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Members of the tetraspanin superfamily function as transmembrane
scaffold proteins that mediate the assembly of membrane proteins into
specific signaling complexes. Tetraspanins also interact with each other and
concentrate membrane proteins into tetraspanin-enriched microdomains
(TEMs). Here we report that lens-specific tetraspanin MP20 can form
multiple types of higher-order assemblies and we present crystalline arrays
of MP20. When isolated in the absence of divalent cations, MP20 is solubilized predominantly in tetrameric form, whereas the presence of divalent
cations during solubilization promotes the association of MP20 tetramers
into higher-order species. This effect only occurs when divalent cations are
present during solubilization but not when divalent cations are added to
solubilized tetrameric MP20, suggesting that other factors may also be
involved. When purified MP20 tetramers are reconstituted with native lens
lipids in the presence of magnesium, MP20 forms two-dimensional (2D)
crystals. A projection map at 18 Å resolution calculated from negatively
stained 2D crystals showed that the building block of the crystal is an
octamer consisting of two tetramers related to each other by 2-fold symmetry. In addition to 2D crystals, reconstitution of MP20 with native lipids
also produced a variety of large protein–lipid complexes, and we present
three-dimensional (3D) reconstructions of the four most abundant of these
complexes in negative stain. The various complexes formed by MP20 most
likely reflect the many ways in which tetraspanins can interact with each
other to allow formation of TEMs.
© 2007 Published by Elsevier Ltd.
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Tetraspanins form a superfamily of abundantly
expressed transmembrane proteins that are conserved from schistosomes and some fungi to
mammals.1 The tetraspanin superfamily contains at
least 35 members in flies, 20 in worms and 32 in
mammals. Tetraspanins are characterized by four
membrane-spanning domains, a large extracellular
loop (LEL) containing a conserved CCG motif, a
second smaller extracellular loop and short cytoplasmic amino and carboxy termini.2 Members of the
tetraspanin family have been implicated in a wide
range of cellular functions including adhesion,
migration, synapse formation, intracellular protein
transport and extracellular signaling pathways.1
Accordingly, mutations in tetraspanins are the cause
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of a number of diseases, including X-linked mental
retardation,3 retinal degradation4,5 and cataractogenesis.6 The diverse range of biological functions
assigned to tetraspanins can be attributed to their role
as transmembrane scaffolds that organize a variety of
proteins into specific signaling complexes. Among the
known ligands of tetraspanins are various integrins,
phosphatidylinositol-4 kinase, and members of the
immunoglobulin superfamily of cell surface
receptors.2 Since tetraspanins also interact with each
other, they concentrate these signaling molecules into
specialized membrane domains, known as tetraspanin webs or tetraspanin-enriched microdomains
(TEMs).2
The assembly of TEMs is a poorly understood
process due to the vast variability of components
that can be incorporated into a single TEM. TEM
assembly is thought to involve a hierarchical series
of protein–protein interactions.2 The lowest level of
assembly is mediated through direct protein–protein contacts between multiple monomers of an
individual tetraspanin or by direct interactions of a
tetraspanin with one or several of its ligands. These
primary interactions have been identified by crosslinking experiments and are resistant to detergents
such as Triton X-100.7 Secondary interactions are
formed between primary complexes. Secondary
complexes can be composed of a single or multiple
tetraspanins and can be dissociated by selected nonionic detergents. Several reports have demonstrated
that chelation of divalent metal ions weakens or
disrupts secondary interactions.8,9 Similar effects
have been observed when palmitoylation sites were
ablated.7 Palmitoylation sites have been identified in
at least eight tetraspanins, while 30 of the 32 known
mammalian tetraspanins, including MP20, have
membrane-proximal cysteine residues that may be
potential palmitoylation sites. 2 Secondary order
complexes can be recovered intact in low-density
fractions in sucrose gradients following solubilization in mild detergents.2 These low-density fractions
have higher cholesterol and sphingomyelin contents
than the surrounding membrane.10 Higher-order
interactions between pairs of tetraspanin complexes
are less well characterized due to their varied
composition and large size. This hierarchy of
interactions allows the tetraspanins to coordinate a
vast array of membrane proteins into TEMs, which
constitute functional membrane domains.
Structural information on tetraspanins and TEMs
is currently still limited. The only existing highresolution structural information of a tetraspanin
domain is a crystal structure of the LEL of CD81.11,12
The LEL folds into a mushroom-like structure
composed of five α-helices, arranged in “stalk”
and “head” domains. The stalk domain contains a
large hydrophobic cluster that is thought to be
involved in homo- and/or heterodimerization of
tetraspanins. The head domain contains a second
low-polarity patch that is located in a segment,
which displays enhanced residue variability among
different tetraspanins. This low-polarity patch was
therefore proposed to be involved in species or
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tetraspanin-specific recognition processes. The only
other structural information on tetraspanins comes
from recent electron crystallographic data on the
asymmetric unit membrane (AUM). A density map
with a resolution of 6 Å provides a first ultrastructural view of how tetraspanins interact with their
ligands.13 The AUM is found in urinary bladder
epithelial cells and is composed of four membrane
proteins called uroplakins (UPs) Ia, Ib, II and IIIa.
