the
LEL 4-loop region showed a pronounced flexibility. In a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipid bilayer and a
plasma membrane environment, the conformational flexibility of the §-loop initiates CD81-CD81 contacts for oligomerization.
Furthermore, in the plasma membrane, CD81-ganglioside bridges arising from preformed glycolipid patches cross-link the
complexes. The data suggest that exposing a flexible domain enables binding to interaction partners by circumventing the

restriction of orientation and conformational freedom of membrane proteins.

INTRODUCTION

Tetraspanins are ubiquitously expressed plasma membrane
proteins in animals, plants, and fungi. They are involved in
an astonishing variety of processes, including cell prolifera-
tion, adhesion, spreading, and migration, as well as signal
transduction, intracellular vesicle trafficking, cell-cell fusion,
pathogen entry, cancer, and a number of other diseases (1-5).
Apparently, individual tetraspanins are not assigned to
one specific function, but rather act as master organizers or
scaffolding proteins. Most importantly, they oligomerize to
a high degree, forming functional sites called tetraspanin-
enriched microdomains (TEMs) by associating laterally
with one another and other interaction partners (6-8) such
as integrins (9), immunoglobulin superfamily proteins (10),
cellular receptors (11), and glycolipids (12—15). To date, we
are just beginning to understand the molecular mechanisms
underlying the formation of these large molecular networks.

Tetraspanins are named according to their common struc-
tural feature, which comprises four transmembrane (TM) do-
mains that form a tetrahelical bundle (16). They possess two
extracellular domains, a small extracellular loop (SEL) be-
tween TM helix 1 (TM1) and TM2, and a large extracellular
loop (LEL) between TM3 and TM4. Based on a comparison
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of segmental lengths and amino acid variability among = 100
different tetraspanins, the LEL was grouped into a conserved
domain and a variable domain (VD) (17). It has been specu-
lated that the variance of the VD determines which interaction
partner(s) is selected for network formation (18,19).

The structurally best-studied tetraspanin is CD81. Three
available x-ray structures of the water-soluble, human
LEL (PDB: 1G8Q, 11V5, and 3XOE at a resolution of 1.6,
2.6, and 1.84 A, respectively) resolve five largely helical
segments (&, 8, v, 0, and €). Disulfide bridges form loops
comprising the v and /6 sections, respectively. Although
«, B, and e show little conformational variation, the struc-
tures differ in their VD (7y and 6), which is poorly resolved,
suggesting conformational fluctuations even in the packed
crystal lattices (20-22). In addition, a solution NMR study
of the LEL showed pronounced conformational flexibility
in this region (23). However, to date, it remains to be deter-
mined whether the conformational flexibility of the LEL is
of functional importance.

Apart from the VD, other tetraspanin regions have also
been shown to mediate interactions. For instance, segments
in proximity to TM1 and TM2 are required for dimerization
(24), and CD81 association with its primary interaction part-
ner, EWI-2, involves TM3 and TM4 (25).

To date, conformational variability has been observed
only experimentally in the isolated LEL (20-23), without
membrane anchoring and other putatively stabilizing re-
gions such as the SEL. This raises the question as to whether
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the observed flexibility is maintained in the membrane-
embedded, full-length protein. Furthermore, it remains to
be elucidated whether the flexibility of a defined protein
domain has any influence on the protein’s ability to form
networks or oligomeric states. Here, we sought to address
these questions by conducting atomistic and coarse-grain
(CG) molecular-dynamics (MD) simulations.

MATERIALS AND METHODS
Atomistic simulations of CD81, g

The MD model of the water-soluble CD81 LEL domain is based on chain A
of the dimeric CD81 crystal structure (PDB: 1G8Q) (20), which was iso-
lated for further preparation. Hydrogen atoms were added to the protein res-
idues according to the standard protonation states of the GROMOS96 54A7
united atom force field (26), mimicking neutral pH conditions. Only the
imidazole ring of His151 was considered in the fully protonated state, based
on its orientation and the predicted hydrogen-bond configuration in the
crystal structure. Both pairs of the disulfide bridge-forming LEL cysteine
residues (Cys156/190 and Cys157/175) were linked by definition of the di-
sulfide bridges. The mushroom-shaped CD81 LEL structure was placed in
the center of a rhombic dodecahedron simulation box, with a minimum dis-
tance of 1 nm to the box edges. A steepest-descent energy minimization in
vacuo was performed before CD81y g1, was solvated in an explicit 150 mM
NaCl/SPC water (27) environment. Two additional Na™ counterions were
added to neutralize the overall system charge. After a second energy mini-
mization step, the solvated system was relaxed using a protocol of six
consecutive protein relaxation steps, with harmonically (position)
restrained protein heavy atoms. First, a 500 ps MD simulation in the
NVT ensemble (constant volume and temperature) was performed, with a
position restraints force constant k,, of 1000 kJ-molfl-nmfz, followed
by five 2 ns NPT (constant pressure and temperature) simulations with
k= 1000, 500, 100, 50, and 10 kJ-mol~'nm ™2, respectively. This relax-
ation scheme, followed by the unbiased 1 us MD simulation, was applied
to four parallel simulation runs (CD81; ;. o to CD81; g p), each with a
different initial velocity vector distribution (multicopy approach (28,29))
at 7 = 310 K. During relaxation, a temperature of 310 K was maintained
every 200 fs (NVT and first NPT run) or 400 fs (other NPT runs) for the pro-
tein and solvent separately, and a pressure of 1 bar was adjusted isotropi-
cally every 4 ps (NPT runs) using the Berendsen methodology (30). For
the 1 us MD simulations, the Nosé-Hoover thermostat (31,32) was used,
maintaining a temperature of 310 K every 1.6 ps for the protein and the
aqueous phase separately. A pressure of 1 bar was regulated each 4 ps using
the Parrinello-Rahman barostat (33—35) with isotropic coupling. Periodic
boundary conditions were applied in all three dimensions. Electrostatic in-
teractions were handled using the smooth particle mesh Ewald (PME)
methodology (36,37). The Verlet cutoff scheme (38) was used, and
neighbor lists were updated every 40th step of the 2 fs integration steps.
All bonds were constrained using the LINCS algorithm (39.40), and the
angle of the SPC water molecules was constrained using the SETTLE meth-
odology (41). All atomistic CD81p g, simulations were performed using
GROMACS 4.6.5 (42,43) on a CPU/GPU computing node.

