
Nanodisc-based Co-immunoprecipitation for
Mass Spectrometric Identification of
Membrane-interacting Proteins*□S

Jonas Borch§, Peter Roepstorff, and Jakob Møller-Jensen

Proteomic identification of protein interactions with mem-
brane associated molecules in their native membrane envi-
ronment pose a challenge because of technical problems of
membrane handling. We investigate the possibility of em-
ploying membrane nanodiscs for harboring the membrane
associated molecule to tackle the challenges. Nanodiscs
are stable, homogenous pieces of membrane with a discoi-
dal shape. They are stabilized by an encircling amphipatic
protein with an engineered epitope tag. In the present study
we employ the epitope tag of the nanodiscs for detection
and co-immunoprecipitation of interaction partners of the
glycolipid ganglioside GM1 harbored by nanodiscs. Highly
specific binding activity for nanodisc-GM1 immobilized on
sensorchips was observed by surface plasmon resonance
in culture media from enterotoxigenic Escherischia coli. To
isolate the interaction partner(s) from enterotoxigenic Es-
cherischia coli , GM1-nanodiscs were employed for co-im-
munoprecipitation. The B subunit of heat labile enterotoxin
was identified as a specific interaction partner by mass
spectrometry, thus demonstrating that nanodisc technol-
ogy is useful for highly specific detection and identification
of interaction partners to specific lipids embedded in a
membrane bilayer. Molecular & Cellular Proteomics 10:
10.1074/mcp.O110.006775, 1–9, 2011.

The ability of biomolecules to interact with surrounding
substances is essential for their function. Whereas robust
methods for identification and characterization of such inter-
actions exist for water soluble biomolecules the study of
membrane associated molecules is much more challenging in
an aqueous environment. Integral membrane proteins and
other molecules embedded in biological phospholipid mem-
branes change their functional and structural properties and
aggregate when the membrane is removed because of their
hydrophobic nature. Thus membrane proteins are less stud-
ied than soluble proteins, even though genes that encode
integral membrane proteins constitute 25% of the human
genome and are primary targets for many drugs. Our aim is to
develop methods to isolate and identify proteins that associ-
ate with membrane embedded molecules. For this purpose

the molecule of interest is often immobilized on solid sup-
ports, e.g. sensorchips or affinity media. To study a given
biomolecular interaction it is often of importance that the
membrane embedded molecule resides in a phospholipid
membrane under homogeneous and controlled conditions.
Systematic analysis requires the biomolecules of interest to
be isolated from additional molecules that are present in the
native membrane, yet still to be embedded in a phospholipid
bilayer to keep them in a nearly native state.

To study physiologically relevant interactions the biomol-
ecule under study should be maintained under aqueous and
nondenaturing conditions. Thus, the membrane must be sol-
ubilized for isolation of membrane associated molecules. Un-
der aqueous conditions solubilization of membranes is ob-
tained by addition of detergent above the critical micellar
concentration, thus incorporating the phospholipids and other
molecules from the membrane in mixed micelles. However,
even nonionic detergents that are often considered nondena-
turing can change the properties of membrane embedded
biomolecules by stripping off the membrane thus exposing
hydrophobic areas of the molecule. The new exposed areas
can lead to unspecific binding caused by hydrophobic forces.

After purification, membrane associated molecules can be
reconstituted in phospholipid membranes as part of synthetic
vesicles. However, this approach has disadvantages because
vesicles are prone to aggregation because of curvature of the
membrane, which exposes hydrophobic sites because of
cracks in the hydrophilic surface. This may also be detrimental
to reconstituted integral membrane proteins (1–3).

Alternatively, the membrane embedded molecule can be
kept in solution while still surrounded by a stable phospolipid
membrane as a nanolipid particle termed a nanodisc. Nano-
discs are composed of a discoidal phospholipid bilayer sur-
rounded by two belts of amphipatic helical proteins termed
membrane scaffold protein (MSP)1 that stabilize and solubilize
the membrane disc by shielding its hydrophobic edge from
exposure to the aqueous surrounding (see Fig. 1). Homoge-
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nous nanodiscs self-assemble from a mixture of lipids, MSP
and detergent when the detergent is removed by dialysis or
adsorption to detergent binding beads. Once solubilized as
part of a nanodisc the membrane embedded molecule can be
studied for identification and characterization of protein inter-
actions using the same methods as those used for soluble
proteins, thereby facilitating the study of hydrophobic mem-
brane associated moleculessignificantly. The use of nano-
discs also permits the study of membrane proteins in a well-
defined, soluble, uniform, and stable environment, thus
offering an improvement over the use of liposomes as a model
membrane system employed in studies of molecular interac-
tions with membranes and membrane proteins (4).

