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Here we demonstrate rapid production of solubilized and
functional membrane protein by simultaneous cell-free
expression of an apolipoprotein and a membrane protein
in the presence of lipids, leading to the self-assembly of
membrane protein-containing nanolipoprotein particles
(NLPs). NLPs have shown great promise as a biotechnol-
ogy platform for solubilizing and characterizing mem-
brane proteins. However, current approaches are limited
because they require extensive efforts to express, purify,
and solubilize the membrane protein prior to insertion into
NLPs. By the simple addition of a few constituents to
cell-free extracts, we can produce membrane proteins in
NLPs with considerably less effort. For this approach an
integral membrane protein and an apolipoprotein scaffold
are encoded by two DNA plasmids introduced into cell-
free extracts along with lipids. For this study reported
here we used plasmids encoding the bacteriorhodopsin
(bR) membrane apoprotein and scaffold protein �1–49
apolipoprotein A-I fragment (�49A1). Cell free co-ex-
pression of the proteins encoded by these plasmids, in
the presence of the cofactor all-trans-retinal and dimyr-
istoylphosphatidylcholine, resulted in production of
functional bR as demonstrated by a 5-nm shift in the
absorption spectra upon light adaptation and character-
istic time-resolved FT infrared difference spectra for the
bR 3 M transition. Importantly the functional bR was
solubilized in discoidal bR�NLPs as determined by
atomic force microscopy. A survey study of other mem-
brane proteins co-expressed with �49A1 scaffold pro-
tein also showed significantly increased solubility of all
of the membrane proteins, indicating that this approach
may provide a general method for expressing membrane
proteins enabling further studies. Molecular & Cellular
Proteomics 7:2246–2253, 2008.

A number of recent studies have demonstrated successful
incorporation of membrane proteins into discoidal nanoli-
poprotein particles (NLPs)1 (1–4). NLPs have recently been
used to understand and limit the oligomerization of membrane
proteins, e.g. G-protein-coupled receptors, enabling further
studies critical to understanding macromolecular recognition
and cellular signaling (4–6). However, the number and type of
membrane proteins studied in the context of NLPs have been
limited thus far (2, 4–9). In NLPs, the apolipoproteins act as a
supporting protein “scaffold” organizing the lipid into bilayers
(10, 11). As we have reported previously, NLPs have an av-
erage height of 5.0 � 0.5 nm with diameters ranging from 10
to 60 nm (�3%), depending upon the apolipoprotein and lipid
used to make the NLP (10). These methods of in situ gener-
ation of NLPs have not been demonstrated previously in
cell-free reactions, which may allow for a greater range of
cofactors and additives for obtaining improved solubility and
function. Such additions may also help expand the applica-
bility of NLPs to a more diverse population of proteins.

Cell-free protein expression has been used to enable pro-
tein biochemistry studies for many years (12). Typically cell-
based in vivo overexpression of membrane proteins results in
cell toxicity, protein aggregation, misfolding, and low yield.
However, only a small number of reports describe cell-free
methodologies as applied to the expression of membrane
proteins (13–19). Cell-free expression of membrane proteins
can also be challenging, although the problems with both
types of membrane protein expression may be principally due
to the need for lipid bilayer insertion for proper folding and
function. Successful incorporation of cell-free produced bac-
teriorhodopsin into liposomes has been reported previously
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using two different methods. The first involves lengthy refold-
ing after cell-free expression, whereas the second involves
cell-free protein expression in the presence of lipids (19, 20).
Both methods produced functional bacteriorhodopsin (bR)
liposomes but with limited solubility and stability (19, 20). The
study of membrane proteins in liposomes is further limited in
that membrane proteins inserted into liposomes have only one
side accessible to the solvent, inherently limiting the ability to
probe the membrane protein interactions with other molecules.
The co-expression of NLPs and membrane proteins using cell-
free methods described herein may overcome such liposome-
based shortcomings and those of in vivo membrane protein
expression methods. This method may provide a general cell-
free approach for membrane protein expression, making a
wider range of membrane proteins available for study compared
with current techniques.