Atomistic simulations of CD81¢,_

The atomistic MD model of the full-length CD81 is based on the CD81 ho-
mology model (PDB: 2AVZ) (16). Cross-linked cysteine residues, as well as
the protonated state of the central histidine residue in the LEL, were defined
as in the CD81p g, model. To incorporate CD81gp, into a preequilibrated
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer
patch (44,45), the programs LAMBADA and InflateGRO2 (46) were used
to automatically orient, align, and embed the membrane protein system, re-
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sulting in a rectangular simulation box of x =y = 6.487 nm (according to the
dimensions of the bilayer plane) and z = 12.208 nm (based on the protein di-
mensions along the membrane-normal vector). During the embedding proce-
dure, seven lipids in the upper (representing the extracellular) leaflet, and
eight lipids in the lower leaflet were deleted. As with the CD81y gy, system,
the simulation box was filled up with a 150 mM NaCl/SPC water (27) solu-
tion before it was energy minimized. Using a multicopy approach (28,29),
the same relaxation protocol used for CD81; g, was performed for the four
CD81g. MD systems before the protein was released into the unbiased
1 us MD simulations. To allow an extensive equilibration of the bilayer
lipids around the embedded full-length protein, for system relaxation we
used a longer first NPT simulation, with k,, = 1000 kJ «mol~'enm~? (20
instead of 2 ns). All atomistic CD81g;, simulations were performed using
GROMACS 4.6.5 (42,43) on a CPU/GPU computing node.

CG simulations of CD81 in a POPC lipid bilayer
and the plasma membrane

To study CD81’s oligomerization behavior, we used two MARTINI CG
models with different lipid bilayer environments: a homogeneous POPC lipid
bilayer patch and a heterogeneous membrane model, mimicking an idealized
mammalian plasma membrane (47). To generate the preequilibrated POPC
membrane patch, the CHARMM-GUI Membrane Builder (48,49) was used
for the initial placement of 1) MARTINI POPC lipids on a 36 x 36 nm bilayer
grid along the xy plane, and 2) solvent particles (150 mM NaCI/MARTINI
water solution). The assembled system was then copied along both lateral
membrane vectors x and y (yielding xy system dimensions of 72 x 72 nm)
and relaxed following a protocol of six consecutive simulations as described
previously (48). According to the model of the plasma membrane (47), the
effect of a cytoskeleton network is imitated by using weak position restraints
along the membrane normal vector z on = 15.5% of the POPC lipids in the
upper (outer) leaflet, to limit large-scale bilayer undulations. The relaxed
70 x 70 nm POPC bilayer patch was then energy minimized using the steep-
est-descent methodology and equilibrated for 100 ns. For the plasma mem-
brane system, consisting of 63 different lipid types (grouped into
phosphatidic acids, phosphatidylcholines (PCs), phosphatidylethanol-
amines, phosphatidylinositols, phosphatidylserines, lyso-PCs, diacylglycer-
ols, gangliosides, sphingomyelins, ceramides, phosphatidylinositol (mono/
bis/tris)-phosphate (PIP), and cholesterol), the configuration after a 40 us un-
biased MD simulation was used (47). For further system preparation steps,
the aqueous phase of the preequilibrated membrane systems was removed.
The CG structure and topology of the full-length protein (CD81; ) were
generated based on the previously used homology model (16) (PDB: 2AVZ)
using the martinize.py program (50). The MARTINI 2.2 force field was used
(50). Both cysteine pairs that formed the disulfide bridges in the LEL region
(Cys156/190 and Cys157/175) were automatically detected and linked via
0.24 nm bond constraints (instead of the published 0.39 nm with a force con-
stant of 5000 kJ-mol ! -nm’z, as recommended by the authors of the mar-
tinize.py program: D. de Jong, J.J. Uusitalo, and T.A. Wassenaar). After an
in vacuo steepest-descent energy minimization, 49 copies of the CG proteins
were placed on a 7 x 7 grid along the xy plane, randomly oriented around a
central axis parallel to the (membrane normal) vector z. Thus, all proteins
have the same general direction, with their extracellular domain oriented to-
ward the positive z direction, which corresponds to the upper or extracellular
leaflet of the preequilibrated POPC or plasma membrane patch, respectively.
The overall xy box dimensions of the 7 x 7 grid are equal to the correspond-
ing system dimensions of the respective membrane model (68 x 68 nm for
POPC, 71 x 71 nm for the plasma membrane). LAMBADA (46) was used to
automatically align each membrane patch according to the hydrophobic
belts of the proteins placed on the 7 x 7 grid and to combine both compo-
nents, respectively. Protein incorporation into the preequilibrated membrane
patches was done using the InflateGRO2 membrane protein-embedding
routine (46), which was executed iteratively for the individual proteins.
As the lipids in the original plasma membrane model are organized in two
sets (corresponding to their respective leaflet), an additional resorting step



was necessary to execute InflateGRO2 with its internal bookkeeping routine
for lipid deletions. For this purpose, a program was developed that sorts the
lipids in both the structure and the corresponding topology file into a unique
group with respect to their first occurrence. The lipid composition after pro-
tein embedding/lipid deletion still reflects the composition of the preequili-
brated plasma membrane patch (Fig. S3 « in the Supporting Material).
Retaining the z dimension of the preequilibrated plasma membrane model
(47), the simulation box of both systems was filled up with MARTINI water
beads. For the POPC membrane system, NaCl ions yielding a concentration
of 150 mM NaCl were added along with a total of 245 Na™ counterions to
neutralize the overall system charge. For the plasma membrane system,
the original numbers of Na* and C1~ ions plus one additional C1~ counterion
were added. The resulting simulation systems contained a total of 493,711
(POPC membrane) and 513,228 (plasma membrane) CG particles.