UPs Ia and Ib are tetraspanins, whereas UPs II and
IIIa are single-span membrane proteins. The four
UPs assemble into 6-fold symmetric, star-shaped
particles, with each spike composed of an inner and
an outer density. The density map resolved fivehelix bundles in each of the six inner and outer
densities. In each of the two five-helix bundles, the
transmembrane domain of the tetraspanin, either
UP Ia in the inner domain or UP Ib in the outer
domain, contributes four of the helices, whereas the
fifth helix is the transmembrane domain of the nontetraspanin, UP II or IIIa, respectively. The UP Ib/
UP II and UP Ia/UP IIIa heterodimers associate with
each other through interactions of a cytoplasmic
loop of the non-tetraspanin UPs II and IIIa,
demonstrating that in the AUM the tetraspanin
network is not created through interactions between
the tetraspanins but rather through interactions of
their ligands. The UP tetraspanins thus differ from
some other well-characterized tetraspanins, for
which cross-linking studies revealed that the tetraspanins form homodimers, homotrimers and
homotetramers.2 It thus appears that formation
and stabilization of different TEMs is based on
different structural interactions between the tetraspanins and their ligands.
Lens-specific MP20 is a member of the PMP22/
EMP/MP20 subfamily of tetraspanins,14,15 which
also includes the peripheral myelin protein 22
(PMP22)16 and the epithelial membrane proteins
(EMPs) 1 to 3. 17,18 MP20 is the second most
abundant membrane protein in lens fiber cells,19
and mutations in MP20 result in cataractogenesis
and blindness.20,21 The precise function of MP20 in
the lens remains to be elucidated. Previous studies
have suggested that the protein may be involved in
signaling22,23 and cell–cell adhesion.24–26 The ability
of MP20 to interact with calmodulin, together with
the identification of several phosphorylation sites on
its cytoplasmic carboxy terminus,23,27 strengthen the
notion that MP20 may contribute to signaling. In
vivo and in vitro, MP20 can also bind galectin-3, a
prominent cell adhesion modulator,24,25 presumably
through an interaction with sugar moieties attached
to two tryptophan residues on the first extracellular
loop of MP20.27 Insertion of MP20 into the plasma
membrane during maturation of fiber cells correlates with a dramatic decrease in the extracellular
spaces,26 suggesting that MP20–galectin-3 complexes may form a novel cell–cell adhesion complex
in the lens.
Here, we present the purification of MP20 from
sheep lenses. The basic oligomeric state of MP20 in
solution and in the membrane appears to be a
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tetramer. We demonstrate that maintenance and
formation of higher-order assemblies of MP20
involve divalent metal ions but also appear to
require an additional, not yet identified component.
Reconstitution of MP20 into native lens lipids in the
presence of magnesium produced ordered twodimensional (2D) arrays, and we present a projection map of MP20 at 18 Å resolution calculated
from 2D crystals in negative stain. Upon reconstitution, MP20 also formed large oligomeric particles
that are likely to contain native lipids. Random
conical tilt reconstruction was used to determine the
structures of the four most abundant of these MP20–
lipid complexes in negative stain.

Results
Purification of MP20 from sheep lenses
In contrast to other lens membrane proteins
MP20 does not adsorb well to anion or cation
exchange resins. We used this characteristic to
develop a negative purification strategy for MP20.
Fully stripped native lens membranes (Figure 1(a),
lane 1) were solubilized in decyl maltoside (DM) and
centrifuged to remove the detergent-insoluble fraction (Figure 1(a), lane 2) from the detergent-soluble
fraction (Figure 1(a), lane 3). The soluble material
was loaded onto a MonoQ anion exchange column.
While all major proteins adsorbed to the column
(Figure 1(a), lane 5), more than half of MP20 did not
bind to the resin and could be collected in the flowthrough (Figure 1(a), lanes 4 and 6). In addition to
MP20, the flow-through from the MonoQ column
contained solubilized native lens membrane lipids.
Since MP20 binds to hydroxylapatite but the lipids
do not, this resin was used to separate native lipids
(Figure 1(a), lane 7) from MP20 (Figure 1(a), lane 8).
Following elution from the hydroxylapatite column,
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the protein was subjected to a size exclusion chromatography step using a Superose 12 column. The
protein eluted at about 16 ml, which corresponds to a
molecular mass of approximately 65 kDa (Figure
1(b)) consistent with previous reports.25 This purification protocol, which uses 5 mM EDTA and 5 mM
EGTA in the solubilization buffer, usually yielded
about 1 mg of MP20 from 100 sheep lenses. When
MP20 was purified in the absence of EDTA and
EGTA, similar quantities of protein were obtained,
but approximately 60% of the protein eluted in the
void volume of the Superose 12 column (N200 kDa),
suggesting that it had formed higher-order assemblies or aggregates (Figure 1(b)). When the void volume fraction was incubated overnight with 10 mM
EDTA and 10 mM EGTA and subjected again to size
exclusion chromatography, the protein still eluted in
the void volume (data not shown), suggesting that
after solubilization higher-order MP20 species are
resistant to disassembly by removal of divalent
metal ions.