EXPERIMENTAL PROCEDURES

Plasmids—The truncated form of apolipoprotein A-I (�1–49), or
�49A1, was cloned using the following primers: forward, 5�-atgcta-
aagctccttgacaactgg-3�, and reverse, 5�-ttactgggtgttgagcttcttagtg-3�,
from the full-length apolipoprotein A-I. The resulting PCR product was
cloned into the vector pIVEX2.4d using NdeI and SmaI restriction
sites. The resulting vector construct encodes a C-terminal penta-His
tag for nickel affinity purification. The bacterioOpsin sequence (bOp),
which encodes the bR protein, was amplified from the plasmid
p72bop (19) using the following primers: 5�-ggggcatatgcaagct-
caaat-3� and 5�-ggggatccaaaaaaaacgggcc-3�. The resulting PCR
product was cloned directionally into the His-tagged pIVEX 2.4b
vector using the Nde1 and BamHI restriction enzyme sites. All con-
structs were verified by DNA sequencing.

Cell-free Reactions—Preparative 1-ml reactions were carried out
using the Invitrogen Expressway Maxi kit or the Roche Applied Sci-
ence RTS 500 ProteoMaster kit. In brief, lyophilized reaction compo-
nents (lysate, reaction mixture, amino acid mixture, and methionine)
were dissolved in Reconstitution Buffer and combined as specified by
the manufacturer. For co-expression a total of 5 �g of each plasmid
DNA (bOp and �49A1) was added to the lysate mixture along with
added DMPC vesicles and retinal cofactor (see below). The reactions
were incubated at 30 or 37 °C according to the manufacturer’s pro-
cedure for the different lysates for 4–18 h, typically overnight for large
scale reactions (1 ml). bR production was clearly observed (purple
color) as early as 4 h. For membrane protein survey studies, 0.2 �g of
�49A1-encoding plasmid DNA and 1 �g of each membrane protein-
encoding plasmid DNA were added to the cell-free mixture where
[35S]Met (135 mCi/mmol final concentration) (PerkinElmer Life Sci-
ences) was added in place of methionine. The soluble fraction was
obtained by centrifuging the completed reactions at 14,000 � g for 5
min. Proteins were then separated by SDS-PAGE (data not shown).
Autoradiograms and the percentage of solubility was determined
using ImageJ software (National Institutes of Health) to quantize
labeled protein in the presence and absence of apolipoprotein �49A1.

Retinal Cofactor—An all-trans-retinal (Sigma) solution was pre-
pared with 100% ethanol at a stock concentration of 0.586 or 10 mM.
The stock solution was diluted to achieve a final working concentra-
tion of 30–50 �M in cell-free reactions. The difference in the amount
of ethanol added or the change in the retinal concentration did not
significantly affect the cell-free reaction yield.

Lipid Preparation—Small unilamellar vesicles of DMPC (liposomes)
were prepared by probe-sonicating a 68 mg/ml aqueous solution of
DMPC until optical clarity was achieved, typically 15 min on ice. Two

minutes of centrifugation at 13,700 relative centrifugal force was used
to remove any metal contamination from the sonication probe tip.
DMPC small unilamellar vesicles were added to the cell-free reaction
at a concentration of 2 mg/ml.

Affinity Purification of NLP Complexes—Immobilized metal affinity
chromatography was used to isolate the proteins of interests (trun-
cated �49A1 and bR) from the cell-free reaction mixture. The soluble
fraction (�1 ml) was mixed with nickel-nitrilotriacetic acid Superflow
resin (1 ml of equilibrated 50% slurry (Qiagen)) according to the
manufacturer’s protocol using native purification conditions with the
following modifications: 10 mM imidazole in PBS buffer was used for
washing the column with 12 column volumes of buffer. A total of 6 ml
of elution buffer (400 mM imidazole in PBS) were used to elute the
bound protein from the column in 1-ml aliquots. All of the elutions
were combined, concentrated, and buffer-exchanged into TBS using
100,000 molecular weight sieve filters (Vivascience) to achieve a final
volume of �200 �l. This material was used for characterization.

