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ABSTRACT: A new method for the measurement of
membrane protein oligomer association is described. Two
engineered fragments of bacteriorhodopsin, which are known
to spontaneously associate in bicelles, were expressed in
nanolipoprotein particles (NLPs or nanodiscs) using an
Escherichia coli S30 cell-free synthesis system. When separately
prepared NLPs containing the fragments were mixed, fragment
association did not occur, indicating that the apolipoprotein
edge blocks transfer between NLPs. However, when bicelles
were added to this mixture, fragment association was detected
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by disulfide cross-linking. The rate of cross-linking was consistent with previously published equilibrium and kinetic parameters.
Characterization of the NLP/bicelle mixture by dynamic light scattering and fluorescence spectroscopy indicates that the NLP
bilayer transfers to bicelles in a simple reversal of the synthesis of NLPs from bicelles. These experiments validate using cell-free
synthesis of membrane proteins in NLPs, followed by treatment with bicelles, as a method for measuring oligomerization of
integral membrane protein subunits in a bilayer-like environment.

Many integral membrane proteins, including channels,
transporters, and enzymes, consist of subunits that
associate into oligomers. Regulation of hetero-oligomeric
membrane protein formation may be an important mechanism
of modulating activity.' > However, there are no general
methods for studying the assembly of oligomeric membrane
proteins in vitro. Unlike water-soluble protein oligomers that
can usually be dissociated by dilution, membrane protein
oligomers in vesicles typically do not dissociate because of the
limited membrane area.* Although detergent micelles have
been used as an environment for the analysis of membrane
in some cases
association constants are much lower in micelles than in
bilayers.® Thus, it would be valuable to have bilayer systems for
studies of association equilibria and assembly pathways of
oligomeric membrane proteins. A suitable system would have
to contain protomers in a monomeric state, but it would also
have to release the protomers under experimental control.
Nanolipoprotein particles (NLPs), also known as nanodiscs,
are small lipid bilayer patches bounded by apolipoprotein
chains.”® NLPs form spontaneously when apolipoproteins are
added to liposomes’ or when detergent monomers are removed
from a mixture of detergent-solubilized lipids and apolipopro-
teins.'” If integral membrane proteins are included in the
detergent/lipid mixture, NLPs that contain embedded integral
membrane proteins are produced.'’ Protein oligomers in
detergent micelles become surrounded by the NLP structure
during the removal of detergent. Thus, monomers of
oligomeric membrane proteins are not observed in NLPs
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prepared in this manner.'>'*> NLPs have been used in cell-free
synthesis of integral membrane proteins.'* In this method, the
number of protein molecules inserted into each NLP can be
varied from one to multiple copies, depending on the relative
cross-sectional areas of the proteins and NLPs,'* and probably
also depending on other factors such as the ribosome
concentration and turnover. Proteins embedded in NLPs may
be prevented from moving between NLPs because the
membrane edges are sealed by the apolipoprotein belt (Figure
1A). If so, then it may be possible to find conditions that open
NLPs for mixing that could be used to control the assembly of
oligomeric membrane proteins. Bicelles are lipid/detergent
mixtures that form bilayer disks similar to NLPs at low
lipid:detergent ratios. Unlike NLPs, bicelle edges are in rapid
equilibrium with detergent monomers (Figure 1B), suggesting
that they could be used to fuse with and open NLPs. This
process would simply be the reverse of the method used to
synthesize NLPs from cholate, lipids, and apolipoprotein.” In
this paper, we test the idea that NLP-embedded membrane
protein protomers can be associated under controlled
conditions using bicelles, thereby providing a new method for
studying the oligomerization of membrane proteins. We utilize
two engineered fragments of bacteriorhodopsin (bR) [bR-S,
containing two transmembrane helices, and bR-L, containing
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Figure 1. Model membranes: NLPs and bicelles. In the top row, nanolipoprotein particles (NLPs) are bilayer patches bounded by apolipoproteins
that prevent the exchange of integral membrane proteins, so monomers cannot form oligomers. In the bottom row, bicelles are bilayer patches
bounded by rings of short chain lipids. They can exchange integral membrane proteins, permitting oligomerization.

