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The widely expressed, homo-oligomeric, lipid raft-associated, monotopic integral membrane protein
stomatin and its homologues are known to interact with andmodulate various ion channels and transporters.
Stomatin is a major protein of the human erythrocyte membrane, where it associates with and modifies the
glucose transporter GLUT1; however, previous attempts to purify hetero-oligomeric stomatin complexes for
biochemical analysis have failed. Because lateral interactions of membrane proteins may be short-lived and
unstable, we have used in situ chemical cross-linking of erythrocyte membranes to fix the stomatin com-
plexes for subsequent purification by immunoaffinity chromatography. To further enrich stomatin, we
prepared detergent-resistant membranes either before or after cross-linking. Mass spectrometry of the iso-
lated, high molecular, cross-linked stomatin complexes revealed the major interaction partners as glucose
transporter-1 (GLUT1), anion exchanger (band 3), and water channel (aquaporin-1). Moreover, ferroportin-1
(SLC40A1), urea transporter-1 (SLC14A1), nucleoside transporter (SLC29A1), the calcium-pump (Ca-ATPase-4),
CD47, and flotillins were identified as stomatin-interacting proteins. These findings are in line with the hypoth-
esis that stomatin plays a role as membrane-bound scaffolding protein modulating transport proteins.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Stomatin, also known as band 7 integral membrane protein or
protein 7.2b, is a major erythrocyte membrane protein [1–3] that is
missing in red cells of overhydrated hereditary stomatocytosis pa-
tients [3]. It is expressed ubiquitously and conserved from archaea
to mammals. In humans, there are 5 similar proteins [4–6], while
the C. elegans genome contains 10 stomatin-like genes, including
mec-2, unc-1, and unc-24 as best studied [7,8]. The common domain
of stomatin-like and related proteins is knownas SPFH (stomatin,flotillin,
prohibitin, HflC/K)-domain [9,10] or PHB (prohibitin homology)-domain
[11]. These SPFH/PHB-proteinsmay play a role asmembrane-bound scaf-
folding proteins that are associated with other membrane proteins and
cortical cytoskeleton [11,12].

Hallmarks of stomatin are the monotopic structure [13], oligomer-
ic nature [14,15], S-palmitoylation [16], and lipid raft-association
[15,17,18]. Moreover, stomatin and stomatin-like proteins are
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cholesterol-binding proteins [4,19]. Most of these features are
also characteristic for other SPFH/PHB-domain proteins and for
the topologically similar but unrelated caveolins [20]. The crystal
structure of an archaeal stomatin core domain revealed a unique, tri-
meric structure with extending α-helices from each triangular corner
that interact with equalα-helices of adjacent trimers to form antiparal-
lel coiled-coils thus explaining the homo-oligomeric nature [21]. In con-
trast, crystal structures of themouse stomatin-domainwere found to be
composed of banana-shaped dimers similar to BAR-domains forming
hexagonal structures that are capable of building oligomers [22].
While stomatin and stomatin-like proteins are known to interact with
various ion channels modulating their activities [19,22–25], only
human stomatin has been shown to associate with the glucose trans-
porter GLUT1 [26–30]. The interaction of stomatin and GLUT1 is also im-
plicated by the loss of function of this complex in erythrocytes of
patients with stomatin-deficient cryohydrocytosis [31]. Apparently,
stomatin modulates GLUT1 to repress glucose uptake while enhancing
dehydroascorbate influx [30]. Themolecularmechanismof thismodula-
tion has not been investigated yet. Because erythrocyte GLUT1 is only
found inmammals that are unable to synthesize vitamin C, it is implicat-
ed that the highGLUT1 expression in human erythrocytesmay be due to
a compensatory mechanism for better utilising ascorbate [30]. This
stomatin-dependent mechanism was debated [32,33] and therefore
we set out to study the direct physical interaction of these proteins by
in situ chemical cross-linking. We show here that stomatin forms
major complexes with GLUT1, as anticipated, but also with band 3 and
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aquaporin-1. Moreover, we found stomatin to associate with several
transporters suggesting a general role as a modulator of transport
proteins.