Using the same system setup protocol previously described for the
plasma membrane model (47), a steepest-descent energy minimization
was performed for both systems, followed by a 500 ps NVT and 25 ns
NPT simulation. During the relaxation steps, the protein backbone particles
were restrained to their initial positions using a harmonic potential with a
force constant k. of 1000 kJemol '+nm~2. The simulation parameters
for the respective relaxation steps were set as described previously (47)
except for 1) the (long-range) electrostatics, for which the smooth PME
methodology was used, and 2) the pressure coupling, for which the Berend-
sen barostat was used. A second 25 ns equilibration step with Berendsen
weak (pressure) coupling was performed in which the proteins were able
to diffuse freely before the unbiased simulation (using the Parrinello-Rah-
man barostat (33-35)) was started. For the 2.5 us (POPC membrane) and
7.5 pus (plasma membrane) MD production runs, all parameters were set
as described previously (47) except for the electrostatics, which were
handled using the smooth PME method (36,37). For each simulation
system, both trajectories in which the proteins could diffuse freely were
concatenated for analyses. All CG simulations were performed using
GROMACS 4.6.5 (42,43) on a CPU cluster (16 nodes, each with one
eight-core Intel Xeon E5-2670 CPU (2.60 GHz, two threads per core)).

Molecular visualization and segment definitions
for analysis

Molecular illustrations were generated using the program VMD (version
1.9.2) including the internal Tachyon rendering engine (51,52). Visualization
of secondary structural elements was based on a VMD-internal STRIDE
analysis (53), which was used to determine helical elements in the segment
definitions as follows: 12-38 (TM1), 56-83 (TM2), 89-136 (TM3/helix «),
141-154 (helix 8), 158-174 (y-loop), 176-189 (d-loop), and 190-228 (helix
&/TM4). The SEL region was defined as residues 39-55 and the LEL region
was defined as residues 113-202, based on the CD81 LEL crystal structure.
For illustration of the full-length protein, helices TM3/a and ¢/TM4 were
split into residues 89-112 (TM3) and 113-136 (a-helix), as well as 190-
202 (e-helix) and 203-228 (TM4), respectively.

Conformational drift

Conformational deviations with respect to the MD initial structure were
monitored by calculating the root mean-square deviation (RMSD) of
the protein a-carbon (Ca) atoms for each trajectory snapshot using the
GROMACS tool gmx rms (after least-square fitting the Cae atoms to the
MD initial structure; Figs. S1 ¢ and S2 c¢).

Helical structure occurrence and protein
flexibility

To monitor helical structure elements (Figs. 1 b, top, and 2 b, top), the pro-
gram DSSP (54) was used to determine the secondary-structure distribution
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FIGURE 1 Helical stability and backbone flexibility of the isolated LEL
of CD81. (a) Left: CD81y g initial conformation (chain A of the x-ray
structure (20) (PDB: 1G8Q)). Right: after a 1 us unbiased, atomistic MD
simulation (run B; see also Fig. S1 b). (b) Top: occurrence of helical struc-
ture per residue (based on the ¢/y dihedral angles) over time, averaged over
four runs. Bottom: Ca RMSF as a measure of the local protein backbone
flexibility. The highest flexibility of the fluctuating termini is due to the
lack of anchoring to the TM segments present in the full-length protein
(compare with Fig. 2 b, which shows the flexibility of this region in the
full-length protein). Colored lines show the flexibility profiles from the in-
dividual MD runs; average (n = 4) is shown in black. The pictogram shows
the CD81 LEL domain structure, including cysteine disulfide bridges indi-
cated by additional black lines connecting residues 157 with 175, and 156
with 190. To see this figure in color, go online.

along the protein chain for each 5 ns step of the four concatenated MD
simulation trajectories. The first 20 ns of each MD trajectory were excluded
to reduce the bias of the identical initial configurations. We chose to exclude
the first 20 ns from the analyses because =50% of the average conforma-
tional deviations from the starting configuration took place within that time
range (Figs. S1 ¢ and S2 ¢). The helical (a-, -, and 3;o-helices) structure
elements of the concatenated MD trajectories were summarized, counted,
and normalized according to the total number of analyzed frames.