five transmembrane helices (Figure 2)] that are known to
spontaneously associate in bicelles.'>"®

Figure 2. Fragments of bR. bR-S is colored yellow (amino acids 1—71)
and bR-L blue (amino acids 1-8 and 72—248). Engineered Cys
residues M68C and Q75C (spheres) form a disulfide cross-link
(arrow) under oxidizing conditions. This figure was generated with bR
coordinates from Protein Data Bank entry 1C3W using MOLMOL.*

B MATERIALS AND METHODS

Bacteriorhodopsin Fragments. DNA sequences corre-
sponding to two chymotrypsin fragments of bR [bR-S (amino
acids 1-71) and bR-L (amino acids 1—8 and 72—248)] were
generated by polymerase chain reaction. Fragment bR-S is
identical to what was prewouslgf called C-2"7 or AB,'® and bR-L
is similar to C-1,"” CDEFG," or CG."® Fragments bR-S and
bR-L also contained an N-terminal Met. For cross-linking
experiments, fragment bR-S was engineered with an M68C
mutation, designated bR-S(M68C), and fragment bR-L was
engineered with a Q75C mutation, designated bR-L(Q75C).
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Fragments were separately cloned into pEXPS-CT/TOPO
vectors (Invitrogen, Carlsbad, CA) and expressed by cell-free
co-transcriptional/translational synthesis using an Escherichia
coli S30 system with added NLPs (100 pL MembraneMax
Protein Expression Kit, Invitrogen), following the manufac-
turer’s instructions. Typical yields of bR fragments in the cell-
free expression reaction were in the range of 1-3 uM, as
quantified by Western blotting (see below). The corresponding
NLP concentration was in the range of 6.3—7.6 uM, according
to information provided by Invitrogen.

Cross-Linking Reactions. Bicelle stock solutions were
prepared from 272 mM 1,2-dihexanoyl-sn-glycero-3-phospho-
choline (DHPC) and either 204 or 272 mM 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) (Avanti Polar Lipids, Inc.,
Alabaster, AL) for a DMPC:DHPC mole ratio (g) of 0.75 or
1.0, respectively. In cross-linking experiments, 36 L of each of
the two bR fragment/NLP products was mixed with 8 uL of a
bicelle stock solution and allowed to equilibrate at room
temperature for 30 min. Cross-linking was initiated in 10 uL
aliquots by adding 2 uL of a 12.8 mM CuSO,/12.8 mM o-
phenanthroline mixture for varying times. Cross-linking
reactions were stopped by adding S uL of a 6.3 M
acrylamide/10 mM ethylenediaminetetraacetic acid mixture.
The fragments and cross-linked products were separated by
polyacrylamide gel electrophoresis and detected by Western
blotting, using an anti-C-terminal six-His tag antibody
(Invitrogen) conjugated to alkaline phosphatase, horseradish
peroxidase, or fluorescein. Substrates were S-bromo-4-chloro-
3’-indolyl phosphate (SigmaFAST BCIP/NBT, Sigma-Aldrich,
St. Louis, MO) for phosphatase or acridium ester (Pierce ECL
2 Western Blotting Substrate, Thermo Scientific, Rockford, IL)
for peroxidase. Chromogenic blots were imaged with a digital
camera, and chemiluminescence or fluorescein emission was
imaged with a Typhoon scanner (GE Healthcare Biosciences,
Piscataway, NJ). The amount of protein in each band was
quantified by comparison of the band intensity with that of a
standard His-tagged protein at a known concentration. The
correction curve, which was fit with a logistic function, is given
in Figure S1 of the Supporting Information.