2. Materials and methods

2.1. Reagents

Human blood from healthy donors in EDTA-vials was obtained from
the Austrian Red Cross, Vienna. For each experiment, washed red blood
cells of 4 donors were pooled. Antibodies were used against stomatin
(GARP-50, GARP-61, GARP-65) [1], GLUT1 (Millipore), glycophorin A
(Santa Cruz), flotillin 2 (BD Biosciences), and band 3 (Sigma). The
cross-linkers ethylene glycolbis(succinimidylsuccinate) (EGS; bridging
16.1 Å distance) and disuccinimidyl suberate (DSS; bridging 11.4 Å dis-
tance) were purchased from Pierce/Thermo Scientific; CNBr-activated
Sepharose was from Pharmacia/GE Healthcare. Other chemicals of
highest purity were from Merck/VWR or Sigma.

2.2. Preparation of erythrocyte membranes

Erythrocytes were purified from 10 ml blood by washing with PBS
(3 times 1000 ×g), filtration through a column of microcrystalline and
α-cellulose [34] and pelleting. Membranes were prepared by hypotonic
lysis in 20 volumes of 5 mMEDTA, pH 8.0, 1 mMPMSF (lysis buffer), on
ice for 10 min, and centrifugation at 20,000 ×g (Sorvall RC5C Plus) for
10 min. The pellet waswashed 3 times with lysis buffer. To reduce sam-
ple complexity in several experiments, the cytoskeletonwas stripped off
the membranes by incubating with 10 volumes 0.1 M NaOH on ice for
10 min and washing with lysis buffer.

2.3. Preparation of DRMs

Native membranes were suspended in an equal volume 1% Triton
X-100, 5 mM EDTA, 1 mM PMSF in PBS and incubated on ice for
10 min. This mixture was subjected to flotation by mixing with 80%
sucrose in PBS (alternatively, in 0.15 M Na2CO3 instead of PBS) to
yield 50% sucrose, and placed at the bottom of a centrifuge tube. Solu-
tions of 40%, 35% and 5% sucrose in PBS were overlaid sequentially.
The samples were centrifuged at 230,000 ×g (Beckman Coulter Opti-
ma™ L-80 XP ultracentrifuge, SW55Ti rotor) for 16 h. Nine fractions
of 0.5 ml were collected from the top and aliquots were analysed by
SDS-PAGE/silver staining and Western blotting.

2.4. Chemical cross-linking of membranes

Native or stripped erythrocyte membranes were incubated with
0.8 mM EGS or DSS in PBS, pH 8.0, as recommended by the manufac-
turer. The reactions were performed on ice for 30 min and stopped by
adding 15 mM Tris–HCl, pH 8.0. Respective membrane pellets were
solubilised in 1 ml TNET (20 mM Tris–HCl, pH 8.0, 130 mM NaCl,
5 mM EDTA, 1% Triton X-100, 1 mM PMSF) at 25 °C for 15 min,
cleared by centrifugation (14 000 rpm, Eppendorf, 10 min), and the
supernatant was used for immunoisolation of stomatin-complexes.
Alternatively, membranes were dissolved in 1% SDS for 5 min at
37 °C, and the solution was diluted with 10 volumes cold (4 °C)
TNET before immunoisolation.

2.5. Chemical cross-linking of DRMs

Isolated DRMs were cross-linked with either 16 μM or 8 μM EGS,
quenched with 15 mM Tris–HCl, pH 8.0, dissolved in 1% SDS at
37 °C, and the solution was diluted with 10 volumes cold (4 °C)
TNET before immunoisolation.
2.6. Immunoisolation of stomatin-complexes

TNET- or SDS/TNET-solubilised, chemically cross-linked membrane
proteins were diluted with an equal volume cold (4 °C) TNE (20 mM
Tris–HCl, pH 8.0, 130 mM NaCl, 5 mM EDTA, 1 mM PMSF) and loaded
onto a small column (1×1 cm) of monoclonal anti-stomatin antibody
GARP-50 covalently bound to CNBr-activated Sepharose (1 mg/ml), as
described [1]. The column was washed with 15–20 ml 0.1% Triton
X-100 in TNE, in some experiments with an intermediate wash with
5 ml 0.3 M NaCl in 0.1% Triton X-100 in TNE, and stomatin complexes
were eluted with 5-times 1 ml 0.1 M glycine–HCl, pH 2.5, 0.1% Triton
X-100. Each fractionwas collected into 55 mMTris–HCl, pH8.8, then ad-
justed to 0.1% SDS, freeze-dried (Speed-Vac), and re-dissolved in 100 μl
water.

In summary, twelve independent immunoisolation experiments
were performed.