Known molecular interactions have been studied with
nanodisc technology in solution using spectroscopic meth-
ods, native electrophoresis (5), gel permeation chromatogra-
phy (5), and enzyme linked immunosorbent assays, electron
microscopy (6, 7). An epitope tag engineered into the MSP
facilitates anchoring of the nanodiscs to various solid sup-
ports, such as sensorchips for kinetic interaction analysis by
surface plasmon resonance (SPR) (8, 9) and specialized target
plates for mass spectrometric analysis of interaction partners
by matrix assisted laser desorption-ionization time-of-flight
MS (MALDI-TOF MS) (10). Nanodiscs have also been at-
tached to glass substrates for microfluidic fluorescence anal-
yses of interactions (11), microcantilevers for detection of
toxin-glycolipid interaction (12), silver nanoparticles for local-
ized SPR analysis of drug-protein interactions (13), and poly-
meric beads for drug screening by NMR (14). However, to our
best knowledge a nanodisc based method for proteomic
identification of interaction partners of membrane embedded
molecules does not exist.

The glycosphingolipid ganglioside GM1 (II3NeuAcGgOse4Cer)
is embedded in the epithelia of intestines. The glycomoieties
protrude into the intestinal lumen and are thus able to interact
with soluble proteins. One known interaction partner is the
heat labile toxin (LT), a protein which is secreted from entero-
toxigenic Escherichia coli (ETEC). It is an AB5 type of toxin, of
which the pentameric B subunit interacts with gangliosides
and the A subunit is an ADP ribosylase. It is structurally and
functionally homologous to the cholera toxin which was used
previously in purified form to develop nanodisc based kinetic
interaction analysis (8). Both cholera toxin and LT interact with
the glycosyl moiety of GM1, after which they are internalized
in the host cell. Inside the host cell, the A subunit modifies the
regulatory G-protein Gs-R, thereby causing constitutive
cAMP production, which in turn affects the regulation of ion
channels. The consequence is fluid loss from the small intes-
tine (15).

In this study we develop nanodiscs-based methodology for
detection of binding activity in a complex biological mixture
that interacts with defined membrane embedded molecules.
Subsequent isolation by a novel nanodisc-based immunopre-
cipitation procedure further enables the identification of spe-

cific binding partners. Here we identify interaction partners of
the glycosphingolipid GM1 in a matrix of phosphatidylcholine
lipids. However, we envision that the nanodisc co-immuno-
precipitation method will be especially powerful for trans-
membrane proteins that are especially prone to structural
rearrangements in the absence of membrane.

EXPERIMENTAL PROCEDURES

Growth of E. coli and Isolation of Culture Medium—The LT-ex-
pressing ETEC strain H10407 (16) and the nonLT-expressing refer-
ence strain MG1655 were cultured statically overnight in LB broth
supplemented with 150 mM NaCl. The culture medium was separated
from the bacterial cells by centrifugation at 4000 � g and subsequent
clearing by filtration through a 0.0.2 �m filter (Nalgene). Each filtrate
was concentrated from 250 ml to 5 ml using a pressurized amicon
stirred ultrafiltration cell (Millipore, Billerica MA) with a Millipore re-
generated cellulose filter with a nominal molecular weight cut-off of
5000 and a diameter of 76 mm (Millipore, Billerica MA).

Nanodisc Preparation—MSPs and nanodiscs with 4% GM1 (Sig-
ma-Aldrich) in 96% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) (Avanti Polar Lipids, Alabaster, AL) (referred to as GM1
discs) or with 100% POPC (referred to as POPC discs) were pro-
duced as described in (8), (17). In brief, dried lipids of the specified
molar composition were resolubilized in nanodisc assembly buffer
(100 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, pH 7.4) supplied with 25
mM sodium cholate. The 6xHis-tagged MSP variant MSP1T2 (17) or
the Flag-tagged MSP variant MSPFC (8) was then added to obtain a
final 1:60 MSP:lipid ratio. The assembly process was initiated by
removal of cholate with biobeads SM-2 and continued for three hours
at 4 °C. The discs were purified to free the preparation from minor
amounts of aggregated lipids and MSP by gel filtration on a Superdex
200 10/300 GL gel filtration column (GE Healthcare Biosciences,
Uppsala, Sweden) with nanodisc assembly buffer as eluent at a flow
rate of 400 �l/min.