The local flexibility along the protein chain (Figs. | b, bottom, 2 b, bottom,
3 a, 4 ¢, and S3 ¢) was measured by computing the RMS fluctuations
(RMSFs) of the Ca atoms (atomistic models) and backbone particles (CG
model) per CD81 molecule, respectively. Before computing the RMSF,
structures were superimposed on the initial structure using a least-square
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FIGURE 2 Helical stability and backbone flexi-
bility of CD81gr. (a) Left: conformation of the
full-length protein embedded in a POPC bilayer af-
ter a 1 us unbiased, atomistic MD simulation (run
D; see also Fig. S2 b). TM1-4 in dark yellow; he-
lices «, @, and ¢ in gray; loops v and ¢ in orange
and red, respectively. Red, blue, and tan atoms of
the lipid bilayer represent oxygen, nitrogen, and

phosphate, respectively. Right: enlarged view of

the SEL and LEL. (b) Helical structure per residue
(top) and Ca RMSF (bottom). Note that a direct
comparison of the average RMSFs in (b) (shown
in black; n = 4) and Fig. 1 b suggests that the
LEL domain flexibility increases in CD8 1 ; how-
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0 20 40 60 80 100 120 140 160
residue #

fit based on the respective atoms. To avoid the influence of large fluctuations
resulting from the transition of the MD initial configuration (crystal/pre-
dicted/CG structure) to the dynamic structure in solution, we excluded the
first 20 ns for the atomistic models (20-1000 ns trajectory, 4901 frames)
and the first 500 ns for the CG systems (POPC: 500-2500 ns trajectory,
2501 frames; plasma membrane: 5007500 ns trajectory, 7001 frames).

Solvent-accessible surface area of the
superimposed protein structures

The solvent-accessible surface area (SASA) of the superimposed protein
structures for each MD simulation run was computed using the GROMACS
program gmx sasa (55) (van der Waals radii were taken from (56)). Super-
imposition of the protein structures (Fig. 3 b) was based on a least-square
fit of the Cor atoms exhibiting an average Ca RMSF value of <0.15 nm
(Fig. 3 a). The Ca atoms used for fitting were from residues 119-134,
140, 143-147, 150, 156-159, 175, and 189-194 (CD81, g ), or 115-135,
137, 140-151, 153-159, 175, and 189-202 (CD81g.). Separate groups
for the individual LEL segments were defined to extract the SASAs of
the respective segments from the entire surface.

Time evolution of oligomerization and lipid
interactions

Monitoring oligomerization over time (Figs. 4 e and 5 ¢), we counted the
number of directly interacting proteins, forming x-mers (x = 2, 3, ... 9) for
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each trajectory frame. Direct CD81-CD81 interactions were defined to
occur within a distance of 0.6 nm, as revealed by the radial distribution
function (RDF) of each CG particle of CD81 to each particle of other
CD81 proteins (Fig. 4 d). Since oligomerization started after 500 ns
(POPC membrane) and 1.5 us (plasma membrane), we used time ranges
of 700-2.5 us and 2-7.5 us, respectively, to measure the protein-
protein RDF.

To identify preferred lipid interactions (Fig. S4), we counted the total
number of contacts between the CG CD81 molecules and the individual
lipid species of the plasma membrane bilayer for each trajectory step.
As with the identification of contacts between CG CD81 molecules,
preferred lipid-binding partners were defined as occurring within a dis-
tance of 0.6 nm (Fig. 6 ¢). The total number of contacts was then normal-
ized to the concentration of the respective lipid species (Fig. S4).
Highlighting the preferential interactions with gangliosides (GM) versus
nonpreferential interactions with PC headgroup lipids, Fig. 6 d illustrates
the sum of the individual, not normalized, curves of the respective lipid
species per time step.

CD81-CD81 and CD81-lipid contacts per residue

‘We monitored the occurrence of direct CD81 interactions per protein resi-
due (Figs. 4 g and 5 d) by measuring the minimum distance between each
residue of the individual protein chains to each chain of the respective other
proteins per trajectory frame. For the POPC membrane system the first
700 ns were excluded for analysis, and for the plasma membrane system
the first 2 us were not considered. Measured distances within 0.6 nm per
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FIGURE 3 LEL segmental flexibility enables the space exploration ac-
tivity of the o-loop. (a) Comparison of the average Ca RMSFs of
CD811 gL (n = 4) (same as in Fig. 1 b) and CD8lg (n = 4), with only
its LEL section included for analysis. The shape of the blue trace is
slightly different from the respective section in Fig. 2 b (in particular at
the termini) due to the protein segment considered for fitting. (b) Left:
superimposed protein backbone traces obtained from the four MD trajec-
tories (shown are 4 x 98 snapshots from 10 ns intervals, excluding the first
20 ns) of the isolated LEL. Right: the LEL in CD81g;. For superimposi-
tion, Ca atoms that exhibited an average RMSF value smaller than
0.15 nm were used for least-square fitting. Protein segments are colored
as in the pictogram in (a). (¢) Increase of the SASA of the individual
LEL segments, referring to the respective MD initial structure (gray
bars, CD81ygy; blue bars, CD81gy) in percent (averaged over the four
MD runs; n = 4, values are given as means *+ SD). For clarity, the
extreme value obtained for the e-helix in CD81y g, is not fully illustrated
because it does not result from relevant dynamics (see text). To see this
figure in color, go online.

residue were counted and normalized (divided by the product of the number
of analyzed trajectory frames (1801 for the POPC membrane and 5501 for
the plasma membrane) and the number of potentially interacting proteins
(n = 48)).

For the plasma membrane system, the number of direct CD81-GM inter-
actions per residue (Fig. S6, fop) was monitored using a similar protocol:
distances within 0.6 nm between each residue of the individual protein
chains with all GM lipids were counted and normalized (divided by the
product of the number of analyzed trajectory frames (see above) and the
number of proteins (n = 49)).

Tetraspanin Oligomerization via the -Loop

Mean-square displacement as a function of time

To compare the lateral diffusion of CD81 in the different CG membrane en-
vironments (POPC and plasma membrane), we computed the mean-square
displacement of the individual proteins along the xy plane as a function of
time (Fig. S3 b) using the GROMACS program gmx msd (42).