2.7. SDS-PAGE and Western blotting

The immunoaffinity elution fractionsweremixedwith Laemmli sam-
ple buffer, heated for 3 min at 95 °C, and loaded onto 7% or 10% Laemmli
SDS-PAGEgels (Hoefer Sturdier SE400, 14×12 cm) alongwithHiMark™
pre-stained high molecular weight standard (Invitrogen). Running
conditions for large complexes were up to 24 h at 150 V, 4 °C. In addi-
tion, 4–12% gradient gels (GE Healthcare) were used and run for 1 h at
160 V. Gels were silver-stained by a mass spectrometry-compatible
method [35] or blotted onto nitrocellulose (16 h at 100 mA, 4 °C) by
standard methods. To estimate the relative molecular mass of protein
complexes, the Ferguson plot was used. For Western blotting, usually
mini-gels (10×8 cm) have been used.

2.8. Mass spectrometry

Silver-stained bands were cut out, proteins digested with trypsin,
and the peptides analysed by nano-electrospray LC-MS/MS. Spectra
were processed by Mascot 2.2.04 (Matrix Science, London) and the
identified peptides were semi-quantitatively estimated by Average
Total Ion Current (AvTIC) using the Scaffold3 software (Proteome
Software, Portland). Details are given in the Supplementary data. In
summary, about 60 MS-analyses were performed.

3. Results

3.1. Isolation and identification of stomatin-complexes after chemical
cross-linking of erythrocyte membranes

To generate chemically cross-linked stomatin complexes in situ,
we incubated normal or cytoskeleton-depleted erythrocyte mem-
branes with 0.8 mM EGS. After membrane solubilisation we isolated
the stomatin-complexes by immunoaffinity chromatography and
analysed them by SDS-PAGE (Fig. 1A). Due to the massive cross-
linking of native membranes, we rather focussed on the cytoskeleton-
depleted membranes, because we wanted to target integral membrane
proteins, and excised the bands with 130 kDa, 300 kDa, and larger
than 500 kDa (Fig. 1A). MS-analysis of these bands clearly revealed
the presence of 3 major proteins: stomatin, glucose transporter-1
(GLUT1/SLC2A1), and the anion exchanger (band 3/AE1/SLC4A1)
(Fig. 1B). The major component in the>500 kDa band was stomatin,
while GLUT1 was highest in the 130 kDa band. In addition to stomatin,
GLUT1 and band 3, the>500 kDa band contained flotillin-1 and -2, the
urea transporter-1 (UT1/SLC14A1), iron transporter ferroportin-1
(FPN1/SLC40A1), Kell protein/CD238, and protein 4.2, with the urea
transporter exceeding GLUT1 and equalling band 3 amounts
(Supplementary Fig. 1). While it is known that GLUT1 interacts with
stomatin, it is not known for band 3 and the minor proteins. We



Fig. 1. Isolation and analysis of EGS-cross-linked stomatin complexes and immunochemical verification of stomatin-band 3 interaction. (A) Erythrocyte membranes (“ghosts”), either
untreated (left side) or depleted of cytoskeleton (“stripped ghosts”, right side), were cross-linked with 0.8 mM EGS, quenched, and solubilised; stomatin-complexes were isolated by
immunoaffinity chromatography. Elution fractions were analysed by 10% SDS-PAGE/silver staining, excision of bands, as indicated, and mass spectrometry. Positions of un-cross-linked
erythrocyte membrane proteins are indicated. Flow-through and elution fractions are shown. (B) Three stomatin-complexes isolated from stripped ghosts,>500 kDa, about 300 kDa,
and 130 kDa, contain stomatin, band 3, and GLUT1 as major components. Semi-quantitative results are shown as Average Total Ion Current (AvTIC) units. (C) Verification of the
stomatin-band 3 interaction. (a) IP/WB analysis with monoclonal anti-stomatin antibodies against N- (GARP-50) and C-terminal (GARP-61, -65) epitopes and monoclonal anti-band 3,
as indicated (GARP-65 has weak affinity). Control is an irrelevant antibody. (b) IP/WB analysis using normal or stripped ghosts. Co-IP works better with stripped ghosts. M, marker; F,
flow-through; 1–5, respective elution fractions 1–5; GPA, glycophorin A; IP, immunoprecipitation; WB, Western blotting.
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performed immunoprecipitation/Western blotting to verify the interac-
tion with band 3 (Fig. 1C).