Surface Plasmon Resonance Analysis—Nanodisc binding was an-
alyzed by surface plasmon resonance using a Biacore 3000 instru-
ment (Biacore AB, Uppsala, Sweden). HEPES-buffered saline, which
contained 10 mM HEPES, pH 7.4, 150 mM NaCl, 3.33 mM EDTA, was
used as running buffer. All buffers were filtered (0.22 �m) and thor-
oughly degassed. All analyses were performed at 25 °C.

Anti-tetra-His antibody (Qiagen, Hilden, Germany) was immobilized
covalently on CM5 sensorchips (GE Healthcare Biosciences, Up-
psala, Sweden) by amine coupling with 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride and N-hydroxysuccinimide
(Pierce, Rockford, IL) according to the guidelines of Biacore AB. For
sensorchip capture, 6xHis-tagged discs were injected at a flow rate of
5 �l/min until 1000 RU had been captured (6–8 min) on a flow cell.
GM1 nanodiscs were injected over a sample flow cell and control
nanodiscs were injected over the reference flow cell. Subsequently,
concentrated culture media or commercially available LT (Sigma-
Aldrich) was injected for 4 min at a flow rate of 20 �l/min. To assess
the stably bound material, the flow was changed to buffer without
analyte. Flow cells were regenerated by injection of regeneration
solutions as stated in the figure legends followed by a 1-min pulse of
50 mM Glycine-HCl, pH 2.2, which strips off discs and potentially
associated proteins, leaving the antibody ready for another round of
disc capture, analyte binding, and regeneration.

Data Analysis—Signal from the reference flow cell was subtracted
from the sample flow cell to remove bulk responses caused by
different refractive indexes of sample and running buffer. The SPR
response immediately before sample injection was defined as base-
line value by adjusting the curves to zero on the y (SPR response) axis
by subtraction of the SPR-response at that time from all data-points.
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For quantitation in the regeneration experiments, the baseline-sub-
tracted SPR responses were read 15 s before injection of regenera-
tion solution (Rbound) and 20 s after injection of regeneration solution
had ended and the flow had been changed back to running buffer
(Rregenerated). The ratios Rregenerated/Rbound are reported. The data were
plotted and analyzed using BIAevaluation software 4.1 (Biacore AB,
Uppsala, Sweden).

Co-immunoprecipitation—Co-Immunoprecipitation from the con-
centrated culture medium was carried out with protein G Dynabeads
(Invitrogen, Carlsbad, CA) essentially as described by the manufac-
turer. To prepare the beads for immunoprecipitation, 40 �l bead slurry
was washed two times with 200 �l phosphate buffered saline con-
taining 0.005% P20 (PBSP). Then the anti-FLAG antibody (Sigma-
Aldrich) was captured on the beads by resuspending the beads in 40
�l PBSP containing 6 �l anti-FLAG antibody and washing once in 200
�l PBSP to remove unbound antibody. Subsequently, the beads were
washed twice in 200 �l phosphate buffered saline without P20 to
wash out P20 detergent that might interfere with the nanodisc
structure.

To co-immunoprecipitate GM1 interacting proteins 40 �l FLAG-
tagged GM1 nanodiscs or control nanodiscs were added to 300 �l
filtered and concentrated culture medium and incubated 25 min at
room temperature with end-over mixing. The nanodisc-interaction
partner complexes were then captured on the washed beads by
addition of the nanodisc-culture medium mixture to the anti-FLAG
antibody/protein G Dynabeads and incubation for 15 min at room
temperature. The supernatant was aspirated and the beads were
washed three times with 200 �l phosphate buffered saline. After
resuspension of the beads in the last washing solution, the slurry was
split in two 100 �l portions by transfer to new microcentrifuge tubes.
The beads of one tube were eluted twice by 5-min incubations with 10
�l 3xFLAG peptide at a concentration of 125 ng/�l, whereas the
beads of the other tube were eluted two times by 5-min incubations
with 5 mM 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC)
(Avanti Polar Lipids).

SDS-PAGE, Protein Detection and In Gel-digestion—Proteins were
solubilized in Laemmli-buffer and separated by SDS-PAGE on 4–20%
Nupage gels with the MES buffer system (Invitrogen, Carlsbad, CA)
according to the manufacturer’s recommendation. To visualize the pro-
teins, the gel was stained with silver nitrate according to (18).