Characterization of detergent solubilized MP20
oligomers
To further investigate the formation of higherorder MP20 species, we used negative stain electron
microscopy (EM) to analyze the size distribution of
MP20 particles purified in the absence and presence
of the chelators EDTA and EGTA. Images of MP20
purified in the absence of chelators that eluted in the
void volume from the size exclusion column (Figure
1(b), broken line) showed aggregates, but also
a population of rather homogeneous doughnutshaped particles (Figure 2(a)). About 9000 particles
were interactively selected from 50 images and
classification of the particles into 100 classes revealed particles of very similar sizes and morphologies (Figure 2(a), panels 1–8). The particle had a
round shape, roughly 9 nm × 9 nm in size, with a

Figure 1. Purification of MP20 from sheep lenses. (a) Silver stained SDS–PAGE gels of MP20 purification; lane 1, fully
stripped lens fiber cell membranes; lane 2, insoluble membrane proteins in DM; lane 3, membrane proteins solubilized in
DM; lane 4, flow-through from the MonoQ anion exchange column; lane 5, elution from the MonoQ column; lane 6, flowthrough from the MonoQ column; lane 7, flow-through from the hydroxylapatite column; lane 8, elution from the
hydroxylapatite column. (b) Superose 12 gel filtration profiles of MP20 purified in the presence (continuous line) and
absence (broken line) of EGTA and EDTA.
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Figure 2. Negative stain electron microscopy of DM-solubilized
MP20. (a) Raw image of DM-solubilized MP20 purified in the absence
of EGTA and EDTA and eluted in
the void volume (N200 kDa) from
the Superose 12 gel filtration column. Panels 1–8 show representative class averages of the round
MP20 asemblies. (b) Raw image of
DM-solubilized MP20 purified in
the presence of EGTA and EDTA.
Panels 1–8 show representative
class averages with panels 1–4
showing the predominant, squareshaped particle species and panels
5–8 examples of larger, less welldefined assemblies. The scale bar
represents 20 nm. The side length of
the individual panels is 22.5 nm.

central stain accumulation (Figure 2(a), panels 1–8).
In contrast, despite the sharp elution peak following
gel filtration (Figure 1(b), continuous line), images of
MP20 purified in the presence of chelators showed a
rather heterogeneous particle population. The particles appeared smaller than those purified in the
absence of EDTA and EGTA (Figure 2(b)), consistent
with the smaller molecular mass evident from the
gel filtration profile (Figure 1(b)). When we classified about 14,000 particles interactively selected
from 19 images into 200 classes, several different
particle morphologies could be identified. The vast
majority of the particles measured approximately
5 nm × 5 nm (Figure 2(b), panels 1–4), but some
larger particles could be identified as well (Figure
2(b), panels 5–8). The smaller particles had a square
shape, but several averages also showed distortions
of the square shape, indicating that the arrangement
of the monomers may be somewhat flexible following detergent solubilization (Figure 2(b), panels 1–
4). The dimensions and shapes of these particles
suggest that MP20 purified in the absence of
divalent cations forms tetramers in solution, one of
the oligomeric states that was identified by a crosslinking study.28 The structural heterogeneity in the
averages of the higher-order assemblies prevented
an accurate estimate of the number of MP20 molecules, but they would be consistent with variable
numbers of associated tetramers (Figure 2(b),
panels 5–8). Inspection of MP20 particles purified
in the absence of EGTA and EDTA that eluted from
the gel filtration column at 16 ml are indistinguishable from those that eluted in the presence of EGTA
and EDTA at the same position, demonstrating
that the chelators used during protein purification

induce the dissociation of higher-order species into
tetramers.
Next we determined whether it would be possible
to induce detergent-solubilized MP20 tetramers to
form higher-order species by incubation with
divalent metal ions. Immediately after purification
of MP20 in the presence of 2 mM EDTA and 2 mM
EGTA, we split the protein into four aliquots and
added (1) 10 mM MgCl2, (2) 10 mM CaCl2, (3) 5 mM
MgCl2 and 5 mM CaCl2, and (4) 15 mM NaCl (final
concentrations). Aliquots were taken for imaging at
various time points over 24 h to follow the formation
of higher-order MP20 assemblies. Visual inspection
revealed that the addition of Mg2+ and/or Ca2+
failed to reproduce the 9 nm round particles or
restore the ratio of larger particles to tetramers
found following purification in the absence of EGTA
and EDTA. The experiment was repeated at fivefold
higher concentrations of divalent metal ions with
similar results. Addition of NaCl, which was used as
a control and to determine the influence of increased
ionic strength on the formation of higher-order
species, also had no effect on the particle size. To
quantify the changes in higher-order MP20 species,
three images of each sample were taken from grids
prepared after 1 h of incubation from which about
1500 particles were selected and classified into 100
classes. The quantification confirmed that addition
of Mg2+ or Ca2+ did not change the concentration of
higher-order species in a significant way when
compared to untreated or NaCl-treated samples.
Our results thus suggest that once MP20 tetramers
have been purified, the addition of divalent cations
no longer influences the assembly of higher-order
structures.
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Reconstitution of MP20 tetramers into ordered
2D arrays
For 2D crystallization experiments we used the
native lipids obtained from MP20 purifications. The
lipid concentration was estimated by measuring the
absorbance at 242 nm of purified lens lipids (Figure
1(a), lane 7). Purified MP20 at a concentration of
1 mg/ml was mixed with native lipids at lipid-toprotein ratios (LPRs) ranging from 0.1 to 10 (mg/
mg), and the detergent was removed by slow
dialysis against buffer without detergent. Dialysis
was normally finished within two days with twice
daily buffer exchanges, and negative stain electron
microscopy (EM) was used to assess the outcome of
the reconstitution experiments. MP20 incorporated
into lipid membranes under all tested reconstitution
conditions, but crystals only formed in the presence
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of MgCl2 at an LPR of 1. This LPR induced the
formation of vesicular (Figure 3(a)) as well as tubular
2D crystals (Figure 3(b)). In most cases, the calculated power spectra revealed two sets of diffraction
spots (Figure 3(c)). The presence of two diffraction
lattices, which must originate from the two layers of
the collapsed vesicle or tube, indicates that the entire
membrane area was crystalline. The 2D crystals of
MP20 have unit cell dimensions of a = b = 10.4 (± 0.3)
nm (n = 30), and the highest diffraction spot (3,4)
visible in the power spectrum corresponds to a
resolution of 21 Å, which is approximately the
resolution limit introduced by the negative stain.