Degradation of the glycocalyx from Jurkat T cells
and cluster grade analysis

Jurkat T-cells were cultured and transfected essentially as previously
described (57). In brief, 10° Jurkat T-cells transfected with a plasmid encod-
ing for CD81-GFP were plated onto poly-lysine-coated coverslips in 1 mL
prewarmed Ringer solution (130 mM NaCl, 4 mM KCI, | mM CaCl,, | mM
MgCl,, 48 mM D(+)glucose, 10 mM HEPES, pH 7.4) for control samples
or prewarmed Ringer solution supplemented with 0.5 unit/mL neuramini-
dase (#N2876; Sigma-Aldrich, St. Louis, MO) and 4 units/mL § 1-4 galac-
tosidase (#P0730; New England Biolabs, Ipswich, MA) for treated samples.
Cell suspensions were plated on poly-L-lysine-coated coverslips in six-well
plates and incubated for 1 h in a cell incubator. Subsequently, membrane
sheets were generated, fixed, and washed as described previously (57).
The membrane sheets were further stained for sialic acid and N-acetyl-glu-
cosaminyl using wheat germ agglutinin (WGA) conjugated to Alexa Fluor
594 (#W11262; Invitrogen, Waltham, MA) at a concentration of 5 ug/mL in
PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, pH 7.4) for 1 h at
room temperature. After washing, the membrane sheets were imaged using
an epifluorescence microscope as described previously (57). The lipid dye
1-(4-trimethyl-ammonium-phenyl)-6-phenyl-1,3,5-hexatriene  p-toluene-
sulfonate was added to visualize the membrane, and imaging was per-
formed in the blue (membrane), green (CD81-GFP), and red (WGA-Alexa
Fluor 594) channels.

For analysis, images were exported as tiff files and analyzed using the
program ImagelJ. Regions of interest were placed on individual membrane
sheets selected in the blue channel, avoiding damaged membrane areas. The
standard deviation (SD) of the mean intensity was determined within the
selected regions of interest in the green channel and then related to the back-
ground-corrected intensity to determine the relative SD, which quantita-
tively estimates the degree of clustering (58). From individual membrane
sheets, the relative SD was plotted against the background-corrected
mean intensity. To quantify the degree of glycocalyx degradation, in the
red channel we measured the background-corrected mean intensities on
membrane sheets from transfected and untransfected cells.

RESULTS

The -loop exhibits the highest flexibility in the
isolated LEL and in the membrane-embedded
full-length CD81

First, we asked whether the conformational flexibility
pattern revealed by NMR spectroscopy (23) could be repro-
duced in silico. Atomistic MD simulations of the isolated
soluble LEL region of human CD81 (CD81; g; ) were per-
formed in a 150 mM NaCl solution (Fig. S1 a) in four inde-
pendent, unbiased 1 us simulation runs. The continuous
chain (monomer A) of the highest-resolution (1.6 ;\) crystal
structure of human CD81y ;. (20) was used as the initial
configuration. During the simulations, the LEL regions
essentially maintained their compact conformations (Figs.
I a and S1 b). Two parameters were measured to charac-
terize the basic structural properties. First, we monitored
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FIGURE 4 Structural flexibility and interactions
of CD81 in a CG POPC bilayer system. (a) Left:
mapping of the atomistic structure of the full-
length CD81 onto the CG scale (gray, backbone
particles; orange, side-chain particles). Right: top
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CD81 dimer (the protein surface is semitransparent
and the CD81 domain is colored according to the
topology diagram in c). (g) CD81-CD81 contacts
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as one residue can be involved in more than one
contact). To see this figure in color, go online.
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the occurrence of helical secondary-structure elements.
Compared with the crystal structure, helices «, @, and &
mainly preserved their helical configuration, whereas the
v- and 0-loop regions showed a diminished amount of heli-
cal content (Fig. 1 b, top). Then, to assess the flexibility
along the protein chain, we analyzed the RMSFs of the
backbone Coa atoms. Inside the protein chain, maximal
flexibility occurred within the d-loop (Fig. 1 b, bottom).
Additionally, some flexibility was observed in the y-loop,
whereas helices «, §, and € remained stable. Local flexibility
minima were observed at cysteine-disulfide bridges flanking
the flexible loops. The overall flexibility profile is well in
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line with the previously reported conformational variance
pattern of isolated CD81; gy observed by NMR spectros-
copy (23).

It is unclear whether anchoring the fluctuating N- and
C-termini also influences the flexibility of other LEL seg-
ments. To address this issue, we performed atomistic
MD simulations as described above with membrane-
embedded, full-length CD81 (CD81f), incorporating its
predicted structure (16) into a homogeneous POPC bilayer
(Fig. S2 a). In the simulations, the CD81g structure re-
mained mainly stable, with the exception of segments
within the LEL (Figs. 2 a and S2 b). As for CD81 g, we
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FIGURE 5 CD81 oligomerization in a CG
model of the plasma membrane. (a) Top view of
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the MD initial configuration, containing 49 copies
of CG CDS81 embedded into a preequilibrated
plasma membrane model (=70 x 70 nm along
the bilayer plane). (b) System configuration after
a 7.5 us unbiased MD simulation. (¢ and d)
CD81 oligomerization over time (c¢) and CD81-
CD81 contacts per residue (d) analyzed as in
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quantified changes in helical structure and flexibility
along the protein backbone chain (Fig. 2 b). The LEL flex-
ibility profile was the same within the full-length CDS81
(Fig. 3 a) except for the flexible termini observed in the iso-
lated LEL, which now experienced conformational con-
straints due to anchoring. This shows that when the LEL
is an integral part of the rod-shaped structure, it does not
experience any restraints that diminish its intrinsic flexi-
bility as observed in solution.