The distinct bands were cut out of the gel and digested with
sequencing grade porcine modified trypsin (Promega, Madison, WI)
after reduction and alkylation in low binding 0.5 ml microcentrifuge
tubes (Sorenson Bioscience, Salt Lake City, Utah) according to (18).

Mass Spectrometric Analysis—Peptides from the in-gel digest
were applied to a ca 2 mm long self-packed reversed phase micro-
column of POROS R2–20 (Applied Biosystems, Foster City, CA) in
eppendorf gel-loader-tips (Eppendorf, Hamburg, Germany) according
to (19) for desalting and up-concentration. The peptides were eluted
onto a stainless steel-target with less than half a microliter of 70%
acetonitrile, 0.1% trifluoroacetic acid, 30% water and 10 mg/ml
�-cyano hydroxy cinnamic acid as matrix. Peptide mass fingerprints
were recorded by MALDI-TOF MS on a Bruker ultraflex (Bruker,
Bremen, Germany) or a 4800 plus MALDI TOF/TOF analyzer (Applied
Biosystems) in the positive ion mode with delayed extraction. MS
spectra were recorded with an acceleration voltage of 20 kV. Intense
peptides that did not have mass values that coincided with trypsin
autodigestion products or tryptic keratin peaks were subjected to
MS/MS by the 4800 MALDI TOF/TOF. Collision-induced dissociation
was performed at collision energy of 1 kV with an indicated collision
gas pressure of 32 �1 � 10�6 Torr.

The spectra were annotated and analyzed using Data Explorer v.
4.5 (Applied Biosystems) without smoothing or noise reduction. The
MS/MS data from each gel band was combined into a single mass list

using an in-house developed script (Jakob Bunkenborg, University of
Southern Denmark, Denmark).

Protein Identification—Peptide mass values of individual bands, as
well as the MS/MS spectra were searched against proteins of the
National Center for Biotechnology Information nonredundant data-
base, release 20101030. Protein sequences from E. coli (158,800
sequences) were searched first and the unidentified proteins were
then searched against human and murine sequences because pro-
teins of the nanodisc co-immunoprecipitation system origin from
these sources. The peptide MS and MS/MS tolerances were set to
100 ppm and 0.6 Da, respectively. The MASCOT search engine
located on an in-house server (version 2.2.06, Matrix Science, Lon-
don, UK)) was used for searching and scoring the identified proteins.
The search parameters were as follows: Specificity of protease di-
gestion was set to trypsin with one missed trypsin site allowed.
Oxidation of methionine was set as variable modification for all Mas-
cot searches, and carbamidomethyl on cysteine was set as a fixed
modification. Individual peptides with a MASCOT score �35 (proba-
bility value of p � 0.05) were accepted as identified. Using these
parameters a false discovery rate of 0.00% was obtained as judged
by MASCOT’s decoy database searching.

RESULTS

Detection of Specific Binding Activity to GM1-nanodiscs in
Cell Culture Medium—Previous studies have demonstrated
that SPR can be used for kinetic analysis of binding between
antibody-captured nanodiscs that harbor the glycosphingo-
lipid ganglioside GM1 and cholera toxin subunit B (8). In the
present study, we perform SPR analyses to determine if the
sensitivity and specificity of nanodiscs is suitable for interac-
tion studies with binding partners in complex mixtures. In the
Biacore system that we used for SPR measurements, a con-
tinuous flow of running buffer or analyte is directed over a
sensor chip to which a ligand is attached. The optical SPR
phenomenon measures the refractive index in the vicinity of
the sensorchip surface. The refractive index change accompa-
nied with injection of a binding analyte is composed of the
increment in refractive index caused by the up-concentration of
analyte in the vicinity of the sensor chip caused by binding to the
immobilized ligand plus the change in refractive index caused
by mismatch between the refractive index of the analyte solu-
tion and running buffer. The latter bulk refractive index change
can be corrected for by subtracting the SPR signal from a
reference flow cell that does not contain a ligand for the analyte.
The reference flow cell is also used to estimate potential non-
specific binding. The binding-dependent refractive index
change correlates linearly with the mass of analyte bound to the
sensorchip (20, 21). Thus we can use SPR to detect binding
activity in complex mixtures to GM1 harbored by nanodiscs
immobilized on SPR sensorchips (see Fig. 1A for outline).