The Fourier coefficients of the five best images were
merged and the phases were consistent up to a
resolution of 18 Å. The phase residual of the centrosymmetric spots in the resolution range from 200 Å
to 18 Å was 12.9° (45° is random). Phase comparisons

Figure 3. Negative stain electron microscopy of two-dimensional MP20 crystals. (a) Raw image of a negatively
stained vesicular 2D crystal. The scale bar represents 250 nm. (b) Raw image of a negatively stained tubular 2D crystal. (c)
Power spectrum of a vesicular 2D crystal. Four spots of the two different lattices are marked by circles and squares. The
highest visible diffraction spot (3,4) in the power spectrum is also circled. Scale bar represents 5 nm−1. (d) Projection map
at 18 Å resolution calculated from the five best crystals with p4 symmetry imposed. A unit cell, a = b = 10.4 nm, γ = 90°,
containing two rectangular densities, is outlined in black.
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using the program ALLSPACE showed that the
crystals have p4 symmetry, which was subsequently
applied to calculate the 18 Å projection map shown
in Figure 3(d).
Each unit cell contains two rectangular densities of
∼7.2 nm × 5 nm, which consist of two identical
halves, related to each other by 2-fold symmetry.
Assuming a thickness of the 2D crystal of 5 nm and a
protein density of 0.81 Da/Å3, one of the rectangular
densities would accommodate a protein mass of
about 150 kDa or approximately eight MP20
molecules. The rectangular density, which is composed of two asymmetric units in the 2D crystals, is
therefore most likely an octamer.
MP20 forms large oligomers in the presence of
native lens lipids
In addition to the vesicular and tubular crystals,
negative stain EM of the samples obtained from
reconstitution experiments also revealed that large
particles with a variety of morphologies adsorbed to
the carbon film (Figure 4). These MP20 particles are
assumed to contain lipid molecules to saturate the
hydrophobic surfaces of MP20 as well as, judging
from the size of the particles, a large number of
MP20 molecules. These particles could be found in
all reconstitution experiments with native lipids,
independent of the presence of ordered 2D arrays.
We collected 98 image pairs of samples tilted to 60°
and 0°, from which we selected 12,163 pairs of
particles. After classification of the particles selected
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from the images of the untilted sample we could
discern at least seven distinct types of MP20
particles (Figure 4, panels 1 to 7), all differing in
size and structural features. Five types of MP20
particles showed indications of symmetry, either 6fold (Figure 4, panels 1a 4), 3-fold (Figure 4, panel 3)
or 2-fold (Figure 4, panels 2 and 7). The other
particles also showed indications of symmetry, but
to a much lesser extent (Figure 4, panels 5 and 6). In
addition, we found round particles, which were of
approximately the same size as the large 6-fold
symmetric particles, but did not show any structural
features, and especially did not show the large stain
accumulations that are apparent in the center of the
other large particles (Figure 4(a)–(d)). Although
these particles appeared to display some indications
of order, best seen in particle (D) in Figure 4,
averages of the particle images failed to resolve any
discernible fine structure (data not shown).
To better understand the morphologies of the
MP20 particles, we calculated random conical tilt
reconstructions of the particle classes shown in
panels 1, 2, 3 and 7 in Figure 4. Closer inspection of
the averages revealed that none of the particles
displayed true symmetry. At this point it is not
possible to judge whether the particles are truly
asymmetric or whether the asymmetry was introduced by the negative staining procedure. Therefore,
3D reconstructions were calculated with and without imposing symmetry. The unsymmetrized 3D
density maps of the particles confirmed that the
projection averages are not just different views of the

Figure 4. Negative stain electron microscopy of MP20–lipid complexes. Raw image of negatively stained MP20–lipid
complexes showing the variety of particles that form upon reconstitution of MP20 with native lens lipids. Panels 1
through 7 show representative class averages of the seven most prominent particle species. Particles that correspond to
each of the classes are circled and numbered in the raw image. Panels (a) through (d) are raw images of additional large
particles that appear to have internal structure, which was, however, not resolved by averaging. The scale bar represents
100 nm. The side length of the individual panels is 32.3 nm.
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Figure 5. Three-dimensional reconstructions of negatively stained oligomeric MP20–lipid complexes. Views of the
unsymmetrized density maps of (a) the six-bladed windmill particle, (b) the rectangular particle, (c) the triangular
particle, and (d) the octameric particle. All reconstructions were low-pass filtered to the resolution at FSC = 0.5 and
thresholded to best match their corresponding projection averages. The scale bar represents 5 nm.

same particle but all represent different MP20–lipid
complexes (Figure 5). The symmetrized 3D reconstructions are presented in Supplementary Data,
Figure 1. The first particle has the appearance of a
six-bladed windmill. It consists of six elongated domains with approximate dimensions of 5 nm × 5 nm.