NLP Preparation. E. coli BL21(DE3) cells were trans-
formed with plasmid pMSPI1E3D1 (Addgene, Cambridge,
MA), which encodes MSP, the NLP scaffold apolipoprotein.
MSP was expressed and purified by a method similar to that of
Ritchie et al.'® Approximately 9 mg of MSP was obtained per
liter of culture. DMPC, cholate (Sigma-Aldrich), and MSP were
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mixed in a molar ratio of 80:160:1 and cycled between room
temperature and 30 °C as described by Katzen et al."* NLPs
were formed by dialysis against phosphate-buffered saline to
remove cholate.”® The dialyzed NLPs (~1.5 mL) were applied
to a 1.5 cm X 85 cm column of Sepharose 4B (Sigma-Aldrich).
NLPs eluted in a broad peak centered at an apparent molecular
mass of 260 kDa (calibrated with thyroglobulin, aldolase, and
bovine serum albumin). The peak fractions had NLP
concentrations of ~4 uM (assuming two MSP molecules per
NLP). To measure lipid exchange, some NLPs were prepared
with a mixture of DMPC and the fluorescent lipids 14:0-NBD-
PE [1,2-dimyristoyl-sn-glycerol-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl)] and 14:0-LR-PE [1,2-dimyris-
toyl-sn-glycerol-3-phosphoethanolamine-N-(lissamine rhod-
amine B sulfonyl)] (Avanti Polar Lipids). The DMPC:NBD-
PE:LR-PE:cholate:MSP mole ratio for the fluorescent NLP
preparation was 73.8:3.1:3.1:160:1. In the purified fluorescent
NLPs, the LR-PE:NBD-PE mole ratio obtained was ~4:1.

Dynamic Light Scattering. Particle size distributions of
bicelles, NLPs, and bicelles with NLPs were measured at 25 °C
on a Malvern Instruments (Worcestershire, U.K.) Zetasizer
Nano ZS instrument, using a 12 uL cuvette. Conversion from
spherical to ellipsoidal particle dimensions was calculated using
Perrzig factors,”' assuming the DMPC bilayer thickness is 4.34
nm.

Transfer of Protein between Bicelles and NLPs. The
exchange of protein between bicelles was tested with bR-S and
bR-L prepared from the Halobacterium salinarum purple
membrane as described previously.">**** Bicelles were
prepared from 2% DMPC and 2% DHPC (g = 0.67). Separate
1.9 nmol samples of purified bR-S and bR-L in a 1:1
chloroform/methanol mixture and 0.1 M ammonium acetate
were added to 20 uL of 2% sodium dodecyl sulfate and
vacuum-dried. Each residue was solubilized in 100 yL of 0.05 M
phosphate buffer (pH 6.0). One pair of bR-S/bR-L samples was
mixed together, and then 75 uL bicelles were added. A second
pair of bR-S/bR-L samples were separately added to 37.5 uL
bicelles and equilibrated for 10 min before they were combined.
To each bR-S/bR-L pair was added 1 uL of all-trans-retinal
(0.75 mg/mL in ethanol) to regenerate the chromophore.
Absorbance spectra were measured on an Aviv/Cary 14
spectrophotometer (Aviv Biomedical, Inc., Lakewood, NJ).

Transfer of Lipid between NLPs and Bicelles. The
exchange of lipid between NLPs and bicelles was measured
using the fluorescence resonance energy transfer method of
Struck et al>®> NLPs containing LR-PE and NBD-PE (see
above) were suspended at a concentration of ~0.12 yM in
buffer, buffer containing 250 yM NLPs lacking fluorescent
lipids, or buffer containing DMPC/DHPC bicelles (g = 1.0;
136 mM DMPC). Fluorescence emission spectra were
recorded in a 10 uL cuvette (10.10B, NSG Precision Cells,
Inc.,, Farmingdale, NY) on a PTI QM-4 fluorometer (Photon
Technology International, Birmingham, NJ).