Conventional Assembly of “Empty” NLPs and bR�NLPs—Conven-
tional assembly of NLPs is described elsewhere (1, 10). Briefly the
truncated form of ApoA1 (�1–55), called MSP1T2 or �55A1, pur-
chased from Nanodisc Inc. was combined with DMPC liposomes in a
mass ratio of 1:4 in TBS buffer. The mixture was then incubated at
room temperature for 2 h. The NLPs were then purified by size
exclusion chromatography. For assembly of bR�NLPs, �55A1 was
mixed with DMPC in a mass ratio of 1:4 in TBS buffer. Sodium cholate
was then added to a final concentration of 20 mM. Purple membrane
bacteriorhodopsin (21) was then added in a 0.67 mass ratio to the
�55A1 apolipoprotein and incubated at room temperature for 2 h
followed by dialysis in TBS for detergent removal. The NLPs were
then purified by size exclusion chromatography.

Size Exclusion Chromatography—The NLPs made with and without
incorporated membrane protein were purified from “free protein” and
“free lipid” by HPLC (Shimadzu) using a Superdex 200 10/300 GL
column (GE Healthcare) with TBS running buffer at a flow rate of 0.5
ml/min. The column was calibrated with four protein standards (HMW
Gel Filtration Calibration kit, GE Healthcare) of known molecular
weight and Stokes diameter that span the separation range of the
column and the NLP samples. The void volume was established with
blue dextran. The NLP fraction was concentrated about 10-fold to
�1.0 mg/ml using molecular weight sieve filters (Vivascience) with
50-kDa molecular mass cutoffs. Protein concentration was deter-
mined using the ADV01 protein concentration kit (Cytoskeleton).

SDS-PAGE—1-�l aliquots of the total cell-free reaction, soluble
fraction, and resuspended pellet were diluted with 1� lithium dodecyl
sulfate sample buffer with reducing agents (Invitrogen), heat-dena-
tured, and loaded onto a 4–12% gradient premade Bis-Tris gel (In-
vitrogen) along with the molecular weight standard SeeBlue plus2
(Invitrogen). The running buffer was 1� MES-SDS (Invitrogen). Sam-
ples were electrophoresed for 38 min at 200 V. Gels were stained with
Coomassie Brilliant Blue.

Native PAGE—Equal amounts of NLP samples (0.5–1.0 �g) were
diluted with 2� native gel sample buffer (Invitrogen) and loaded onto
4–20% gradient premade Tris-glycine gels (Invitrogen). Samples were
electrophoresed for 2 h at a constant 125 V. After electrophoresis,
gels were incubated with SYPRO Ruby protein gel stain (Bio-Rad) for
2 h and then destained using 10% MeOH, 7% acetic acid. Following
a brief wash with double distilled H2O, gels were imaged using the
green laser (532 nm) of a Typhoon 9410 (GE Healthcare) with a
610-nm bandpass 30 filter. Molecular weights were determined by
comparing migration versus log molecular weight of standard proteins
found in the NativeMark standard (Invitrogen).

Atomic Force Microscopy (AFM)—NLPs were imaged using an
Asylum MFP-3D-CF atomic force microscope. Images were captured
in tapping mode with minimal contact force and scan rates of 1 Hz.
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Asylum software was used for cross-sectional analysis to measure
NLP height and diameter. Height and diameter were measured from
182 empty NLPs produced by cell-free expression. Height and diam-
eter were also measured for 430 total NLPs produced by cell-free co-
expression; 185 were found to be empty NLPs, and 255 were found
to contain bR. Two-tailed Student’s t tests were run to compare both
the height and diameter of the empty NLP population in the sample
co-expressed with bR compared with the sample with no bR ex-
pressed. A p value of �0.01 was considered significant.