The inner and outer diameters of the particle are
∼4 nm and 15 nm, respectively (Figure 5(a)). The
second particle consists of four domains, each about
3 nm × 7 nm in size, which assemble into a rectangular
complex with dimensions of about 9 nm × 13 nm
(Figure 5(b)). The third particle is triangular in shape
with each side about 14 nm in length. It consists of
three larger domains in the center (∼4 nm in
diameter) that are connected to three smaller and
thinner peripheral domains (∼3 nm in diameter)
(Figure 5(c)). The fourth particle is the smallest,
measuring approximately 10 × 5 nm (Figure 5(d)). It is
composed of two bi-lobed domains that appear to be
related by 2-fold symmetry.

The resolutions of our 3D reconstructions, as
judged by Fourier shell correlation, are between
23 Å and 28 Å (Supplementary Data, Figure 2).
This resolution range does not suffice to distinguish
molecular boundaries between the individual
20 kDa MP20 subunits, preventing us from determining the number of MP20 molecules in the
different complexes. Although it is usually possible
to estimate the number of subunits in a complex from
the mass included in the density map, this number
varies strongly with the threshold value chosen to
contour the density map. This problem is compounded when a large complex is formed by a large
number of small subunits and when using negative
staining to prepare the samples for electron microscopy, as this preparation procedure introduces a
flattening of the specimen.29 Scanning transmission
electron microscopy (STEM) would be an alternative
approach to determine the mass of the MP20–lipid
complexes. However, the limited resolution of STEM
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images of unstained specimens and the lipid content
of the MP20 particles rule STEM out as a means to
determine the number of MP20 molecules in the
various oligomers. Therefore, we can only estimate
the number of subunits per particle from the size and
the structural features seen in the different density
maps. We estimate that the rectangular particle could
contain four MP20 tetramers (16 monomers),
whereas the hexagonal and the triangular particles
could each contain six MP20 tetramers (24 monomers). The small size of the fourth particle allows a
more accurate estimate of its composition. It measures roughly twice the length of an MP20 tetramer
in solution or in the 2D crystals and it is thus likely to
be an octamer composed of two tetramers.

Discussion
Our studies revealed that MP20 can assemble into
a wide variety of oligomeric forms in the presence of
native lens lipids. Solubilization and subsequent
purification in DM in the presence of the divalent
metal chelators EDTA and EGTA produced the
chromatographically most homogeneous preparation, in which MP20 eluted from a size exclusion
column as a single peak with an apparent molecular
mass of 65 kDa (Figure 1(b)). Analysis of the protein
preparation by single particle averaging revealed
roughly square particles, about 5 nm × 5 nm in size
(Figure 2(b), panels 1–4), along with a range of
larger, less well defined particles (Figure 2(b), panels
5–8). The predominant species was composed of
four equally sized densities arranged into a square
(Figure 2(b), panels 1–4). The size and morphology
of the small particles are thus consistent with an
MP20 tetramer. The discrepancy between the
expected molecular mass of a DM-solubilized
MP20 tetramer (N80 kDa) and the apparent molecular mass seen by size exclusion chromatography
(∼65 kDa) may be assigned to a rapid equilibrium
between tetramers and dimers. Dimers have been
reported25 but no subsequent analysis by electron
microscopy was carried out. Our experiments suggest that a rapid equilibrium exists between MP20
dimers and tetramers. An MP20 dimer (∼40 kDa)
approaches the limit of visibility in negatively
stained preparations, and so although our electron
micrographs do contain some visible dimers (Figure
2(b)), these dimers are too small for single particle
reconstructions.
Reconstitution of MP20 tetramers with native lens
lipids produced 2D crystals. The unit cell of the
crystals is composed of two rectangular densities,
about 7.2 nm × 5 nm in size (Figure 3(d)). Mass
calculations of these rectangular particles suggested
a molecular mass of ∼150 kDa, approximately twice
the predicted mass of ∼80 kDa for a tetramer,
suggesting that two tetramers associate to form an
octamer when reconstituted into the native lens
lipids. The asymmetric unit of the crystals and the
most common particle when solubilized are both
tetramers providing additional evidence that the
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tetramer is the basic oligomeric unit for MP20. There
are no particles that correspond to the size and
shape of the octamers among the detergent-solubilized particles, indicating that there may be a
different distribution of oligomeric structures in
detergent micelles and in the presence of lipids.
MP20 had previously been purified in the presence
of EGTA and EDTA,25 but the relevance of divalent
metal ion chelation in the purification protocol had
not been defined. Using negative stain EM to
characterize MP20 particles purified in the presence
and absence of EDTA and EGTA, we found that two
distinct classes of particles could be purified. Addition of the chelators yielded a population that
maintained a slight degree of heterogeneity, but
the heterogeneity is mostly restricted to deformations in the shape of the particles (Figure 2(b) panels
1–4). When MP20 was purified without EDTA and
EGTA, some of the protein eluted from the sizing
column at the same position as in the presence of
chelators, but most of the protein eluted in the void
volume (N200 kDa). Negative stain EM of the
protein in the void volume demonstrated that the
heterogeneity of MP20 in the absence of chelators is
not only due to aggregation but is caused by the
formation of larger, well-defined particles (Figure
2(a)). Although the class averages vary somewhat
and do not resolve individual tetramers, the size
(approximately 9 nm × 9 nm) and shape of these
larger particles (Figure 2(a), panels 1–8), suggest that
they may be composed of four MP20 tetramers. The
heterogeneity of MP20 purified without chelating
agents is thus caused by a tendency of MP20
tetramers to assemble into higher-order structures.
