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Membrane proteins play vital roles in every aspect of cellular
activities. To study diverse membrane proteins, it is crucial to select
the right surfactants to stabilize them for analysis. Despite much
effort, little progress has been made in elucidating their structure
and function, largely because of a lack of suitable surfactants. Here
we report the stabilization of a G protein-coupled receptor bovine
rhodopsin in solution, using a new class of designer short and
simple peptide surfactants. These surfactants consist of seven
amino acids with a hydrophilic head, aspartic acid or lysine, and a
hydrophobic tail with six consecutive alanines. These peptide
surfactants not only enhance the stability of bovine rhodopsin in
the presence of lipids and the common surfactants n-dodecyl-g-p-
maltoside and octyl-p-glucoside, but they also significantly stabi-
lize rhodopsin under thermal denaturation conditions, even after
lipids are removed. These peptide surfactants are simple, versatile,
effective, and affordable. They represent a designer molecular
nanomaterial for use in studies of diverse elusive membrane
proteins.

lipid-like peptides | membrane proteins | self-assembly

M embrane proteins are involved in all aspects of vital
cellular activities including energy conversion, photosyn-
thetic electron transport, cell signaling, cell-cell interactions, cell
adhesion, cell migration and movement, cytoskeletal organiza-
tion, protein trafficking, viral fusion, information propagation,
cellular secretory and neural synaptic activities, ion and metab-
olite transport, and respiratory transport. An approximate one-
third of the genes in the human genome code for membrane
proteins. Of that number, only a single human membrane protein
structure (that of monoamine oxidase B) has been determined
by x-ray diffraction at 3-A resolution (1). To a lesser resolution
(3.8 A), the structure of human aquaporin 1 was determined by
electron crystallographic diffraction (2). Thus, membrane pro-
tein structures largely remain elusive, primarily because of a lack
of the right surfactants.

G protein-coupled receptors (GPCRs) comprise a large class
of membrane proteins and play a crucial role in the signaling
cascade (3, 4). Although they are vitally important in the
pharmaceutical and biotechnology industries, medical science,
and nanobiotechnology (3, 4), only a single bovine rhodopsin
structure is known (5-8). To study the structure and function of
diverse membrane proteins, including GPCRs, it is crucial to
discover, search, design, synthesize, and select the right surfac-
tants to stabilize membrane proteins.

It is estimated through extensive bioinformatics studies that
approximately one-third of the total number of genes in se-
quenced organisms’ genomes code for membrane proteins (9—
13). Despite the importance of membrane proteins, dynamic
studies of them and methods for their high-resolution structural
analysis are rather limited. Although >35,000 soluble protein
structures have been elucidated (Protein Data Bank, www.rcsb.
org/pdb), only 215 membrane proteins, including 113 unique
structures, have been determined as of July 2006 (http://blanco.
biomol.uci.edu/membrane_proteins_xtal.html). Thus, mem-

www.pnas.org/cgi/doi/10.1073/pnas.0607167103

brane proteins pose a grand challenge that requires new tools,
materials, and methods for systematic structural and other
studies. Although numerous surfactants are available and have
been used for many years in membrane protein studies, none
have been completely satisfactory for use in stabilizing diverse
membrane proteins, which quickly denature or aggregate in
solution. New types of surfactants that can preserve membrane
protein stability, structure, and function are prerequisites in
tackling the problem and are urgently needed.

Previously, limited numbers of membrane proteins were sol-
ubilized, stabilized, and crystallized by using a variety of surfac-
tants (12, 14-17). Most surfactants that have been successfully
used contain a hydrophilic head and a hydrophobic tail that
consists of 6—12 carbon atoms (12, 18-20). Surfactants with short
hydrophobic tails prove to be the most useful for crystallization
(21). In addition, several o-helical peptide surfactants and
composite a-helix peptides with lipid tails have been reported to
stabilize membrane proteins (22-24). However, these a-helical
peptides are >30 residues long and expensive to obtain; they also
require proper folding before they attain the properties of a
surfactant.

We previously reported the design of a class of self-assembling
amphiphilic peptide surfactants that include G4D,, G¢D2, GsD»,
AsD, AgK, V6D, VeK, and L¢D> (25-27). These surfactants
comprise ~6—10 amino acid residues, are ~2-3 nm in length, and
have properties similar to those of common surfactants, such as
n-dodecyl-B-D-maltoside (DM) and octyl-D-glucoside (OG).
These peptides have one or two hydrophilic amino acids at one
end, with either a negatively charged aspartic acid or a positively
charged lysine followed by several consecutive hydrophobic
amino acids such as glycine, alanine, valine, and leucine (Fig. 1).
When the N terminus is acetylated, the surfactants AgD and V4D
have two negative charges, one from the C terminus and the
other from the aspartic acid side chain. On the other hand, AcK
has one negative charge from the C terminus and a positive
charge from the lysine side chain. When dissolved in water or
ionic solutions, these peptide surfactants undergo self-assembly
to form micelles, nanovesicles, or nanotubes (25-27).