To test the possibility of sample contamination during prepara-
tion, we performed the isolation procedure with an unspecific
antibody-column before the anti-stomatin-column and analysed the
eluates concomitantly. Only traces of band 3, haemoglobin, and anti-
body were found next to laboratory background proteins such as
keratins (not shown).

In the next approach we incubated cytoskeleton-depleted mem-
branes with 0.8 mM EGS or DSS, quenched and solubilised them as
Fig. 2. Isolation and analysis of DSS-cross-linked stomatin complexes. (A) Stripped gho
stomatin-complexes were isolated as before (see Fig. 1). Elution fractions were analysed by
trometry of excised bands, as indicated (>500 kDa, 500 kDa, and 300 kDa). (B) Ma
Semi-quantitative data are given in AvTIC units. M, marker; 1–5 and 6–10, respective elutio
before and isolated stomatin complexes by immunoaffinity chroma-
tography. To further reduce possible unspecific binding of proteins
to the column, we used 20 column volumes for washing, with an in-
termediate 0.3 M NaCl wash. DSS-cross-linked bands were seen at
roughly 300 kDa, 500 kDa, and>500 kDa (Fig. 2A). MS-analysis iden-
tified stomatin, band 3, andGLUT1 asmajor components again (Fig. 2B).
In addition, the≥500 kDa-bands contained flotillins, ferroportin-1
(FPN1), urea transporter-1 (UT1), as before but also Lutheran
blood group antigen (Lu/BCAM/CD239), Landsteiner-Wiener antigen
(LW/ICAM-4/CD242), and spectrin, with FPN1 and UT1 exceeding
sts were cross-linked with either 0.8 mM EGS (left side) or DSS (right side), and
10% SDS-PAGE (prolonged running time 24 h at 70 V), silver staining, and mass spec-
jor components of DSS-cross-linked stomatin-complexes are band 3 and GLUT1.
n fractions 1–5.

image of Fig.�2
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GLUT1 amounts (Supplementary Fig. 2). The 300 kDa band also con-
tained aldolase A, probably associated with band 3.

3.2. Chemical cross-linking and flotation of stomatin complexes

To improve the yield and purity of cross-linked stomatin-complexes,
we took advantage of stomatin's associationwith cholesterol-richmem-
brane domains (“lipid rafts”) and added a flotation density gradient step
before immunoisolation.Wefirst tested the flotation behaviour of DRMs
Fig. 3. Analysis of stomatin-complexes after cross-linkingwith DSS and flotation. Stripped ghost
treated with cold Triton X-100, subjected to flotation, and cross-linked stomatin was identified
lowdensity. Thedimer (about65 kDa) is visible asmajor product. Themonomer is not seendue
were analysed for cross-linked stomatin and GLUT1 by Western blotting, as indicated. Note
DSS-cross-linked membranes were pooled, solubilised, and stomatin-complexes were isolated
staining and MS of excised bands, as indicated. (E) Semi-quantitative data of the 500 kDa an
(AQP1) associated with the 300 kDa protein complex. M, marker; 1–5, respective elution fracti
prepared from cytoskeleton-depleted membranes after cross-linking
with 0.8 mM EGS or DSS (Fig. 3A, B). Cross-linked stomatin and GLUT1
floated to low density fractions (Fig. 3A–C). We solubilised the
DSS-cross-linked DRMs and isolated the stomatin-complexes by
immunoaffinity chromatography. SDS-PAGE of elution fractions
showed bands at roughly 300 kDa, 500 kDa, and>500 kDa, as be-
fore (Fig. 3D). The 500 kDa and 300 kDa bands were excised and
subjected to MS-analysis. Major proteins were identified as stomatin,
band 3, and GLUT1 as before. Unexpectedly, high amounts of the
s were cross-linkedwith (A) 0.8 mMEGS or (B) 0.8 mMDSS. Respectivemembranes were
by Western blotting of density gradient fractions. Note that cross-linked stomatin floats to
to prolonged electrophoresis (24 h at 70 V). (C) In a different experiment, gradient fractions
that both cross-linked proteins float to low density. (D) DRM-fractions 3 and 4 from
by immunoaffinity chromatography. Elution fractions were analysed by SDS-PAGE/silver
d 300 kDa complexes are given in AvTIC units. Note the major amount of aquaporin-1
ons.

image of Fig.�3
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water channel aquaporin-1 (AQP1)were also present, particularly in the
300 kDa complex (Fig. 3E). Modulation of AQP1 has not been described.
The identification of AQP1 was verified by MS-analysis of tryptic and
chymotryptic digests (data not shown). Moreover, ferroportin-1
(FPN1), Lu/CD239, aldolase A, and GAPDH were identified, with FPN1
exceeding GLUT1 amounts (Supplementary Fig. 3).