FTIR Spectroscopy—Time-resolved FTIR difference spectra were
recorded in the rapid scan mode similar to earlier studies (22). Briefly
a bR�NLP film was dried on a CaF2 window, rehydrated via the vapor
phase, and then sealed in a temperature-controlled IR cell (Model
TFC, Harrick Scientific Corp., Ossining, NY) using a second CaF2

window. Spectra were recorded with a Bruker IFS 66 v/s FTIR spec-
trometer (Bruker Optics, Ettlingen, Germany) at 4 cm�1 spectral reso-
lution and 240-kHz scanner velocity, corresponding to the data acqui-
sition window of 18 ms. Four single beam spectra were recorded before
the laser flash and were used as the “dark” background. A neodymium-
doped yttrium aluminum garnet (Nd/YAG) laser pulse initiated the pho-
tocycle, and 80 “light” spectra were recorded with each acquisition
taking 18 ms. Spectra taken in this sequence were co-added 40,000
times to achieve a high signal-to-noise ratio.

RESULTS

Cell-free Membrane Protein�NLP Self-assembly—The over-
all aim of this study was to develop cell-free methods for func-
tional membrane protein production that would both stabilize
and solubilize the membrane protein in a native-like environ-
ment where both sides of the membrane protein are accessible.
Our strategy is based on the ability of membrane proteins to
insert into lipid bilayers during cell-free synthesis (20, 23), the
ability of apolipoprotein to sequester lipid bilayer patches (10),
and the demonstrated ability of NLPs to solubilize the mem-
brane proteins (2, 5, 7, 24). Plasmid DNA encoding both the
membrane protein bR from Halobacterium salinarium and a
version of apolipoprotein A-I where the first 49 amino acids were
deleted (�49A1) were added to cell-free reactions along with
phospholipids and cofactors to produce membrane protein-
associated NLPs in a single reaction as shown in Fig. 1. bR, a
seven-transmembrane (TM) protein, has been considered as a
structural model protein for rhodopsin and other seven-TM pro-
teins such as the G-coupled receptor family of proteins.

Enhanced bR Solubility When Complexed with NLPs—Sin-
gle step co-expression and assembly of the soluble bR�NLP
complex was observed within 4 h. Purification of the soluble
fraction after 18 h yielded 0.1 mg/ml functional bR. The levels
of bR obtained were comparable to or better than previous
published findings (19) (Fig. 2A and supplemental Fig. S1).
Simultaneous cell-free protein expression of both bR and
�49A1 in the presence of DMPC in a single reaction produced
a functional bR�NLP complex (Fig. 2, B and C). This extremely
rapid approach was also applicable to a variety of other
transmembrane proteins (Fig. 3) indicating the general appli-
cability of this method.

Cell-free synthesis of bR in the presence of liposomes and
retinal produced insoluble but functional bR (purple color) (Fig.
2A and supplemental Fig. S2). Although the bR purple color was

observed in the presence of DMPC without �49A1, very little of
the material was soluble compared with when the �49A1 was
co-expressed in the reaction mixture (Fig. 2A and supplemental
Fig. S2) as indicated in the soluble (S) and pelleted (P) lanes with
and without �49A1 co-expression. Two methods for refolding of
cell-free expressed bR into lipid vesicles have been reported
previously (19, 20). However, these two approaches required
multiple steps over a lengthy period of time and were further
encumbered by limited membrane protein accessibility because
of the nature of liposomes. In contrast, the co-expressed
bR�NLPs were soluble using our procedure.

bR Produced by Co-expression Is Functional—Size exclu-
sion chromatography identified a size shift in the bR�NLP
complex compared with empty NLPs or liposomes. The
bR�NLP complexes eluted primarily before empty NLPs and
after liposomes (supplemental Figs. S3 and S4). A size range
of �470–680 kDa was observed for bR�NLP complexes; this
was 160–370 kDa larger than the empty self-assembled NLPs
(Fig. 2B). bR�NLP complex heterogeneity was also observed
by both native gel electrophoresis and SEC. This heterogeneity
may have been due to multiple factors such as number of lipids
per NLP, bR oligomerization or multiple molecules of bR within
the NLPs, and/or generation of NLPs with varying diameters.
Particle diameters measured by AFM (25) support the latter.