The binding to GM1 of components in media filtrates from
two E. coli strains was compared: (1) An ETEC strain (H10407)
that expresses heat labile enterotoxin (LT) (16), which is a
homolog of CT, and 2) and a nonpathogenic laboratory strain
(MG1655) that does not contain the LT genes. Thus the
H10407 culture medium is expected to display increased
binding compared with the culture medium of MG1655 be-
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cause of the presence of LT protein in H10407 only. The
media concentrates were injected over two flow cells: One
flow cell coated with antibody-captured GM1/POPC nano-
discs (8% GM1 in 92% POPC) and one flow cell coated with
antibody-captured POPC nanodiscs. The former is expected
to bind LT, whereas the latter is not. Thus, POPC nanodiscs
can be used for estimation of nonspecific binding and serve
as a reference for subtraction of bulk refractive index caused
by different composition of the culture medium from the run-
ning buffer of the SPR system. From the reference-subtracted
SPR sensorgrams in Fig. 2A it is seen that a specific binding
activity of 275 response units (RU) to 1000 RU captured
GM1-nanodiscs was observed after H10407 medium had
been injected for 4 min, whereas injection of MG1655 medium
to the same amount of captured nanodiscs led to specific
binding of only 20 RU as seen from Fig. 2B. Thus SPR studies
with nanodiscs could clearly distinguish between media from
the different E. coli strains, presumably because of the pres-
ence of LT in H10407 only. To estimate the amount of non-
specific binding, the nonreference-subtracted sensorgrams
were inspected for binding to the flow cell that contained
POPC nanodiscs. Only 10 RU binding activity was observed
in sensorgrams for these control nanodiscs. This amounts to
only 4% of the binding activity to GM1-containing nanodiscs
(data not shown). Thus nanodisc technology appears to be
well suited for detection and capture of interaction partners in
complex mixtures.

FIG. 1. Strategy for nanodisc as-
sisted detection and co-immunopre-
cipitation for isolation of interaction
partners to membrane embedded
molecules: Antibodies that recognize
the epitope tag of nanodiscs are im-
mobilized on sensorchip surfaces (A)
or affinity beads (B, left). Potential
binding activity can be monitored by sur-
face plasmon resonance (SPR) by first
capturing nanodiscs and then introduc-
ing a flow of a mixture, e.g. a cell lysate
or culture medium, containing interac-
tion partners of the nanodisc embedded
molecule (A, right). Alternatively the
binding components of the mixture can
be isolated by incubating the nanodiscs
with the mixture and isolating the nano-
discs and associated proteins with the
antibody decorated affinity beads (B).

FIG. 2. SPR analysis of binding activity in culture media of two
E. coli strains. Media cleared after growth of enterotoxigenic E. coli
H10407 (A) and the nonpathogenic E. coli MG1655 (B) were injected
over ganglioside GM1 nanodiscs captured on antibody coated sens-
orchips. The presented sensorgrams are produced by reference sub-
traction of the signal of binding to 900 RU GM1-free (control) nano-
discs from the signal of binding to 940 RU GM1 nanodiscs.
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Test of Elution Conditions by Surface Plasmon Reso-
nance—The epitope-tagged proteins can often be eluted from
their respective antibodies with low pH buffer. This is also the
case for anti-tetra-His antibody as seen by the dissociation of
nanodiscs from the SPR sensorchip after a 1-min injection of
glycine at pH 2.2 (8). Low pH destabilizes the nanodisc and
often leads to aggregation and precipitation of molecules
embedded in membranes. Furthermore, low pH presumably
also releases potential nonspecific binding components from
the antibodies and agarose beads. Therefore we tested the
possibility of using mild nondenaturing detergents for solubi-
lization of the nanodiscs with the purpose of releasing in-
serted phospholipids and GM1 from the MSP. 6xHis tagged
nanodiscs were captured by antibody-coated sensorchips for
360 s, and after a continuous buffer flow for 386 s, a 60 s
pulse of detergent or buffer was injected. The drop in RU
caused by detergent injection reflects a drop in refractive
index, which corresponds to a drop in mass bound to the
sensorchip (Fig. 3A). The detergents Triton X-100, cholate,
n-octyl glucopyranoside (OGP), DHPC, and Tween-20 were
tested at approximately twice their critical micellar concentra-
tions (see the legend for Fig. 3 for actual concentrations). All
the tested detergents except Tween 20 released mass, pre-