Divalent metal ions appear to be necessary to stabilize interactions between tetramers during solubilization. Solubilization of lens membranes in the
absence of chelating agents yields a mixed population of single tetramers and higher-order species,
which consistently constituted about 60% of the
purified MP20. This suggests that higher-order
MP20 assemblies exist in the native lens membrane
and that the degree of assembly may be defined.
While divalent cations are required for association of
MP20 tetramers, they do not seem to be the only
factor. Once solubilized in DM, addition of divalent
cations did not induce association of tetramers and
chelation of divalent cations did not dissociate the
higher-order assemblies. Further studies will be
required to identify other factors that influence association of MP20 tetramers, which may include the
native lens lipids and proteins that are lost during
purification.
In addition to the tetramers and their higher-order
assemblies observed in detergent solution, MP20
formed a number of even more complex assemblies
upon reconstitution with native lens lipids (Figure
4). The smallest MP20–lipid complex is 2-fold
symmetric and likely to represent an octamer
formed by the association of two tetramers (Figure
4, panel 7). The shape and size of the octameric
particle suggests that it may be structurally related
to the octamers identified in the 2D crystals,
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supporting the notion that lipids influence how
MP20 subunits assemble. The higher-order assemblies of MP20 tetramers in detergent solution in the
absence of chelators are about twice the size of the
octamers, and may thus form by an association of
two octamers. The lipid-containing octamer and the
higher-order MP20 assemblies seen in DM are
presumably the largest MP20 oligomers with physiological relevance. The resolutions of our 3D
reconstructions did not suffice to visualize the
arrangement of MP20 molecules in the larger
MP20–lipid complexes (Figure 4, panels 1–6). However, these larger MP20–lipid complexes have
complex 3D structures with variable heights (Figure
5) and are highly unlikely to form within the
constraints of a planar lipid bilayer. Although
these larger MP20–lipid complexes are unlikely to
have physiological relevance, they illustrate that
MP20 provides interaction surfaces in all three
dimensions that it may utilize for association with
its ligands.
Reconstitution experiments were successful only
when native lens lipids were used, while all attempts
to reconstitute MP20 with synthetic lipids or various
natural lipid mixtures were consistently unsuccessful. During our reconstitution experiments with
non-native lipids, we were unable to detect any
protein in resulting vesicles and we did not see the
appearance of the higher-order oligomeric species
that were seen following reconstitution with native
lens lipids. The composition of native lipids thus
presents an ideal and possibly unique environment
in which MP20 prefers to exist. The lens has a high
concentration of cholesterol and sphingomyelin
particularly in the lens core,30 where MP20 inserts
into fiber cell membranes.26 Other tetraspanins also
show a preference to cholesterol and sphingomyelin,10 suggesting that there is similarity between the
lipid environments in which MP20 can exist and in
which TEMs form. This requirement for native lipids
in MP20 reconstitutions is in strong contrast to the
lens-specific water channel aquaporin-0 (AQP0),
which can form 2D crystals in a variety of lipids
and lipid mixtures.31,32 MP20 is not unique, however,
as other membrane proteins have been shown to
crystallize exclusively in their native lipids, most
notably bacteriorhodopsin.33 Lipids can affect membrane protein structure and function34–36 so it is
possible that MP20 together with native lens lipids
form functional units whose structure is very different
from detergent solubilized MP20. This possibility is
strengthened by our results that show that only in the
presence of lens lipids does MP20 form large
oligomers such as the six-bladed windmill, rectangular and triangular species we observe (Figure 5 and
Supplementary Data, Figure 1), but in the presence of
DM it is predominantly a dimer/tetramer.
Reconstitution of MP20 into native lens lipids
produced 2D crystals that allowed us to calculate a
projection map at 18 Å resolution (Figure 3(d)). The
unit cell is composed of four asymmetric densities,
each of which is likely to represent an MP20 tetramer. Two symmetry-related tetramers form a
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rectangular octamer presumably through protein–
protein contacts, while the octamers do not appear
to make direct protein–protein interactions as they
are separated from each other by ∼2 nm gaps in
every direction. Therefore, lipids are likely to
mediate the crystal contacts, which is also the case
in 2D crystals formed by AQP031 and may explain
some of the disorder in the crystals. Unlike the
AQP0 2D crystals, in which tetramers are separated
by a single row of lipid molecules, the gaps between
adjacent MP20 octamers would accommodate substantially more lipid molecules. The fact that the 2D
crystals show paired tetramers suggests that the
combination of lens lipids and divalent metal ions
are sufficient to induce MP20 to associate into
higher-order assemblies, although they are distinct
from those particles seen after initial solubilization
in the absence of EDTA and EGTA. This suggests
that an additional protein factor may regulate the
association of these higher-order assemblies seen
prior to solubilization that is lost during further
purification. In the absence of this factor, MP20 is
able to adopt a wide range of oligomeric species,
some of which are unlikely to be physiological.