CD81 establishes contacts to interaction partners
via its flexible é-loop

We next analyzed the relationship between local flexibility
and the gaining of access to the environmental space.
From each of the four MD runs, we superimposed 98 struc-
tures (time range 20—-1000 ns) by fitting only the Ca atoms
that exhibited the highest stability (Fig. 3 b). It is clear that
although the o-loop constitutes the smallest segment, it
screens the largest environmental volume. Quantifying this
effect, we determined per simulation run the SASA of the
superimposed structures (Fig. 3 ¢) from which the SASAs

200 220

of the individual LEL segments were extracted. With
respect to the MD initial structures, in CD81, helices «,
B, and € minimize the explored space, whereas in CD81 g,
helices « and ( hardly change and ¢ shows an exceedingly
high increase in the SASA (>200%). However, this is a
result of not anchoring the C-terminus, in conjunction
with the compact conformation of the e-helix in the initial
structure. More importantly, the flexibility of the o-loop
leads to an increased average SASA of 41% in the isolated
CD81 g and 51% in CDS81g, whereas the respective
v-loops increase by just 15% and 28%.

To elucidate whether there is any relationship between
this increase in explored environmental space and inter-
action-partner recruitment, we studied CD81 interactions
in two large membrane environments incorporating many
CDS81 molecules. We turned to a MARTINI CG model
(59,60) to gain insights on extended timescales and length
scales. To study CD81-CD81 interactions, we incorpo-
rated 49 full-length CD81 proteins into a preequilibrated
=70 x 70 nm POPC lipid bilayer patch (Fig. 4 a). After a
short initial relaxation, the system was simulated in an unbi-
ased MD run over 2.5 us (see Fig. 4 b for the final snapshot).
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To verify that CG CD81 molecules exhibit the same dynam-
ical properties as CD81 in the atomistic model (Fig. 2 b, bot-
tom), we determined the RMSFs of the protein backbone
particles and calculated the average from the 49 molecules
(Fig. 4 ¢). A comparison of both RMSF profiles (atomistic
and CG) reveals a high similarity between the flexible and
nonflexible regions. Again, the CG CD81 molecules exhibit
the highest flexibility in the - and d-loop regions.

To analyze CD81-CDS81 interactions, we determined the
RDF between each CG atom (of one CD81 molecule) to
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all CG atoms of the other CD81s (Fig. 4 d). The function
peaked at a radius of =0.5 nm. Considering a narrow distri-
bution of contact distances around this peak, a radius of
0.6 nm was defined as the CD81-CD81 contact threshold
for monitoring oligomerization over time. The first contact
between two CDS81 proteins was detected after 78 ns
(Fig. 4 e). Within the first 2 us, more than half of the mol-
ecules formed dimers (for example, see Fig. 4 f), and from
then on the dimers diminished as they became incorporated
into higher oligomers (Fig. 4 ¢). To ascertain whether there



is any relation between segmental flexibility and contact
establishment, we determined CDS81 interaction partner
contacts per protein residue. We found one major interaction
segment, the d-loop (Fig. 4 g). Hence, the d-loop plays a
pivotal role in the establishment of direct CD81-CD81
contacts.

We next performed a simulation in a complex lipid envi-
ronment resembling the lipid composition of a mammalian
plasma membrane (47). This membrane is composed of 63
different lipid species, including glycolipids, which formed
patchy platforms during the simulation (indicated by light-
blue molecule crowds in Fig. 5 a). In addition to facilitating
studies of CD81-CD81 interactions, this system also allows
the identification of preferred lipid-binding partners. After a
short initial relaxation, we performed an unbiased MD run
over 7.5 us (see Fig. 5 b for the final snapshot). Here, a
longer simulation time was required because the diffusional
mobility of CD81 was decreased when compared with that
of the POPC system (Fig. S3 b).

CDS81-CD81 interactions were analyzed in a manner
similar to that employed for the POPC simulation (the
RDF also yielded a threshold of 0.6 nm; for the RMSF,
see Fig. S3 ¢). The first transient contact between two
CDS81 proteins was detected after 650 ns (Fig. 5 c; please
note that simulation times cannot be directly compared
between the POPC and plasma membrane system due to
different CD81 mobilities, as illustrated in Fig. S3 b). At
the end of the simulation, about half of the CD81 molecules
were present in dimers and several higher oligomers
(Fig. 5 c; see also Fig. 6, a and b). Interestingly, in the
plasma membrane, the initial rise in dimers was only half
as high as in the POPC system because they were recruited
more efficiently into higher oligomers. Another difference
is that we identified a second major interaction site
comprising the intracellular leaflet-embedded TM2-TM3
region (Fig. 5 d).

To identify preferred lipid-binding partners, we analyzed
the probabilities for direct interactions between the CD81
proteins and each of the 63 available lipid species. To
this end, we determined the RDF between all CG atoms
of CD81 and lipids (Fig. 6 ¢). As illustrated in Fig. 6 d,
the absolute number of contacts with the eight charged
GM species increased over time, whereas direct interactions
with, e.g., phosphatidylcholine (PC) species, surrounding
the proteins initially, decreased. The replacement of PC
lipids by gangliosides rendered the negatively charged
extracellular glycolipids a preferred interaction partner,
yielding CD81-GM complexes that remained until the end
of the simulation. This shows that gangliosides are preferred
interaction partners, whereas the 10-fold higher concen-
trated PC lipids essentially do not bind. Notably, charge
alone is not sufficient for interactions, as other charged
lipids in the intracellular leaflet (PIP,, PIP,, and PIP3)
showed no preferred binding tendency (Fig. S4). These ob-
servations are in line with previous experimental studies

Tetraspanin Oligomerization via the -Loop

showing that CD81 forms complexes with gangliosides
(13). Moreover, the simulation shows that CD81-GM inter-
actions lead to domains in which multiple, not directly inter-
acting CD81 molecules concentrate locally through their
association with ganglioside patches that have formed in
the preequilibrated plasma membrane (47). Therefore, olig-
omeric platforms are formed by both types of interactions
(CD81-CD81 and CD81-GM; for examples, see Fig. 6 b,
right and left, respectively), which reflects the tendency of
tetraspanins to be engaged in a molecular network.