Functional activity of the soluble affinity-purified, self-as-
sembled, co-expressed bR�NLP complex was determined by

FIG. 1. Schematic of single step cell-free co-expression and
stabilization of integral membrane proteins using an apolipopro-
tein scaffold. Constituents (DNA, lipid vesicles, cofactors, and cell-
free lysates) are added together in a single reaction vial. The cell-free
lysates take advantage of the T7-coupled transcription and transla-
tion system to produce a mixed population of self-assembled NLPs
with and without associated integral membrane protein.
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light-dark adaptation (Fig. 2C). The light-dark adaptation
yielded a 5-nm shift with a dark absorption maxima of 549 nm
and light absorption maxima of 554 nm. These results indi-
cated that the majority of active bR is likely in a monomeric
form in the presence of NLPs formed around a DMPC bilayer
(26, 27). This is in agreement with other studies that used
prepurified apolipoprotein scaffolds to solubilize native forms
of bR (2). The yield of active bR isolated from the soluble
fraction was �0.1 mg from a 1-ml cell-free reaction. The major
advantage of our approach is that we obtained folded light-
active bR�NLP assemblies in less than 4 h that were self-
assembled in a single step, thereby eliminating the need for
isolation of membrane protein, protein purification, dialysis,
and refolding protocols prior to the formation of
NLP�membrane protein complexes.

NLPs Increase Solubility of a Variety of Membrane Pro-
teins—To determine whether the co-expression method is
generally applicable to membrane proteins, a series of
membrane proteins with varying numbers of transmem-
brane domains were expressed using cell-free co-expres-
sion. Cell-free expression of the membrane protein alone
and lipid-assisted expression of the membrane protein were
used for comparison. The reactions included [35S]methi-
onine to quantify the protein. Autoradiograms (not shown)
were generated from total and soluble fractions separated
by SDS-PAGE. Densitometry using ImageJ software (Na-
tional Institutes of Health) was used to analyze the autora-
diograms. The fraction of solubilized membrane protein
compared with the total membrane protein was plotted in

FIG. 2. Single step production, purification, and characteriza-
tion of MP�NLP complexes. A, Coomassie-stained SDS-PAGE gel
image of total (T), soluble (S), and pellet (P) fractions from cell-free
produced bR in the presence and absence of co-expressed apoli-
poprotein (�49A1). 1 �l of total, soluble, and resuspended pellet
fractions were used for the gel. � indicates the addition of either

DMPC, �49A1 DNA, or bOp DNA to the cell-free reaction; � denotes
absence of additive. Red arrows indicate �49A1, and purple arrows
indicate bR. Sample 1 (bOp and DMPC), bR is insoluble in the
absence of co-expression of �49A1; Sample 2 (bOp and �49A1
co-expressed in the presence of DMPC), bR remains in the soluble
fraction with co-expressed �49A1; Sample 3 (�49A1 and DMPC),
production of empty NLPs; Sample 4, control cell-free reaction (no
DNA) in the presence of DMPC only. All were expressed in the
presence of 30–50 �M all-trans-retinal and 2 mg/ml DMPC. Purple
color development observed in Samples 1 and 2 indicates incorpo-
ration of retinal into the bOp transcript representing proper folding of
bR. B, native gel of size exclusion-purified NLPs prepared with �49A1
or other similar apolipoprotein as noted with and with out bR. Lane M,
molecular weight marker; Lane 2a–2c, fractions from SEC-purified
cell-free co-expressed bR�NLPs; Lane 2a, lipid-rich first fraction; Lane
2b, bR�NLP second fraction; Lane 2c, bR�NLP third fraction; Lane 3,
cell-free produced empty NLPs; Lane 4, conventional assembly of
empty NLPs with purchased �1–55 apolipoprotein A-I (�55A1). C,
light/dark adaptation of affinity-purified bR�NLPs concentrated with a
100-kDa molecular mass cutoff filter and buffer-exchanged into TBS,
pH 7.4. Blue, dark-adapted bR�NLPs with a �max 	 549 nm; magenta,
light-adapted bR�NLP with a �max 	 554 nm. Dark-adapted spectra
were collected after overnight adaptation. Light-adapted spectra
were collected upon 15-min exposure to a white light-emitting diode
source. Spectra were collected in a 50-�l masked quartz cuvette with
a 1-cm path length. Absorbance maxima differ by a 5-nm shift be-
tween light- and dark-adapted bR.
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Fig. 3. In all cases co-expression with the truncated apoli-
poprotein �49A1 was greater than the expression of the
membrane protein alone or lipid-assisted membrane protein
expression (Fig. 3).