sumably lipids, from the flowcell sensorchip on which nano-
discs were immobilized as summarized in Fig. 3B. Strikingly,
cholate, DHPC, and Triton X-100 all released 80% of the
mass. It seems reasonable to speculate that the released
material is lipid and that at least one MSP remains bound to
the immobilized antibody after injection with detergent be-
cause the used detergents are considered nondenaturing.
The assumption is supported by the following stoichiometric
calculations: According to references (22–24) the refractive
index of lipid bilayers is in the same range as the refractive
index of proteins. A nanodisc contains 2 MSPs and ca. 120
POPC molecules (25). One MSP has a molecular weight of
25,000 Da and a POPC molecule 760 Da, i.e. the lipid com-
ponent constitutes 120 x 760 Da � 91,200 Da and the nano-
disc has a total molecular weight of 141200. Therefore, 1 MSP
(25,000 Da) represents 18 mass percent of a total nanodisc
(141,200 Da), which corresponds nicely to the observed re-
tained mass of 20%. OGP released essentially all of the
captured mass from the sensorchip, which means that it
released both lipids and MSP from the sensorchip.

Choice of Tag for Co-affinity Purification of GM1-nanodisc
Binding Proteins—For affinity purification and subsequent
identification of interaction partners the tagged nanodiscs
must be captured effectively and specifically. In addition, the
specific binding proteins should be released from or eluted
along with the captured nanodiscs under sufficiently specific
conditions so that nontagged proteins that bind to the tag-
capturing agent (e.g. antibody and affinity beads) are not
eluted. In a previous study, we have tested different methods
for nanodisc capture via affinity-tags (8). We tested two affin-
ity tags: a 6xHis-tag and a C-terminal FLAG epitope that
consists of the sequence DYKDDDDK. 6xHis-tags can be
captured by Ni2�-immobilized metal-ion affinity chromatogra-
phy (Ni2�-IMAC) and eluted with imidazole, EDTA, or low pH.
Alternatively 6xHis-tags can be captured by antibodies directed
against consecutive histidine residues and eluted with low pH
buffer. Capture of 6xHis-tags by anti-tetra-His antibodies was
stable as determined by SPR, and because of this kinetically
stable interaction between the tag and antibody, tagged nano-
discs cannot be eluted competitively after capture.

The FLAG-tag is captured by anti-FLAG antibody and can
be eluted either with a peptide that consists of three consec-
utive FLAG epitope sequences or by low pH. In our previous
study we concluded that FLAG-tagged nanodiscs captured
by anti-FLAG antibody were unsuitable for kinetic SPR stud-
ies because they leak from the surface during the course of
the experiment (8). However, they are well-known to be suit-
able for immunoprecipitation, and commercial kits that in-
clude peptides for competitive elution exist and have been
used in several applications. Thus we chose FLAG tagged
nanodiscs for co-immunoprecipitation of GM1 interacting
proteins.

Co-immunoprecipitation From Nanodisc Coated Magnetic
Beads—Proteins captured on SPR sensorchips can be eluted

FIG. 3. SPR analysis of detergent based elution from nanodiscs
captured by antibody. 6xHis-tagged Nanodiscs were injected over
immobilized anti-tetra-His antibodies. Then the flow was changed to
buffer without nanodiscs and subsequently an injection of detergent
or buffer without detergent was injected (A). The remaining signal
normalized to after detergent injection is reported in (B). The concen-
trations of detergent were as follows: Octyl glucopyranoside (OGP) 50
mM; cholate 25 mM; DHPC 5 mM; Triton X-100 (TX-100) 1 mM; P20
(tween 20) 0.1 mM.
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for mass spectrometric identification (26). However, the max-
imum amount that can be captured and eluted in an SPR/MS
experiment is typically a few nanograms, making robust mass
spectrometric identification challenging. In our view it is often
more practical to scale up the affinity purification experiment
by using affinity beads that have much larger capacity for
capture than sensorchips, even in small volumes. The infor-
mation on sensitivity and specificity of the conditions attained
in the SPR experiments can be implemented in the affinity
bead-based protocols.