Although direct interactions between CD81 molecules in
network formation have been described (6-8), experimental
evidence for a similar role of gangliosides is lacking. When
we degraded the glycocalyx using a-neuraminidase and
B-galactosidase, we found a small effect on the lateral distri-
bution of CD81 domains, which became more dispersed and
uniformly distributed (Fig. S5). This supports the finding
from the CG simulation, suggesting that gangliosides
promote further tetraspanin network growth of small
CDS81 oligomers.

When determining CD81-GM contacts per protein
residue, we found that most interactions occurred at the
membrane proximal regions of CD81, including the TM
helices and the SEL (Fig. S6). Surprisingly, relative to
the initial residue distance to the plasma membrane, the
o-loop exhibited a clear involvement in direct interactions
(Fig. 6 e). Thus, although the 6-loop does not play a major
role in GM contacts, it may be able to exert stabilizing
effects.

DISCUSSION

As was previously pointed out (61), disordered segments in
proteins are often functional, although the underlying mech-
anisms are unclear. This functionality might be related to
disordered segments binding to a target or comprising a flex-
ible linker. Here, we used MD simulations to gain insights
into the role of local conformational flexibility in nanodo-
main formation in the plasma membrane, using the tetraspa-
nin molecule CD81 as a model.

First, we verified whether the flexibility pattern revealed
by wet-lab experiments could be reproduced in silico.
In atomistic simulations, CD81yg; generally retained its
compact structure, with the helices of the conserved region
(, B, and €) exhibiting a high stability, whereas the helical
components of the variable region showed a tendency for
structural dissolution. This is in agreement with the confor-
mational variance of CD81; g, observed by NMR spectros-
copy (23). In full-length CDS81, residues forming the
highly flexible terminal ends of the isolated CD81p g,
necessarily became conformationally stable. However, the
flexibility patterns of the remaining LEL domains were
indistinguishable, suggesting that insights obtained from
the isolated CD81;g; can be directly transferred to full-
length CD81. Moreover, the flexibility of the LEL loop
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regions is an intrinsic feature of the LEL itself and is
neither restricted nor promoted by other domains. Further-
more, the simulations reveal that flexibility around the
exposed J-loop increases the volume that the molecule
can probe for interaction partners. Notably, the overall
rigid scaffold of the protein, acting like a molecular flag-
pole, is a prerequisite for extended sampling of the envi-
ronmental space. This suggests that although the rigidity
of membrane-embedded proteins may slow down contact
establishment, such a restriction can be circumvented by
a locally exposed domain that features pronounced confor-
mational flexibility.

Using a CG model of multiple CD81 molecules in a
POPC and a plasma membrane (47) environment, we found
that the LEL flexibility profile matched that obtained from
atomistic simulations, rationalizing its use for studying the
relationship between flexibility and interaction-partner
recruitment. We determined the protein residues involved
in physical contacts to find out whether the exposed ¢-
loop displays a higher activity in establishing contacts. In
the POPC membrane, the ¢-loop plays a prominent role in
contact establishment, whereas in the plasma membrane
this activity is diminished. Here also the TM2-TM3-region
makes a significant contribution. Since the ¢-loop binds to
GM lipids in the plasma membrane (for example, see
Fig. 6 b), we suggest that this mechanism diminishes the
fraction of 0-loop-mediated CD81-CD81 contacts.

CD81 oligomeric states are produced by both CDS81-
CDS81 and CD81-GM contacts. In this scenario, the propen-
sity of gangliosides to form platforms promotes CD81
crowding via indirect glycolipid-bridging effects. This ex-
plains how tetraspanins can form large, two-dimensionally
growing molecular networks by using specifically forming
binary complexes as building blocks: patches of lipids act
as a molecular glue, gathering together different CDS81-
binary complexes (e.g., CD81-CD81 and CD81-EWI-2).
A similar mechanism may explain why tetraspanin palmi-
toylation, which eventually facilitates association with lipid
phases, stabilizes TEMs (6-8).

Importantly, although the interactions were stable until
the end of the simulation, we did not observe a defined struc-
tural interface between two CD81 molecules. Anyway, this
is not expected, as simulations even in the range of several
microseconds are too short to form equilibrated protein-
binding modes or defined quaternary structures. Therefore,
the observed interactions reflect rather promiscuous initial
contacts, and it is difficult to predict which of the two
preferred interactions leads to stable complexes. However,
since deletion of the 6-loop (deleted region: 176—186) is suf-
ficient to destabilize CD81 dimers or higher oligomers (57),
we argue that the observed role of the flexible ¢-loop in silico
is meaningful and provides a mechanistic explanation for
cellular experiments. Surprisingly, this flexibility allows
the d-loop to interact even with the distally located GM mol-
ecules. However, other segments of CD81 are also strongly
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involved, and therefore the contribution of the §-loop to GM
bridge formation is likely of a supportive nature.