The bR Protein Is Inserted within NLP Membrane—bR�NLPs
from cell-free co-expression and NLPs assembled by conven-
tional means (10, 25) were both examined by AFM to assess
NLP size and shape and to demonstrate the association be-
tween bR with NLPs. For comparison with cell-free produced
bR�NLP complexes, both bR�NLPs and empty NLPs were also
prepared using methods described previously (1, 10). These
NLPs and bR�NLP complexes were made with apolipoprotein
A-I (�1–55) or �55A1 (MSP1T2, Nanodisc Inc.), purple mem-
brane bR, and DMPC liposomes (1, 10). Both the co-expressed
and conventionally assembled bR�NLPs showed similar 1.4-nm
increases in particle height relative to an empty NLP indicating
likely association of bR protein within the NLPs (Fig. 4).

Empty NLPs produced either by conventional or cell-free
methods displayed heights of �5.0 � 0.3 nm (S.D.) as deter-
mined by AFM (Fig. 4, B and C, respectively). The NLPs
produced by either conventional assembly of �55A1 and bR
(Fig. 4B) or co-expression of �49A1 and bR (Fig. 4C) ap-
peared as two distinct discoidal populations when examined

by AFM cross-sectional height analysis. The first population
had a height of �5.1 � 0.3 nm (S.D.), analogous to empty
NLPs (Fig. 4C). The second population, which was not ob-
served in control experiments lacking bR, had a height of
�6.4 � 0.3 nm (S.D.) (Fig. 4C). The increased height observed
in the presence of bR is located in the center region of the
NLP (bright green dot, pseudocolor) and is consistent with the
bR being contained within the NLP lipid bilayer (Fig. 4A).
Additionally the increased height particles produced in the
presence of bR also had an associated increased mean di-
ameter where bR�NLPs had an average diameter of 27.8 � 5.8
nm (S.D.) and the empty �49A1�NLPs had an average diam-
eter of 22.0 � 5.1 nm (S.D.) and 20.3 � 5.2 (S.D.) in the
presence and absence of bR, respectively (Table I). Using
solely the increase in height as a basis for distinguishing
bR�NLPs from empty �49A1�NLPs, we were able to determine
an overall yield of NLPs with bR incorporation of 58% (Table
I). Two-tailed Student’s t tests indicated that there was no
statistically significant difference between the diameter and
height of the empty �49A1�NLPs produced by cell-free
methods in the presence (n 	 185; 2a) and absence (n 	

182; 1) of bR (Table I) with p values of 0.94 and 0.04
respectively. However, a statistically significant increase in
diameter and height was observed between the bR�NLPs (n 	

255; 2b) and empty �49A1�NLPs (n 	 185, 2a) with p values
of 1.8e�24 and 3.9e�155, respectively (Table I). AFM was also
used to visualize the first SEC fraction where high molecular
weight lipid complexes were observed, consistent with results
reported in Chromy et al. (10) (supplemental Figs. S3 and S4).
The majority of this material was distinctly different in size,
ranging from 35 to 60 nm in diameter and from 6.5 to 20 nm
in height indicating that the majority of the material was large
lipid complexes such as liposomes or membrane patches
(28–31) (supplemental Fig. S5).