The SPR experiments had demonstrated that antibody-
captured nanodiscs bound interaction partners specifically.
Thus, we determined to test co-immunoprecipitation for iso-
lation of GM1 interaction partners by (1) incubation of nano-
discs with the same H10407 culture medium that was used in
the SPR experiments, (2) capture of the newly formed nano-
disc-interaction partner complexes by beads coated with an-
ti-FLAG antibody, (3) aspirating the nonbound proteins, (4)
washing off liquid in and between the beads as well as loosely
bound material, and (5) competitive elution or solubilization
with gentle detergents of the nanodiscs. In our first attempts
we employed an agarose bead-based commercially available
kit for immunoprecipitation of FLAG-tagged proteins. The
agarose beads are precoated with anti-FLAG antibody. Un-
expectedly, experiments of competitive elution with FLAG
peptides from agarose beads with- or without the addition of
GM1/POPC nanodiscs or POPC nanodiscs resulted in elution
of the same subset of proteins in specific as well as control
experiments, suggesting that these were interacting with ei-
ther the FLAG antibody or the agarose beads. In the SPR
experiments only negligible binding to antibodies was ob-
served, suggesting that the agarose beads were the source of
nonspecific interaction (data not shown).

Next, we tested whether magnetic beads coated with Pro-
tein G that bind antibodies displayed lower nonspecific bind-
ing. The procedure for binding and elution was the same as
for the agarose beads, except that FLAG antibody was cap-
tured by Protein G before initiation of the experiment. The
captured proteins were eluted with either FLAG peptides or

DHPC at the concentration tested in the SPR experiments.
Eluted proteins as well as unbound material released during
washing steps were separated by SDS-PAGE and visualized
by silver-staining (Fig. 4). Clearly, most proteins of the culture
medium did not bind the affinity beads and were readily
washed off. When comparing the proteins eluted from GM1/
POPC discs (Fig. 4A) with proteins eluted from POPC control
discs without GM1 (Fig. 4B), it is seen that one 12 kDa protein
(marked 1*) is released specifically from the GM1/POPC discs,
both by competitive elution with FLAG peptides and by solu-
bilization of nanodisc contents with DHPC. Two proteins,
labeled 2 and 3, are released from both GM1 and control
discs by competitive elution, and three proteins, labeled 3, 4,
and 5, are released from both GM1 and control discs by
solubilization of discs contents with DHPC. The GM1 nonspe-
cific protein, labeled 3, is eluted in the same amounts from
elution with FLAG peptides as from elution with DHPC (Fig. 4).
In summary, the specifically interacting GM1 protein is re-
leased in same quantities by both methods.

Mass Spectrometric Identification of the Proteins Eluted
From the Nanodisc Co-immunoprecipitation Procedure—To
identify the eluted proteins, the silver stained bands were cut
out of the gel and subjected to in gel digestion with trypsin.
The peptide mass fingerprints were recorded by MALDI TOF
and searched against NCBInr. To further validate the hits from
the peptide mass search, selected peptides were subjected to
fragmentation by MALDI TOF-TOF and the resulting fragment
ions were searched. The protein in the GM1 specific band 1*

was identified to be LTB, subunit B of the heat labile toxin as
illustrated by the peptide mass fingerprint and MS/MS exper-
iment (Fig. 5). The protein in band 2, which was eluted by
competitive elution with FLAG, but not with DHPC, could not
be identified. The proteins in band 4 and 5 which were eluted
predominantly by DHPC could not be identified by searching
the E. coli sequence database. Because of their size and the
obvious fact that antibodies were used for immunoprecipita-
tion, we suspected that these two bands were the small and
large chains of the anti FLAG antibody. Upon searching the
mouse sequence database with MS/MS data band 5 was

FIG. 4. Co-immunoprecipitation of
proteins that bind to GM1 containing
nanodiscs (A) and nanodiscs without
GM1 (B). Fifteen microliters of the flow
through, washes and eluents of 3xFLAG
peptide incubation or DHPC incubation
were subjected to SDS-PAGE as indi-
cated. An aliquot of the FLAG M2 anti-
body that was used for immunoprecipi-
tation is shown in (C) for comparison.
The gel bands of the eluents are indi-
cated with numbers that are also used in
the text and Table I.
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identified as Ig gamma-1 chain C region, thus verifying that
this band was derived from the antibody. The protein in band
3 which was eluted in equal amounts by DHPC and FLAG
peptide could not be identified by searching the H10407
protein database. However, it migrates as MSP, and its iden-
tity as MSP was indeed confirmed by searching the MALDI
TOF MS data against the MSP1T2 sequence and by identify-
ing the protein as apolipoprotein A-I, which MSP1T2 is de-
rived from, in the human protein database. The results of the
protein identifications are summarized in Table I and detailed
in a protein identification table (supplemental Table S1).