In conclusion, the MD simulation data reproduce the
conformational flexibility observed in experimental studies.
More importantly, they reveal the functional significance of
flexibility in contact establishment and how large molecular
platforms can be built from binary complexes. In general,
the segmental flexibility of membrane proteins is likely to
facilitate screening of the environmental space and thus
play a pivotal role in mediating binding to interaction
partners.
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Six figures are available at http://www.biophysj.org/biophysj/supplemental/
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Fig. S1. Initial MD simulation system and final conformations of CD81,g, .

a) MD initial configuration of the CD81.g_ system. The energy minimized CD81 g structure
was placed in the center of the simulation box (rhombic dodecahedron), which was filled up by a
150 mM NacCl solution. For clarity, the agueous phase is represented as semi-transparent volume
surface, Na* and CI ions are colored in tan and green, respectively. b) CD81,g conformations
after 1 ps unbiased simulation of run A, C, and D (for the final conformation of run B see Fig.
la). The y- and 6-loops are shown in orange and red, respectively. ¢) Ca root mean square
deviation (RMSD) as a function of time, after least-square fitting to the MD initial structure.
Grey, green, blue, and red indicate individual MD runs; the average is shown in black (n = 4).
The orange reference line indicates 50% change (reached after =20 ns) with reference to the
average RMSD maximum.
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Fig. S2. Initial MD simulation system and final conformations of CD81f, .

a) MD initial configuration of the CD81¢_ system. The energy minimized CD81_ structure was
embedded into a POPC lipid bilayer. Then the simulation box was filled up with a 150 mM NaCl
solution. For clarity, the aqueous phase is shown as semi-transparent volume surface, with Na*
and CI" ions in tan and green, respectively. b) CD81g_ conformations after 1 ps unbiased
simulation of run A, B, and C (for the final conformation of run D see Fig. 2a). The y-loop, 6-
loop and transmembrane helices are shown in orange, red and yellow, respectively. Foreground
POPC lipids were hidden to illustrate the embedded protein. ¢) Ca RMSD with reference to the
MD initial structure as a function of time. Grey, green, blue, and red show individual MD runs;
the average is shown in black (n =4). The orange reference line indicates 50% change (reached
after ~20 ns) with reference to the average RMSD maximum.
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Fig. S3. Change of lipid composition after protein embedding and CD81 dynamics in the plasma
membrane.
a) During membrane protein embedding, a certain number of protein-overlapping lipids were
deleted from the plasma membrane patch, generating differences 4 (in percent) to the original
plasma membrane lipid composition (1). Lipid species are grouped by type/head group to
phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol ~ (PI),  phosphatidylserine  (PS), lysophosphatidylcholine  (LPC),
diacylglycerol (DAG), ganglioside (GM), sphingomyelin (SM), ceramide (CE),
phosphatidylinositol (mono/bis/tris)-phosphate (PIP), and cholesterol (C; in Fig. S4 referred to as
CHOL). For the exact description of the different lipids within each group please refer to (1).
b) Mean squared displacement (MSD) plotted versus time (left shows the entire analysis, right the
first 500 ns) for individual CD81 proteins embedded in the plasma membrane (red traces) or in
the POPC bilayer (black traces). ¢) RMSF for CD8L1 in the plasma membrane system.
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Fig. S4. Number of CD8L1 interactions with different lipid species.

Number of contacts between CD81 molecules and the individual lipid species (for abbreviations
see Fig. S3) as function of time. Contacts were normalized to the concentration of the respective
lipid type. Normalization shows that some low-concentrated lipids, e.g. the PC species DAPC,
increase their contacts over time while the PC type POPX shows a trend to diminished binding.
Because POPX is much more abundant than DAPC, it dominates the trace summing up all
contacts between CD81 and PC (Fig. 6d). Notably, in the case of GM, irrespective of the
concentration, all GM species show increased contacts over time.
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Fig. S5. Degradation of the glycocalyx disperses CD81 domains.

a) Membrane sheets from Jurkat T cells expressing GFP-labelled CD81 for the visualization of
CD81 domains. Prior to membrane sheet generation, cells were treated without (control) or with
(treated) neuraminidase and B-galactosidase (for which gangliosides are a substrate). Left to right,
membrane visualized by TMA-DPH (showing the integrity of the membrane), staining for sialic
acid and N-acetyl-glucosaminyl residues by the lectin WGA coupled to Alexa Fluor® 594, and
CD81 domains (CD81-GFP) as overview and magnified views (indicated by the white squares in
the overview). Images in the red and green channels have the same scaling, respectively.
Enzymes treatment reduces WGA staining to 39.6 + 8.1% (n = 3 independent experiments; for
each experiment 37 - 122 membrane sheets from untransfected and transfected cells were
analyzed). CD81-GFP signal intensity in the control and the treated membrane (showing almost
no WGA staining) were similar (see also (b)) but signal in the control is concentrated in brighter
spots. b) For a representative illustration, the relative standard deviation (rel. S.D.) was
determined which allows for comparison of the inhomogeneity of similarly intense signals. The
rel. S.D. from individual membranes was plotted against the CD81-GFP intensity (black, control;
red, enzyme treated). Data points from three independent experiments were pooled (20 - 58
membrane sheets per day and condition; highest expression levels were all from one day). For
better comparison, the inset shows a histogram of the averaged rel. S.D. at expression levels
binned at 10,000 a.u. steps. The dispersion effect is small because the remaining ~40% may be
sufficient to maintain indirect patching. In the graph the two membranes shown in (a) are marked
with #1 and #2.
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Fig. S6. CD81-GML1 interacting residues and their distance to the membrane.

Top, protein-ganglioside (GM) interactions as a function of residue in percent. Bottom, z-distance
of the individual residues (center of mass) to the hydrophobic belt center (set to zero) in the
atomistic MD starting configuration. Protein orientation and hydrophobic belt detection were
performed by the program LAMBADA. For Fig. 6e values from the top graph were multiplied
with the values from the lower graph.
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