Functional Validation of the bR Photocycle—Time-resolved
FTIR difference spectroscopy of wild type and bR�NLPs are
shown in Fig. 5. Positive bands characteristic of the M2

photointermediate appear at 1760 and 1567 cm�1 (32). The
1760 cm�1 band arises from protonation of the Schiff base
counterion, Asp-85 from the Schiff base at this stage of the
photocycle (33). The positive band at 1567 cm�1 is as-
signed the ethylenic stretch of the chromophore in the M
intermediate of the photocycle and indicates that the
bR�NLP is able to form a normal M intermediate. Negative
bands, which reflect vibrations of the ground state of the
light-adapted form of the retinylidene chromophore, are seen at
1527 (C	C, ethylenic stretch mode), 1252, 1200, and 1167
cm�1 (C–C, polyene stretch modes) are identical to frequencies
appearing in the FTIR difference spectra of native bR in purple
membrane (34). The latter three bands are indicative of the

2 During the process of proton translocation, bacteriorhodopsin
cycles through several distinct photointermediates as follows, starting
with the light adapted state, LA: LA 3 K 3 L 3 M 3 N 3 O 3 LA.

FIG. 3. Co-expression of membrane proteins with apolipopro-
tein �49A1 in the presence of lipid increases solubility of multiple
membrane proteins. A comparison was made between the mem-
brane protein expressed alone (MP Alone; gray), expression of the
membrane protein in the presence of DMPC vesicles (Lipid Assisted;
striped), and membrane protein co-expressed with apolipoprotein
(�49ApoA1) in the presence of DMPC vesicles (Co-expressed; black).
Membrane proteins with the number of transmembrane domain in
parentheses are: glycophorin B (GYPE) (MNS blood group) (two TMs),
chemokine-like factor (CKLF-like) MARVEL transmembrane domain
(CMTM1) (three TMs), Escherichia coli small multidrug resistance
(SMR) efflux transporter (EmrE) (four TMs), 5-hydroxytryptamine (se-
rotonin) receptor (5HT1A) (seven TMs), and bR (seven TMs). In all
cases the solubility of the membrane protein increased with co-
expression of �49ApoA1. Data were generated from autoradiograms
by the incorporation of [35S]methionine into the cell-free reaction (data
not shown) quantified from SDS-PAGE using ImageJ software (Na-
tional Institutes of Health).
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normal all-trans-retinal chromophore configuration of light-
adapted bR that are depleted during the photocycle giving rise
to the negative bands (34). Note that the 1760 cm�1 peak in the
bR�NLP spectrum (Fig. 5B) has a much larger intensity relative to
native bR in purple membrane. This can be explained as a
reduction of polarization effects that arise from the loss of
orientation of the bR�NLP relative to the native purple membrane
(35, 36).