B RESULTS

Cell-Free Expression of bR Fragments in NLPs. Cell-
free expression of integral membrane proteins in NLPs
appeared to offer a suitable method for obtaining monomeric
protomers for oligomerization studies, because expression
conditions can be arranged to have either zero or one protein
molecule inserted per NLP.*'* However, cell-free expression
places constraints on how oligomer formation can be detected,
because oligomer yields may be <1 yM. Thus, we chose to
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detect oligomers by using disulfide bond cross-linking, which
can be measured on Western blots of nonreducing electro-
phoresis gels. When bacteriorhodopsin fragments bR-S and bR-
L associate, they can be disulfide cross-linked by suitably placed
cysteine residues. Examination of the crystal structure shows
that the f-carbons of Met 68 and Gln 75 are within 4.5 A
(Figure 2), close to the distance of 4 A often found in disulfide
bonds. Therefore, we expect associated bR-S(M68C) and bR-
L(Q75C) will be cross-linked under oxidizing conditions
(Cu**-phenanthroline). We found that both bR fragments
were efficiently expressed in an E. coli S30 cell-free system
containing NLPs (Figure 3, lanes 4 and 5). However,

1 2 3 4 5 6
kDa
101 m—
88 mmm— -
-
53 m—
-
36 —
28 mm—
19 w—
bR bR-S bR-L  bR-S bR-L H-0
(M68C) (Q75C)

Figure 3. Expression of full-length bR and its fragments. Western blot
of E. coli S30 cell-free synthesis products in the presence of NLPs,
probed with the anti-six-His tag antibody: lane 1, full-length bR; lane 2,
bR-S; lane 3, bR-L; lane 4, bR-S(M68C); lane 5, bR-L(Q75C). The
formation of dimers occurred in cysteine-engineered bR-S(M68C)
(lane 4), but not in bR-S (lane 2). Nonspecific binding appeared in
both bR-L (lane 3) and cysteine-engineered bR-L(Q75C) (lane $).
Lane 6 (a negative control) contained H,O.

approximately half of each protein appeared in higher-
molecular mass forms on dodecyl sulfate gels. Dimerization
occurred with bR-S(M68C) (Figure 3, lane 4). The dimers
were disulfide cross-linked because dimerization was not
observed in bR-S lacking cysteine (Figure 3, lane 2).
Aggregation occurred in both bR-L and bR-L(Q75C) (Figure
3, lanes 3 and $), both with E. coli proteins in the cell-free
extract and with itself to form dimers and trimers. Thus, the
aggregation of the large fragment did not depend on cysteine.
Under reducing conditions, the bR-S(M68C) dimers were
reversed, but the bR-L(Q75C) aggregates were not (data not
shown). It is not clear how the bR-S(M68C) dimers form.
They could result from monomers separately being inserted
into the same NLP, or monomers could cross-link between two
different NLPs. The bR-S dimers would not necessarily prevent
association between bR-S and bR-L. Liao et al.*® showed that
two five-helix fragments of bR (A—E and C—G) associate to
form active bR.

Some membrane proteins synthesized in cell-free systems fail
to insert into membranes (e.g, liposomes, NLPs, or micelles)
and form insoluble precipitates.'**”** We tested bR-S and bR-
L for the extent of NLP insertion by comparing the Western
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blot band intensities of the cell-free synthesis products before
and after a brief centrifugation (Figure 4). For bR-S, 99% of the

3 4 _ 7 8 9 10
kDa ‘ s
101 =
88 m—
53 m—
36 m—
28 = | S o
1o -— -

- -
-
S T S T S T S T S T
bR bR-S bR-L ABCDE FG

Figure 4. Extent of NLP insertion of full-length bR and its fragments.
S, supernatant; T, total crude extract. bR fragments with N-terminal
helices, including full-length bR (lanes 1 and 2), bR-S (lanes 3 and 4),
and fragment ABCDE (lanes 7 and 8), showed more NLP insertion
than bR-L (lanes S and 6) and fragment FG (lanes 9 and 10).