MP20 has been classified as a member of the
tetraspanin superfamily,14,15 and our studies show
that it has indeed properties expected from a member of this family. The functional unit of MP20
appears to be a homotetramer, as has been seen for
several other tetraspanins, including CD81 and
CD151.2 Similar to other tetraspanins, MP20 also
assembles into higher-order species in a hierarchical
fashion. Furthermore, the interactions leading to
higher-order assemblies of MP20 tetramers are
sensitive to EDTA, which has be shown to disrupt
higher-order interactions of other tetraspanins.9
Higher-order tetraspanin interactions are also stabilized by the presence of palmitoyl groups attached
to membrane proximal cysteine residues.2 Although
mass spectrometric analysis did not identify any
palmitoylated cysteines, structure prediction suggests that MP20 contains a membrane-proximal cysteine close to the carboxy-terminal end of transmembrane domain 427 that might be amenable to
palmitoylation. Despite its tetraspanin-like characteristics, MP20 is not a typical member of this family
and differs in several aspects from a canonical
tetraspanin. MP20 is shorter than a typical tetraspanin and it is glycosylated. More importantly, the
defining large extracellular loop (LEL) of MP20 is
between transmembrane domains 1 and 2 rather
than between transmembrane domains 3 and 4, and
the LEL does not contain the GGC sequence, which
is conserved in all other tetraspanins.27 Considering
these differences in structure, it may be possible that
lens-specific MP20 also differs in function from
typical tetraspanins.
Tetraspanins are transmembrane scaffold proteins
that can assemble signaling receptors into large
multi-protein complexes known as TEMs. So far, no
MP20-associated TEM has been reported in the lens,
and no transmembrane signaling receptors have
been identified that interact with MP20. Two soluble
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signaling molecules, calmodulin37 and galectin-325
do interact with MP20. It is thus not clear whether
the significance of MP20 in the lens is at all related to
TEM formation. Interestingly, MP20 is trafficked to
the plasma membrane concomitantly with the loss
of intracellular organelles in maturing lens fiber
cells. Its insertion into the plasma membrane is also
correlated with a decrease in intercellular space,26
suggesting a role of MP20 in the formation of membrane junctions. Junction formation could occur
through interactions with galectin-3, a prominent
cell adhesion modulator.25 Cell junctions play an
important role in the lens, as they reduce the
distance between neighboring fiber cells and thus
reduce light scattering.38 It is further possible that
MP20 serves multiple functions on the basis that the
lens is known to use the same protein for different
functions, a principle known as gene sharing.39 An
example of gene sharing is the lens-specific water
channel AQP0. This protein in its full-length form
functions as a water channel,40,41 but cleavage of its
carboxyl terminus induces the formation of a
membrane junction42 whose structure suggests
that aquaporin-0 in these junctions no longer
conducts water efficiently.31 It is conceivable that
MP20, which is the second most abundant lens
membrane protein after AQP0, also serves more
than one function. In cortical fiber cells, MP20 is
localized to cytoplasmic vesicles prior to its insertion
into the plasma membrane during differentiation.26
It thus is unlikely that MP20 has a role in regulating
transmembrane signaling, as the need for signaling
would be reduced once fiber cells are mature and
have lost their nuclei. The role of vesicular MP20 is
currently unknown as are the signals that induce its
trafficking to the plasma membrane. Once inserted
in the plasma membrane, there are several potential
components that may have a role in the regulation of
the function and oligomeric state of MP20. One
possible switch could be mediated by calmodulin,
which is known to interact with MP20. Calmodulin
has been suggested to regulate AQP043 and may
also serve to regulate the functional state of MP20.
Since calmodulin binds Ca2+ and the assembly of
MP20 tetramers into higher-order species is dependent on divalent cations, different association states
of MP20 may be related to calmodulin binding and
activity. More work will be required to fully
elucidate the functions of MP20 and how these
relate to its various association states.

Materials and Methods
Purification of lens MP20
MP20 was purified following established procedures.25
Briefly, sheep lenses were decapsulated, homogenized in
5 mM Tris–HCl (pH 8), 5 mM EDTA, 5 mM EGTA, and
crude membranes were pelleted by centrifugation for
20 min at 30,000g. Crude membranes were resuspended in
4 M urea, 5 mM Tris–HCl (pH 9.5), 5 mM EDTA, 5 mM
EGTA, and pelleted by centrifugation for 40 min at

100,000g. Membrane pellets were washed with 20 mM
NaOH and stored in 5 mM Tris–HCl (pH 8), 2 mM EDTA,
2 mM EGTA at −80 °C. Membranes were incubated with
1%(w/v) decyl maltoside (DM) for 30 min at room
temperature in 5 mM Tris–HCl (pH 8), 2 mM EDTA,
2 mM EGTA and centrifuged at 140,000g for 30 min.
Solubilized proteins in the supernatant were injected onto
a MonoQ column (Pharmacia) pre-equilibrated with 0.3%
DM, 5 mM Tris (pH 8), 2 mM EDTA and 2 mM EGTA.
MP20, together with lens lipids, was collected in the flowthrough, which was loaded on a hydroxylapatite column
equilibrated with 0.3% DM in 10 mM phosphate buffer
(pH 6.8), 2 mM EDTA, 2 mM EGTA. Bound MP20 was
eluted with 0.5 M phosphate buffer (pH 6.8), 2 mM EDTA,
2 mM EGTA containing 0.3% DM. Purified MP20 was
finally subjected to a Superose 12 (Pharmacia) size exclusion column pre-equilibrated with 0.3% DM, 5 mM Tris
(pH 8), 2 mM EDTA and 2 mM EGTA. When explicitly
mentioned, EDTA and EGTA were omitted from all
buffers used in the purification protocol.