DISCUSSION

We have developed a new cell-free co-expression method
for rapid self-assembly of discoidal nanolipoprotein particles
containing membrane protein (MP�NLPs). Our results com-
bine integral membrane protein insertion into lipid bilayers
during cell-free synthesis (20), the ability of apolipoproteins to
sequester lipid bilayer patches (37), and the demonstrated
ability of NLPs to solubilize membrane proteins (1) within in a
single reaction, which has not been demonstrated previously.
Validation of this technique using bR and a truncated form of
apolipoprotein A-I (�49A1) produced soluble bR�NLP com-
plexes (Fig. 2 and supplemental Figs. S1 and S2) that were
discoidal in shape (Fig. 4) and light-active (Figs. 2 and 5).
Distinct purple coloration, an indication of properly folded
functional bR protein, was observed when all-trans-retinal and
phospholipid were included in the reaction mixtures (Fig. 2
and supplemental Figs. S2 and S3). Solubility survey results
indicate that this rapid approach may also be applicable to a
wide variety of other transmembrane proteins (Fig. 3). Atomic
force microscopy of samples containing bR separated by
SEC (supplemental Fig. S3) revealed that 58% of the particles
had an increased height (Fig. 4 and Table I) confirming bR
incorporation and in agreement with previous AFM character-
ization of bR structure in native membrane sheets (38). The
weak electrostatic interactions that could potentially hold bR
to the surface without insertion into the NLP would likely be
disrupted during AFM scanning, and it is therefore unlikely
that bR is just surface-associated. Time-resolved FTIR differ-
ence spectroscopy further corroborated that the cell-free pro-
duced bR�NLPs contain functional bR. FTIR spectra of
bR�NLPs showed the characteristics indicative of protein and
chromophore conformational changes that occur during the
bR 3 M transition of the bR photocycle. Differences seen in
the FTIR spectra are likely because of orientation effects of
the bR�NLPs that could have been disordered in the bulk NLP
as compared with the liquid crystalline planar trimeric order of
bR observed in purple membrane (35, 36). Importantly the

FIG. 4. AFM confirms the association between NLPs and bR. A,
AFM image of NLPs produced through cell-free co-expression of
�49A1 and bR in the presence of DMPC. The brighter green regions
are NLPs with a higher height indicating the insertion and plausible
location of bR in the lipid bilayer. Scale bars, 50 nm. The white arrow
indicates expression of empty NLPs; the yellow arrow indicates the
bR�NLP complex. B, height histogram of NLPs produced through
conventional assembly of �55A1 with DMPC alone (blue) or in the

presence of purple membrane bR and DMPC (black). The yellow
shaded areas indicate populations with an increased height. C, height
histogram of NLPs produced through cell-free expression of �49A1
with DMPC alone (blue) or co-expression of bR and �49A1 in the
presence of DMPC (black). The yellow shaded areas indicate popu-
lations with an increased height. NLP heights were analyzed through
cross-sectional analysis.
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chromophore was able to undergo the conformational
changes necessary for the proper function of bR.

Cell-free production of proteins has become accepted as a
means to overcome bottlenecks associated with protein ex-
pression and purification in support of high throughput struc-
tural proteomics of soluble proteins (17, 18, 39, 40). Our
results provide a novel approach to extend cell-free technol-
ogies to make a wide range of membrane proteins accessible
for future studies and may enable high throughput proteomics
of membrane proteins. Importantly our approach also pro-
vides a single step process for the production of soluble
membrane proteins that eliminates the need for cell growth,
cell lysis, and subsequent refolding and purification (14, 41).
Planned future experiments with NLPs made by cell-free co-
expression will demonstrate novel capabilities for labeling/
tagging membrane proteins not readily available to whole cell
protein synthesis systems (39, 41, 42). These labeling and
tagging methods will enable novel characterization strategies
for membrane proteins. Further characterization of these
NLP�membrane protein complexes should be possible as is
demonstrated by recent results describing protein structural
studies (13, 15), (43). Our cell-free self-assembled NLPs will
also enable optimization strategies for high throughput
screening for membrane protein expression using a variety of

additives that may augment protein production and function;
example additives include chaperonins (44), lipids (45), redox
factors (46), and protease inhibitors (45).

As mentioned previously, a limited number of prepurified
detergent-solubilized G-protein-coupled receptors and model
proteins such as bR have been reconstituted into NLPs using
various lipids, DMPC alone (2), 1-palmitoyl-2-oleoylphos-
phatidylcholine alone (5, 9), or a mixture of 1-palmitoyl-2-
oleoylphosphatidylcholine and 1-palmitoyl-2-oleoylphos-
phatidylglycerol (6). Using our cell-free based approach,
detergents could be avoided by using single step addition of
lipids and other molecules important to protein function. The
advantages realized from this single step assembly of integral
membrane proteins will expand the repertoire of applications
for cell-free protein expression and lead to high throughput
production of properly folded soluble membrane proteins
supported by a nanolipoprotein particle.
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