cell-free synthesis product was in the supernatant after
centrifugation, indicating that it was efficiently inserted into
NLPs (Figure 4, lanes 3 and 4). By contrast, only 37% of bR-L
was inserted into NLPs (Figure 4, lanes S and 6). This result
initially seemed puzzling because the NLP insertion efficiency
of full-length bR was 99% (Figure 4, lanes 1 and 2). We also
tested two additional bR fragments, one containing helices
ABCDE [48% NLP insertion (Figure 4, lanes 7 and 8)] and
another containing helices FG [32% NLP insertion (Figure 4,
lanes 9 and 10)]. The results suggest that bR fragments
containing the N-terminal helices, A and B, are more stable.

Transfer of Protein between NLPs and between
Bicelles. When NLPs containing bR-S(M68C) were mixed
with NLPs containing bR-L(Q75C), cross-linking between the
fragments was not observed, either with or without addition of
Cu”*-phenanthroline (Figure 5, lanes 5 and 6). This indicates
that the proteins could not move from one NLP to another,
and the thiols were not accessible for cross-linking by collision
between NLPs containing bR fragments.

To detect the exchange of protein between bicelles, we used
bR-S and bR-L, which are known to form active bacterio-
rhodopsin after they associate in the presence of all-trans-
retinal.'>'” In one experiment, bR-S and bR-L were mixed prior
to the formation of bicelles. Addition of all-trans-retinal to this
mixture generated a S50 nm chromophore (Figure 6, solid
line), indicating that the two fragments had associated to form
an active structure. In a second experiment, bR-S and bR-L
were separately solubilized in bicelles and subsequently mixed
together. After all-trans-retinal had been added to this mixture
(Figure 6, dashed line), the amount of 550 nm pigment was
87% of the level measured from the two fragments starting in
the same bicelle. This result shows that the separate fragments
move rapidly from one bicelle to another, and this transfer
process has an only weak effect on the process of subunit
association that forms active structures.
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3 4 6
kDa
1071 m—
88 m—
53 m—
36 m—
28 w—
L e -
bR-L (Q75C)/NLP + + - - + +
bR-S (M68C)/NLP - - + + + &
Cu2+-phen. - + - + - +

Figure 5. Proteins cannot transfer between NLPs. During synthesis in
NLPs, bR-L(Q75C) (lanes 1 and 2) formed some cross-links with E.
coli proteins, and bR-S(M68C) (lanes 3 and 4) dimerized. No cross-
linking occurred after the addition of Cu®* (lanes 2 and 4). When bR-
L(Q75C) NLPs were mixed with bR-S(M68C) NLPs, no heteromers
formed either without (lane 5) or with (lane 6) Cu®*.

Absorbance

500

Wavelength (nm)

Figure 6. Membrane proteins spontaneously move between bicelles.
Fragments bR-S and bR-L associated to form the active S50 nm
pigment regardless of whether the fragments were mixed before (—)
or after (———) the formation of DMPC/DHPC bicelles. The
absorbance at 380 nm was due to excess all-trans-retinal.

Bicelles Remove Lipids from NLPs. Because NLPs can be
formed from a mixture of apolipoprotein and bicelles via the
removal of detergent,7 it seemed reasonable that the reverse
process should also occur. The effect of adding bicelles to NLPs
was tested in two ways. First, the particle sizes were measured
by dynamic light scattering (Figure 7). The NLPs had a
number-average radius of 6.5 nm, whereas the bicelles had a
number-average radius of 3.4 nm. When NLPs and bicelles
were mixed, the size distribution shifted to particles with a
number-average radius of 4.3 nm. Previous analysis of NLPs by
atomic force microscopy showed a distribution of discrete sizes,
presumably because of specific apolipoprotein conformations.
For ApoAl and MSP, the smallest NLPs observed by

dx.doi.org/10.1021/bi401391c | Biochemistry 2013, 52, 9405—9412
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30 1 ——e—— Bicelles
——-&-—~ NLPs + bicelles
25 4 — & — NLPs