3.3. Isolation and cross-linking of DRMs

In another approach to improve the yield and purity of
cross-linked high molecular stomatin complexes, we prepared DRMs
from cytoskeleton-depleted membranes and cross-linked these with
16 μM EGS. To ensure complete solubilisation of the cross-linked
DRMs, we used 1% SDS at 37 °C and diluted this solution with 10-fold
Fig. 4. Analysis of EGS-cross-linked stomatin-complexes inDRMs. Stripped ghostswere treatedw
16 μM EGS. After quenching and solubilisation with SDS, the mixture was adjusted to 1% Triton
(A)10% or (B)7%SDS-PAGE/silver staining. Stainedbandswere excised, as indicated, andanalyse
band 3, and GLUT1. Stomatin peaks are clearly seen at the size of oligomers (≥500 kDa), the h
tramolecularly cross-linked species. Low-molecular band 3 may represent fragments or contam
1% Triton X-100 before immunoaffinity chromatography. Eluted
fractions were analysed by SDS-PAGE/silver staining (Fig. 4A, B)
and the major bands were analysed by MS. Semi-quantitative
MS-analysis of the indicated bands showed the size distribution
of homo- or hetero-complexes of stomatin with or without GLUT1
and band 3. Peaks of high stomatin-concentration were visible in
the high molecular region≥500 kDa but also at the mass of its
homo-dimer (65 kDa) and monomer (30 kDa). Band 3 and GLUT1
were mainly identified at≥500 kDa (Fig. 4C). Moreover, the high
molecular bands contained appreciable amounts of the Rh-associated
“self”-antigen CD47, the calcium pump Ca-ATPase-4/ATP2B4/PMCA-4,
aquaporin-1, ferroportin-1/SLC40A1, urea transporter-1/SLC14A1, nucle-
oside transporter ENT1/SLC29A1, LW-antigen/ICAM-4, flotillin-1 and -2,
and protein 4.2 (Supplementary Fig. 4). Taking into account the low
ith cold TritonX-100 and subjected toflotation.DRMswere isolated and cross-linkedwith
X-100 and stomatin-complexes were immunopurified. Elution fractions were analysed by
d byMS. (C) Semi-quantitative results (AvTICunits) show the size-distributionof stomatin,
omo-dimer (65 kDa), and monomer (30 kDa). The 20 kDa stomatin may represent an in-
ination. M, marker; 1–5, respective elution fractions.

image of Fig.�4
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level expression of these transporters, receptors, pump, and channel, and
the low concentration of cross-linker, these interactions with stomatin
appear highly specific.

Using a variation of the approach above, we prepared DRMs from
normal erythrocyte membranes by flotation from an alkaline 50%
Fig. 5. Preparation and analysis of EGS-cross-linked high molecular stomatin-complexes in
crose, and subjected to flotation. Gradient fractions were analysed by Western blotting as ind
tions were diluted 1:50. Glycophorin A was used as a non-raft marker. (B) Combined DRM f
to 1% Triton X-100, and stomatin-complexes were immunopurified. Elution fraction 1 was
High-molecular complexes are visible. Note the major band of non-cross-linked stomatin. (C
and mass spectrometry of excised 200 kDa bands (fractions 1–3), as indicated. (D) Semi-qua
fractions 1–3, respectively, reflecting the mass distribution in the fractions. (E) High molecu
and analysed by MS. (F) Semi-quantitative MS-analysis shows that the region between 200 a
the major constituent of most complexes, the 400 kDa complex contains GLUT1 as major c
fractions; M, marker.
sucrose fraction, as described previously [18]. Part of stomatin,
GLUT1, and a relatively small amount of band 3 floated to the top frac-
tions (Fig. 5A). These DRMs were cross-linked with 8 μM EGS,
quenched and solubilised in SDS. After immunoaffinity chromatogra-
phy, the first fraction was analysed by SDS-PAGE/silver-staining and
DRMs. (A) Normal ghosts were treated with cold Triton X-100, mixed with alkaline su-
icated. To prevent GLUT1 overstaining in the non-DRM dense fractions 6–9, these frac-
ractions 1+2 were incubated with 8 μM EGS, quenched, solubilised with SDS, adjusted
analysed by mini-gel 10% SDS-PAGE/silver staining and Western blotting as indicated.
) Flow-through and elution fractions 1–5 were analysed by 7% SDS-PAGE/silver staining
ntitative MS-analysis shows the composition of the three 200 kDa complexes eluted in
lar stomatin-complexes were separated on a 4–12% gradient gel, excised, as indicated,
nd 800 kDa contains stomatin-complexes of varying composition. Whereas stomatin is
omponent. Data are compared by AvTIC units. F, flow-through; 1–5, respective elution

image of Fig.�5


Fig. 5 (continued).