Effects of divalent cations on the oligomeric state of
MP20 tetramers
Purified MP20 at a concentration of 0.1 mg/ml in 0.3%
DM, 2 mM EDTA, 2 mM EGTA, 10 mM Tris (pH 8.0) was
mixed with 1 M MgCl2, 1 M CaCl2 and 1.5 M NaCl to
final concentrations of 10 mM, 10 mM and 15 mM,
respectively. A fourth sample was prepared that contained a final concentration of 5 mM MgCl2 and 5 mM
CaCl2. Samples were incubated at 4 °C and aliquots were
taken after 1, 12 and 24 h for inspection by negative stain
EM. Samples were diluted 100-fold with the respective
incubation buffer, immediately applied to EM grids, and
three images were taken from each sample at each time
point.
Reconstitution of MP20 with native lens lipids
Purified MP20 at a concentration of 1 mg/ml was mixed
with native lens lipids at lipid-to-protein ratios (LPRs)
ranging from 0.1 to 10 (mg/mg). The concentration of the
native lens lipids was estimated by measuring the
absorbance at 242 nm of purified native lipids. The mixtures were dialyzed against one liter of 10 mM Tris–HCl
(pH 8), 100 mM NaCl, 20 mM MgCl2, 0.01% (w/v) NaN3
for two days with twice daily buffer exchanges. The
outcome of reconstitution experiments was assessed by
negative stain EM.
Electron microscopy
All samples were prepared by conventional negative
staining with 0.75% (w/v) uranyl formate as described.29
All images were collected with a Tecnai T12 electron
microscope (FEI, Hillsboro, OR) equipped with a LaB6
filament and operated at an acceleration voltage of 120 kV
using low dose procedures.
Images of DM-solubilized MP20 were recorded at a
magnification of 67,000× and a defocus value of −1.5 μm
on imaging plates. Imaging plates were read out with
a Ditabis micron imaging plate scanner (DITABIS
Digital Biomedical Imaging System AG, Pforzheim,
Germany) using a step size of 15 μm, a gain setting of
20,000 and a laser power setting of 30%. The 2 × 2 pixels
were averaged to yield a pixel size of 4.5 Å on the specimen
level.
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For the MP20–lipid complexes, image pairs at tilt angles
of 60° and 0° were recorded of the same specimen areas at
a nominal magnification of 52,000× and a defocus of
−1.5 μm on Kodak SO-163 film. Films were developed for
12 min with full-strength Kodak D-19 developer at 20 °C.
All micrographs were inspected with a laser diffractometer and only those without drift were selected for
digitization with a Zeiss SCAI scanner using a step size of
7 μm. Micrographs were binned over 3 × 3 pixels to yield a
final pixel size of 4.04 Å on the specimen level.
The best diffracting areas of images of the negatively
stained 2D crystals were selected using a JEOL SF3000
laser diffractometer and 4000 × 4000 pixel regions were
digitized with a Zeiss SCAI scanner with a step size of
7 μm. 2 × 2 pixels were binned to yield a pixel size of 2.7 Å
on the specimen level.
Image processing
DM-solubilized MP20 particles
For MP20 purified in the presence of EGTA and EDTA,
14,069 particles were interactively selected from 19 images
using WEB, the display program associated with the
image processing package SPIDER,44 which was used for
all further image processing steps. The particles were
windowed into 50 × 50 pixel images and subjected to ten
cycles of multi-reference alignment. Each round of multireference alignment was followed by principal component
analysis and K-means classification specifying 100 output
classes. The references used for the first multi-reference
alignment were randomly chosen from the raw images.
For MP20 purified in the absence of EGTA and EDTA,
9716 particles of MP20 were interactively selected from 50
images, windowed into 64 × 64 pixel images and classified
into 100 classes as described above.
Effects of divalent cations on the oligomeric state of MP20
tetramers
All visible particles in the three images taken of each
sample were interactively selected (∼1500 particles for
each sample), windowed into 50 × 50 pixel images and
classified into 100 classes as described above. To determine the number of higher oligomers we summed the
number of particles in which the size of the class average
exceeded 5 nm × 5 nm.
MP20–lipid complexes
12,163 particle pairs were selected from 98 image pairs
recorded at tilt angles of 0° and 60° using WEB. The
selected particle pairs were windowed into 80 × 80 pixel
images and the particles from the images of the untilted
specimen were classified into 100 classes as described
above. Four types of MP20–lipid complexes were selected
for 3D reconstruction, to which we will refer as windmill,
rectangular, triangular and octameric particles. Particle
images from classes that showed very similar projection
averages were combined (2542 windmill, 1796 rectangular, 487 triangular and 2552 octameric particles) and used
for 3D reconstruction with the random conical tilt
technique45 implemented in the SPIDER package. The
particles selected from the images of the tilted specimens
of these classes were used to calculate initial 3D
reconstructions by backprojection and backprojection
refinement. The resolutions of the final 3D reconstructions
were estimated using Fourier shell correlation (FSC) and
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were 26 Å, 28 Å, 25 Å, and 23 Å for the windmill,
triangular, rectangular and octameric particles, respectively, using the FSC = 0.5 criterion.
2D crystals
Images of MP20 2D crystals were processed with the
MRC suite of image processing programs46 following
well-established procedures.47 The program ALLSPACE48
was used to determine the two-sided plane group of the
crystals.
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