20 4

15 4

Number per cent

10

Radius (nm)

Figure 7. Dynamic light scattering of bicelles and NLPs. Circles with a
solid line show data of bicelles (g = 1.0) containing 136 mM DMPC.
Squares with a long-dash line show data of NLPs containing 12.6 uM
MSP. Triangles with a short-dash line show data of a mixture of
bicelles (¢ = 1.0; 27.2 mM DMPC) and NLPs (12.6 uM MSP).

Blanchette et al. had average radii of ~6.5 nm, and the next two
larger sizes had radii of 8.5 and 11 nm.? Therefore, if DMPC is
transferred from bicelles to NLPs, the maximal size distribution
change would be expected to occur at radii from 8.5 to 11 nm.
Figure 7 instead shows a broad increase in the numbers of
particles with sizes from S to 8 nm. Clearly, the NLPs are not
growing. Instead, it appears that the bicelles are growing,
presumably by removing DMPC from NLPs.

A second study of the interaction of bicelles and NLPs was
conducted using fluorescence spectroscopy. NLPs were
prepared containing approximately nine LR-PE molecules and
approximately two NBD-PE molecules, along with approx-
imately 220 molecules of DMPC per surface. The emission
spectrum of these NLPs (Figure 8, curve A) shows no emission
from the NBD group, indicating that its fluorescence is
quenched by strong Forster resonance energy transfer (FRET).

Fluorescence

450 950 600 700

Wavelength (nm)

Figure 8. NLP and bicelle lipid mixing. (A) Fluorescent NLPs
containing NBD-PE, LR-PE, and DMPC in an approximately 2:9:220
ratio. (B) Fluorescent NLPs mixed with an ~30-fold excess of
nonfluorescent NLPs. (C) Fluorescent NLPs mixed with DMPC/
DHPC bicelles (g = 1.0; 136 mM DMPC). The excitation wavelength
was 440 nm.
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The same concentration of fluorescent NLPs was mixed with
an approximately 30-fold excess of nonfluorescent NLPs. After
equilibration at 25 °C for 50 min, the fluorescence emission
spectrum was measured (Figure 8, curve B). A small amount of
NBD emission was detected, along with an ~13% decrease in
LR emission. This shows that NLPs are highly resistant to
exchanging lipids. In a third sample, the same concentration of
fluorescent NLPs was mixed with DMPC/DHPC bicelles (g =
1.0; 136 mM DMPC). After equilibration at 25 °C for 60 min,
the fluorescence emission spectrum was measured (Figure 8,
curve C). The spectrum now shows a strong emission band
from NBD and ~33% decreased emission from LR. This
indicates that in the presence of bicelles, the distance between
NBD-PE energy donors and LR-PE energy acceptors increases.
The results do not distinguish between bicelle lipids being
absorbed into larger NLPs and bicelles extracting lipids from
NLPs. However, in view of the light scattering measurements
(Figure 7), it is more likely that DMPC/DHPC bicelles remove
lipids from NLPs.

DMPC/DHPC Bicelles Promote the Association of
NLP-Containing Membrane Proteins. Fragments bR-S-
(M68C) and bR-L(Q75C) in NLPs were mixed in the presence
of DMPC/DHPC bicelles (Figure 9, lanes 3 and 4). When
Cu**-phenanthroline was added (Figure 9, lane 4), a new band
appeared (arrow), at the migration distance corresponding to
intact bacteriorhodopsin (Figure 9, lane 7). Therefore, bicelles
promote the transfer of membrane proteins out of NLPs and
permit oligomers to form. Fewer oligomers were formed in the
absence of Cu’*-phenanthroline (Figure 9, lane 3), or with
DHPC micelles alone (Figure 9, lanes 1 and 2).