DISCUSSION

We have demonstrated that epitope tagged nanodiscs can
be employed for immunoprecipitation experiments with the
purpose of identifying interaction partners of membrane em-
bedded molecules. The development of the procedure was
aided by SPR experiments that were designed to select cap-
ture and elution strategies and to assess the specificity of
nanodisc binding. The results of these experiments demon-
strated that epitope tagged nanodiscs can be captured by

antibodies (Fig. 2 and 4, and reference (8)) and that SPR
analysis using immobilized nanodiscs that harbored GM1
could specifically detect binding of a component secreted by
pathogenic ETEC, but not by nonpathogenic E. coli.

To identify the proteins that bind specifically to GM1 har-
bored by nanodiscs we chose FLAG antibody for capture of
FLAG-tagged nanodiscs because an established method for
gentle competitive elution exists. The method worked well as
judged from the silver-stained SDS-PAGE gel of flow-through,
washes and eluents: When GM1 nanodiscs in complex with
interaction partners were eluted with 3xFLAG peptides only
three clear bands were observed. One of the bands (band
number 1) was specific for GM1 nanodiscs when compared
with SDS-PAGE of control nanodiscs. It was identified as heat
labile enterotoxin (LTB). Of the two remaining nonspecific
bands, one was identified as MSP (band number 3), whereas
the other intense band (band number 2) could not be identi-
fied. Because of its nonfocused shape we speculate that it is
either a modified protein or not protein at all. SPR experiments
had demonstrated that mild detergents could also be used for
elution of the interacting proteins, presumably because of

FIG. 5. Identification of the protein
that binds specifically to GM1 nano-
discs. The protein of band 1 in Fig. 4A
was digested with trypsin after reduction
and alkylation. A, shows the peptide
mass map with peaks that are annotated
to LTB indicated Signal denoted “T” cor-
respond to commonly observed trypsin
peptides. Signals denoted “K” corre-
spond to commonly observed keratin
peptides. Of the 40 searched peptides 6
were assigned to LTB, 3 to trypsin, and 6
to keratin. B, shows the annotated
MALDI MS/MS spectrum of the peptide
ion 1553.65.
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release of the lipid contents from the nanodiscs. With this
elution procedure four proteins could be identified from four
bands on an SDS-PAGE gel. As in the FLAG peptide elution
the only specifically eluting protein was identified as LTB.
Additionally, MSP was identified. Two proteins were eluted
with detergent from both GM1 and control nanodisc resin
(bands 4 and 5). These proteins were ascribed to the antibody
based on mass spectrometric identification and migration as
judged from the SDS-PAGE gel. Based on these observations
we deduce that the antibody and with that MSP are released
from the beads by mild detergent. The release of MSP ap-
pears to contradict our interpretation of the SPR results which
implied that the MSP is retained on the sensorchip. However,
in the immunoprecipitation experiments the antibody was also
released from the protein G beads. This was not the case for
the SPR experiments, in which the antibody was immobilized
covalently on the sensorchip. Thus the detergent releases the
antibody from the protein G magnetic beads and with that the
nanodiscs. In summary, the immunoprecipitation method is
sufficiently sensitive to identify a specific interaction partner
by mass spectrometry. Furthermore it is specific in that only
one nonspecifically binding component was detected with
FLAG elution and none with mild detergent elution. The rest of
the bands could be ascribed to the MSP and antibody. Thus
we have developed a highly specific method for detection and
identification of interaction partners of membrane embedded
molecules.

Most other methods for identification of interaction partners
to molecules naturally situated in membranes rely on condi-
tions where the membrane associated molecule is freed from
membrane by solubilization with detergent or by deletion of
the membrane embedded part of the molecule (e.g. trans-
membrane regions from integral membrane proteins) (27),
which might change the structure of membrane proteins
and/or expose sticky parts of the molecule. Alternatively, the
interaction partners can be covalently cross-linked, generat-
ing a pool of cross-linked protein complexes that can be
separated from noncross-linked proteins before identification
(28). We expect the nanodisc co-immunoprecipitation method
to be generally applicable for targeted identification of inter-
action partners in many biological systems involving mem-

brane embedded molecules, such as specialized lipids and
transmembrane proteins: Antibodies and affinity matrices for
immunoprecipitation are general reagents of many protein
chemical and molecular biology laboratories. Furthermore, it
lends itself to scale-up for identification of interaction partners
of lower abundance or for downstream applications that re-
quire higher amounts of interacting protein. Also, the elution
conditions demonstrated here are sufficiently gentle to leave
isolated protein(s) native and thus enabling activity studies
after nanodisc immunoprecipitation.

* The work was supported by grants from The Lundbeck
Foundation.
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