963S. Rungaldier et al. / Biochimica et Biophysica Acta 1828 (2013) 956–966
Western blotting. Oligomeric stomatin, GLUT1, and band 3 were seen
(Fig. 5B) but also a large amount of monomeric stomatin, thus reflecting
the very low concentration of cross-linker, far below saturation. On
SDS-PAGE/silver staining of the elution fractions, a prominent band at
200 kDa was visible (Fig. 5C) that contained a large amount of stomatin
with GLUT1 and band 3 associated (Fig. 5D). High molecular protein
bands were also evident (Fig. 5C). To improve the separation of
these high molecular complexes, we used 4–12% gradient gels
and excised 7 bands in the region of 200 kDa to 800 kDa (Fig. 5E).
The results of semi-quantitative MS-analyses are shown in Fig. 5F.
Marked variation of compositions implicates the presence of distinct
stomatin complexes. Particularly, the 400 kDa band contains a large
amount of GLUT1 associated with stomatin, while the 800 kDa complex
mainly contains stomatin but lacks GLUT1. A band at 500 kDa
apparently did not contain prominent amounts of protein and may be
seen as an internal background control (Fig. 5F).

3.4. Identification of cross-linker-modified peptides

Mass spectrometry data were searched for cross-linked peptides and
cross-linker-modified peptides. Peptides containing cleaved EGS were
identified and assigned to the major proteins, stomatin, band 3, and
GLUT1, but also to less abundantmembrane proteins (Table 1). The signal
counts for each modified peptide correlated with the amount of protein
but the number of individual peptides was rather limited thus indicating
the accessible, preferred sites for chemical cross-linking. The most
reactive, exposed lysine residues of stomatin were identified at the
N-terminus and the long α5-helix (terminology taken from [21]). An



Table 1
Identified sites containing EGS-derived modifications.

Protein Position Peptide Structural feature Identification (#)a (% of total counts)

Stomatin 9–25 DSEAQRLPDSFKDSPSK N-terminus 1 (1%)
15–25 LPDSFKDSPSK N-terminus 24 (25%)
56–62 IIKEYER CRAC motif b 5 (5%)
196–205 DVKLPVQLQR β6c 2 (2%)
219–232 AKVIAAGEMNASR α5c 64 (67%)

Band 3 346–360 RYQSSPAKPDSSFYK N-terminal domain 2 (9%)
347–360 YQSSPAKPDSSFYK N-terminal domain 12 (52%)
591–600 FKNSSYFPGK Loop TM6–7 3 (13%)
593–602 NSSYFPGKLR Loop TM6–7 2 (9%)
731–743 SVTHANALTVMGK Loop TM9–10 3 (13%)
818–827 YHPDVPYVKR Loop TM11–12 1 (4%)

GLUT1 224–229 AKSVLK Loop TM6–7 3 (30%)
224–230 AKSVLKK Loop TM6–7 6 (60%)
226–232 SVLKKLR Loop TM6–7 1 (10%)

UT1 362–374 MPLSKVTYPEENR C-terminus 1
375–382 IFYLQAKK C-terminus 1

Flot1 169–177 TAQVQKDAR α5-equivalentc 1 (20%)
178–185 IGEAEAKR α5-equivalentc 3 (60%)
245–253 TKQQIEEQR Coiled-coil 1 (20%)

Flot2 278–287 TDKELIATVR Coiled-coil 1
RhCE 2–7 SSKYPR N-terminus 2

a Signal counts of identified peptides.
b Cholesterol recognition/interaction amino acid consensus.
c Refers to P. horikoshii stomatin structure [21].
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α5-equivalent, reactive site was also identified in flotillin-1. Band 3 had
the majority of reactive lysines on the large cytoplasmic N-terminal do-
main, whereas GLUT1 had all identified reactive lysines on the large cyto-
plasmic loop between TM6 and TM7 (Table 1).