Rate of Oligomer Formation Measured Using Cross-
Linking Reaction. The appearance of cross-linked product
(conditions of Figure 9, lane 4) was measured as a function of
time (Figure 9 lanes 8—11). The initial velocities of the reaction
were measured at two different ratios of bR-S(M68C)
concentration to bR-L(Q75C) concentration (Figure 10),
although the accuracy is limited by having only three points
per curve. The amount of cross-linked product leveled off at a
limiting value of ~0.25 uM. This appears to be a low yield of
cross-linked product compared to the measured total
concentrations of bR fragments [0.51 and 0.97 uM bR-
S(M68C) and 0.95 and 1.1 yM bR-L(Q75C), neglecting the
aggregated forms]. However, considering that only 37% of the
total bR-L was inserted into NLPs, the maximal expected yield
would be ~04 uM. Thus, the observed yield is ~60%.
Oxidative side reactions might also play a role in limiting the

yield.
B DISCUSSION

It is not clear how nascent membrane proteins are delivered
from ribosomes into NLPs. There is no mechanism known for
insertion of multispan integral membrane proteins into lipid
bilayers in the absence of chaperones or translocons.*
Although it is likely that the fragments of bR are embedded
in the NLP bilayer, as intact bR was shown to be,'* we do not
have direct evidence of this. We assume there are suitable
chaperones in the E. coli S30 cell extract. It is possible that these
chaperones can deliver newly synthesized membrane proteins
to an NLP where they could be absorbed edgewise into the
bilayer, one helix at a time, possibly through an interaction with
the apolipoprotein belt. If this mechanism is correct, it would
essentially be irreversible because once in the NLP bilayer, the
protein would fold, resulting in a free energy barrier to leaving

dx.doi.org/10.1021/bi401391c | Biochemistry 2013, 52, 9405—9412
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K
e ™

DHPC + + + + -
DMPC - - + + -
Cu2+-phen. = + - + -

1=
g N N N

0 20 40 60
Cross-linking time
(min)

Figure 9. Bicelles promote the oligomerization of NLP-bound proteins. With added bicelles and Cu’*, the mixture of bR-S(M68C) NLPs and bR-
L(Q75C) NLPs (lane 4) formed cross-links (arrow; cf. wild-type bR in lane 7), indicating opening of NLPs and association of fragments. Without
Cu?* (lanes 1, 3, and 5) or without bicelles (lanes 1, 2, 5, and 6), little or no fragment association occurred. Lanes 8—11 show cross-linking kinetics.

0.30 constant, K,. The cross-linking rate, V, is assumed to follow
pseudo-first-order kinetics:>>
= 0.25 - _
=5 . o ——"""e V =k[SL] (1)
= —
S 0.20 - - - d where k, is the pseudo-first-order rate constant for cross-linking
K e and [SL] is the molar concentration of associated bR-S(M68C)
2 o415 y 7 and bR-L(Q75L). We assume that the fragments are in the S +
e L & SL equilibrium. Therefore, association constant K, is
o
2 1] K, = [SL)/([S][L]) )
o
3G 005 4 where [S] and [L] are the molar concentrations of bR-
S(M68C) and bR-L(Q7SL), respectively. Thus, eq 1 can be
0.00 rewritten as
0 1000 2000 3000 4000 V = kK, [S][L] 3)
Time (sec
(sec) Solving eq 3 for the initial velocity, V,, gives
Figure 10. Cross-linking kinetics. The initial velocity of the cross- 2
linking reaction between subunits in associated fragments is related to Vo = K KA[[Si=o]” = [Si=o] (ST - LT)] 4)

both the association constant for oligomer formation and the rate
constant for disulfide formation (eq 4). Total initial protein
concentrations: (A) 0.51 M bR-S(M68C) and 0.35 uM bR-
L(Q75C) and (®) 0.97 uM bR-S(M68C) and 0.41 M bR-L(Q75C).
Lines are exponential growth curves used to estimate initial velocities.

the NLP. Our results show that monomeric integral membrane
proteins in NLPs are restricted from associating into oligomers
(Figure S). We observed large differences in the yields of
insertion of protein into NLPs. The bR fragments with the
highest insertion yields all contained the two N-terminal
helices. A previous study suggested that two or more N-
terminal helices of bacteriorhodopsin are more stable than the
C-terminal helices and may serve as a folding template.’"