4. Discussion

Stomatin and its homologues are known to associate with various
ion channels [4,19,22,23]. Human stomatin also interacts with the glu-
cose transporter GLUT1 [26,27,29,30], a finding that we verified now
by in situ-cross-linking and MS-analysis. This interaction, which appar-
ently involves the GLUT1 C-terminal region [27], may lead to a structural
change obstructing the glucose-permeable pore while facilitating
dehydroascorbate influx [30]. A regulatory role of lipid rafts in this inter-
action has been suggested [28,29].

Previous attempts to purify heteromeric stomatin complexes for
biochemical studies yielded only homo-oligomers [14]. Because inter-
actions between integral membrane proteins are often transient and
unstable in solution, we have used chemical cross-linking to covalent-
ly lock these interactions in situ. Erythrocyte membranes are perfectly
suited for this approach, because they can be easily prepared and ma-
nipulated. However, when cytoskeletal components are massively
cross-linked to the membrane protein of interest, they create com-
plex SDS-PAGE banding patterns (Fig. 1A). Because we focussed on
the interaction of stomatin with other integral membrane proteins,
we depleted the membranes of cytoskeleton by washing with alkaline
solutions (“stripping”) (Fig. 1). Stomatin is known to associate with
cortical actin filaments in nucleated cells [36] and possibly in erythro-
cytemembrane domains [18]. The nature of this association is unknown
but depends on membrane cholesterol-levels [4]. Here, we identified
protein 4.2 interacting with stomatin. Protein 4.2 is palmitoylated and
interacts with α-spectrin and band 3 [37,38].

MS-analysis of high molecular bands identified stomatin, GLUT1,
band 3, and aquaporin-1 asmajor components and various transporters
and receptors as minor components, although ferroportin-1 and urea
transporter-1 eventually exceeded GLUT1 amounts (Supplementary
Figs. 1–3). In these complexes, stomatin was frequently predominant,
because we selected for it, but in some high molecular bands either
GLUT1, band 3, or aquaporin-1 was most prominent. One might argue
that the high amounts of cross-linked band 3 and GLUT1 may be
caused by the abundance of these proteins in the human erythrocyte
membrane. This is particularly true for band 3, which is expressed at 1
million copies/cell, as compared to roughly 100,000 copies for stomatin;
GLUT1 expression is about 200,000 copies/cell. However, we argue for a
specific interaction of stomatin with these proteins, because other high-
ly abundant membrane proteins were not cross-linked to stomatin; e.g.
glycophorin A, with almost 1 million copies/cell, was never identified,
nor the other prominent glycoproteins or the hydrophobic proteins
such as Rh-RhAG-proteins, Na,K-ATPase, or Duffy antigens. Eventually,
the stomatin-band 3 co-immunoprecipitation may be taken as proof
for the specificity of this interaction (Fig. 1C).

The cross-linkers EGS andDSS, although somewhat different in length
(16.1 and 11.4 Å, respectively), had similar efficiency (Figs. 2 and 3). EGS
has the advantage to be specifically cleavable by hydroxylamine; howev-
er, we noticed also cleavage during the tryptic digestion, apparently due
to the NH4HCO3 buffer. The cross-linker concentrations that we have
used were in the low range, as evident by the small proportion of
stomatin in high molecular species compared to the major amount of
monomer and dimer (Figs. 3–5), in accordance with earlier results
[1,14]. Another argument for the specificity of cross-linking is the pres-
ence of cross-linker-derivedmodifications at restricted sites on stomatin,
band 3, GLUT1, and other membrane proteins (Table 1).

When we analysed high molecular bands, the stoichiometry of
identified proteins in the cross-linked complexes was variable, prob-
ably depending on the number of cross-links between them. Variabil-
ity may come from different numbers of stomatin monomers in the
complexes and of the interacting partners, band 3, GLUT1, and
aquaporin-1, which form oligomers (dimers, tetramers) themselves.
Although immunoisolation yielded discrete bands in the high molec-
ular range, this may not necessarily imply the presence of single mo-
lecular species. Diverse complexes with similar mass may co-localise
in one band. Varying staining-efficiency and broad electrophoretic
bands due to varying glycosylation may add to a certain degree of
overlap and inaccuracy, which is a common problem, when working
with membrane proteins and puts a limitation to the power of the
current method. New methods will have to be developed for the sep-
aration of large hydrophobic protein complexes with high resolution.