The addition of bicelles to NLP-embedded membrane
proteins frees the monomers from the NLPs, permitting the
transfer from one bicelle to another and the formation of
oligomers (Figure 9). The mechanism for this appears to
involve bicelles removing material from NLPs (Figures 7 and
8). A previous report suggested that planar bilayers can remove
lipids and proteins from NLPs."> However, the transfer was
detected by single-channel conductance, which could have
originated from a small subpopulation of non-NLP proteins.

We measured the association of two fragments of bR that are
known to spontaneously assemble,'® using cross-linking
between engineered cysteines. The rate of the cross-linking
reaction contains information about the subunit association

9410

where [S,_,] is the initial concentration of bR-S(M68C) and Sy
and Ly are the total molar concentrations of bR-S(M68C) and
bR-L(Q7SC) in all their forms, respectively, excluding the
aggregated forms (see the Supporting Information for the
derivation of eq 4).

We substituted measured values into eq 4 for two different
St/Ly ratios. With an Ly of 0.35 uM and an Sy of 0.51 uM,
[Sio] = 0.27 uM and V, = 0.18 nM/s. With an L of 0.41 uM
and an Sy of 0.97 uM, [S,.y] = 0.63 uM and V, = 0.25 nM/s.
Using a K, of 7.7 X 10° M™* 16 and solving for k, gives a value
of 0.0007 s™" for both S;/Ly ratios. This is in the range of k,
previously determined by Careaga and Falke®® for the
formation of a disulfide between cysteine sulfur atoms
separated by ~8 A. From models, we found that the distance
between the Sy atoms of C68 and C7S could vary from 4.4 to
8.8 A by rotation of the C-terminal sequence around the Ca—
NH bond of C68 or rotation of the N-terminal sequence
around the Ca—CO bond of C75. Thus, the methods reported
here could be used, along with an independently measured
cross-linking rate constant, to measure oligomer association
constants (see eq S9 of the Supporting Information). In cases
in which cross-linking is not feasible, oligomer formation after
mixing membrane protein monomers in NLPs with bicelles
could be monitored by FRET®' or other spectroscopic probes.
Spectroscopic monitoring would also permit measurement of
the rates of assembly of integral membrane protein oligomers.
A particularly well-developed research area to which this new

dx.doi.org/10.1021/bi401391c | Biochemistry 2013, 52, 9405—9412
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method might be usefully applied is the homo- and hetero-
oligomerization of G protein-coupled receptors.®>**

Bl CONCLUSION

Integral membrane protein monomers expressed in NLPs do
not interact. However, controlled oligomerization can be
achieved by adding DMPC/DHPC bicelles. This may be a
useful method for investigating assembly rates and equilibria of
oligomeric membrane proteins in a bilayer environment.
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Calibration curve for quantification of Western blots (Figure
S1) and derivation of eq 4. This material is available free of
charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

NLPs, nanolipoprotein particles; bR, bacteriorhodopsin; bR-S,
bR amino acids 1—71 and the N-terminal methionine; bR-L, bR
amino acids 1—8 and 72—248 with the N-terminal methionine;
DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DHPC,
1,2-dihexanoyl-sn-glycero-3-phosphocholine; NBD-PE, 1,2-di-
myristoyl-sn-glycerol-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl); LR-PE, 1,2-dimyristoyl-sn-glycerol-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl); FRET,
Forster resonance energy transfer.
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