The identification of stomatin-associated transporters, i.e. GLUT1
(SLC2A1), band 3 (SLC4A1), urea transporter-1 (SLC14A1), ferroportin-1
(SLC40A1), nucleoside transporter (SLC29A1), and, moreover, the
calcium-pump, Ca-ATPase-4 (ATP2B4/PMCA4), and the water
channel, aquaporin-1, is in line with the proposed function of
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stomatin as a lipid raft-associated scaffolding protein that is modu-
lating ion channels and transporters. Stomatin may play a role in
recruiting these proteins to special, lipid raft-like domains thereby
modulating the activity. This function has been shown for C. elegans
stomatin-like MEC-2 modulating the epithelial Na+ channel (ENaC)
and for human podocin modulating the Ca2+ channel TRPC6 in a
cholesterol-dependent manner [19]. Mammalian stomatin modulates
ENaC-related ASICs [22,23], while a stomatin-STOML3 complex regu-
lates ASICs in sensory neurons [24]. Interestingly, stomatin monomers
are able to interact with ASICs but dimerisation of stomatin is essential
to inhibit ASIC3-mediated currents [23]. Similarly, stomatin inhibits
hemi-channel pannexin-1-mediated whole-cell currents by interaction
with its carboxyl terminal [25]. Pannexin-1 releases cytoplasmic ATP
and therefore this channel may open only under stress situations. The
question remains how this is regulated by stomatin. Although
pannexin-1 is expressed in human erythrocytes [39], we could not iden-
tify it as an interacting partner possibly due to unfavourable cross-
linking positions. Aquaporin-1 is a prominent component of red cell
DRMs [40] but has not yet been identified as stomatin-associated.
There is no immediate explanation for this interaction, because the
water channel is not modulated [41]. Possibly, raft lipids such as choles-
terol may influence this interaction, because we found stomatin-
associated aquaporin-1 only after flotation (Fig. 3, Supplementary
Fig. 4). Ferroportin-1 has not yet been described as mature red cell
membrane protein, nor its interaction with stomatin. Its role is iron ex-
port from enterocytes andmacrophages leaving the question now, why
erythrocytes should export iron. This could possibly have a function in
ageing red cells or upon parasite infection depriving the invaders of
iron. Flotillin/Reggie proteins are distantly related to stomatin and
thought to play a similar role as raft-associated scaffolding proteins
[10,11,42]. Our finding that these proteins interact with stomatin to a
certain extent is in contrast to earlier results showing that stomatin
and flotillins form independent oligomeric complexes [18]. These may
interact marginally or via a third partner such as an integral protein or
cytoskeletal component.

The erythrocyte membrane is thought to contain two large mem-
brane protein complexes, the “ankyrin complex” and “4.1R complex”,
each one built around band 3 and connected via the spectrin-actin
network [43]. The “ankyrin complex” contains band 3, Rh proteins,
CD47, LW/ICAM-4, glycophorin A, and protein 4.2 [44], whereas the
“4.1R complex” contains band 3, GLUT1, Rh, Duffy, Kell, XK,
glycophorin C, p55, dematin, adducin, and protein 4.1 [43]. The
localisation of stomatin with respect to these complexes has not yet
been determined. Interaction of stomatin with GLUT1 implies an as-
sociation with the “4.1R complex”; however, we could not identify
protein 4.1 in the stomatin complexes but rather protein 4.2, which
is part of the “ankyrin complex”. We found CD47 and LW/ICAM-4 as-
sociated with stomatin but also Kell protein, which are belonging to
different band 3-centred complexes. It is also conceivable that
stomatin oligomers are part of both band 3 complexes and may inter-
connect these in parallel to the spectrin-actin network.

In our study we have used a new and powerful technique for the
identification of protein–protein interactions by combining chemical
cross-linking with mass spectrometry. Of course, the known difficul-
ties associated with membrane proteins such as hydrophobicity and
glycosylation, both causing poor yields of peptides for MS-analysis,
also appear in this approach. However, we have shown that this
method is valuable for capturing interacting partners of stomatin by
verifying the previously discovered interaction with GLUT1 and iden-
tifying new binding partners such as the anion exchanger band 3, the
water channel, aquaporin-1, and less abundant transporters. It is now
possible to ask specific questions as to the functional consequences of
stomatin binding to these membrane proteins, possibly acting as a
general modulator of transporters and channels, and the relevance
of membrane cholesterol in the formation of respective high molecu-
lar “supercomplexes” [19] in the plasma membrane.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.11.030.
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