Similar to common surfactants, these peptide surfactants have
defined critical aggregation concentrations (CACs) in the sub-
millimolar to millimolar range, depending on the hydrophobicity
of the tails and the ionic concentration. For example, in water,
AgD has a CAC of ~1.6 mM, and AgK has a CAC of ~1.5 mM;
however, in phosphate-based saline (PBS) (10 mM sodium
phosphate/150 mM NaCl, pH 7.4), A¢D has a CAC of ~0.25
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A Ac-AAAAAAD-COOH

B Ac-AAAAAAK-CONH,

Fig. 1. Molecular models of peptide surfactants. (A) AgD. (B) AgK. Aspartic
acid (D) bears negative charges, and lysine (K) bears a positive charge. Alanine
(A) constitutes the hydrophobic tails with increasing hydrophobicity. Color
code is as follows: cyan, carbon; red, oxygen; blue, nitrogen; white, hydrogen.
Each peptide is 2.5 nm in length, similar to biological phospholipids.

mM, and AgK has a CAC of ~0.23 mM. This difference is due
to the charge screening effect in accordance with the Derjaguin—
Landau—Verwey-Overbeek (DLVO) theory, which postulates
that a critical coagulation concentration of counterions is re-
quired to allow assembly and that this concentration will be
inversely proportional to the valence of the counterion raised to
the sixth power (28). The peptide surfactant supramolecular
structure is similar to that of phospholipids; namely, the forma-
tion of a polar interface sequesters the hydrophobic tails from
water.

We asked whether the peptide surfactants are capable of
stabilizing a well characterized membrane protein, such as
GPCR bovine rhodopsin. Rhodopsin consists of seven trans-
membrane helices that form a binding pocket for the chro-
mophore, 11-cis-retinal (29, 30). In a dark state, rhodopsin has
an absorbance maximum of 500 nm. On absorption of a photon,
the retinal isomerizes from 11-cis to all-trans and, concomitantly,
rhodopsin undergoes conformational changes that result in an
activated state, Meta II, which has a maximum visible absor-
bance of 380 nm (31-34). Rhodopsin can be thermally dena-
tured, which leads to the loss of the 500-nm absorbing chro-
mophore (4so0). Here we report that the peptide surfactants
stabilize GPCR bovine rhodopsin more effectively than the
other common surfactants that have been tested so far. We also
show that the designed peptide surfactants stabilize other mem-
brane proteins, i.e., the photosystem I complex. Our studies
suggest that short peptide surfactants may be promising material
for further studies of membrane proteins.

Results

Peptide Surfactant A¢D Enhances the Thermal Stability of GPCR Bovine
Rhodopsin. We examined the thermal stability of bovine rhodop-
sin in the presence of several surfactants. First, we extracted the
rhodopsin from bovine retinae rod outer segments by using 2%
OG (CAC of =25 mM) and obtained rhodopsin in phospholip-
id/OG mixed micelles. We then measured the thermal stability
of rhodopsin in different surfactants and PBS solutions by
following the absorbance decrease in Asyy as a function of
incubation time. We found that rhodopsin in a rhodopsin/
phospholipid/OG complex displayed a thermal half-life of ~71
min (Figs. 2 and 3 4 and B). When 2.5 mM A¢D (=10x CAC
in PBS) was added to rhodopsin/phospholipid/OG mixed mi-
celles, the half-life of rhodopsin increased to ~173 min, repre-
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Fig.2. UV-visible absorption spectra of GPCR bovine rhodopsin (Rho) in PBS
containing 1% OG (A), 0.9% PEG/1% OG (B), 2.5 mM AgD/1% OG (C), or 2.8
mM RAD8/1% OG (D). Spectra were recorded every 5 min, up to 120 min, at
40°C. L, lipid.

senting a 2.5-fold increase in stability compared with the stability
in OG alone (Figs. 2 and 3 4 and B). To rule out nonspecific
chromophore stabilization, we used another octapeptide, RADS
(Ac-n-RADARADA-c-NH), which is similar in size to AsD
without significant surfactant properties. Rhodopsin in phos-
pholipid/OG/RADS8 mix displayed a half-life of ~99 min (Figs.
2 and 34).

It is known that proteins are usually more stable at higher
concentrations. To rule out the concentration effect of AgD
nonspecifically increasing rhodopsin stability, we added 0.9%
PEG 1000 to the rhodopsin/lipid/OG complex. We observed
that rhodopsin had a half-life of ~90.0 min after a 2-h incuba-
tion; no significant increase in thermal stability was observed
(Figs. 2 and 34). These results suggest that enhanced stability is
not due to higher concentrations of substance; rather, it is
plausible that A¢D formed mixed micelles with OG and phos-
pholipid and effectively enhanced rhodopsin stability against
thermal denaturation.

To evaluate the effectiveness of peptide surfactant AgD in
stabilizing rhodopsin’s structural integrity in the rhodopsin/
phospholipid/OG/A¢D complex, we carried out experiments by
using various peptide surfactant A¢D concentrations. We pre-
pared rhodopsin/lipid/OG complex containing different con-
centrations of A¢D, at 1.25 mM (=5X CAC), 2.5 mM (=~10X
CAC), and 3.75 mM (=15X CAC), and then measured the loss
of absorbance at 500 nm as a function of incubation time (Fig.
3B). We found that the stability half-life of rhodopsin increased
from ~71 min, without AgD, to ~101, ~173, and ~277 min,
respectively, as a function of A¢D concentration increase. The
nearly 4-fold increase in stability of rhodopsin was observed with
the highest AgD concentration (3.75 mM) (Fig. 3B). These
observations suggest that peptide surfactant AgD effectively
stabilized GPCR bovine rhodopsin.

To determine whether the effect of AgD on stabilizing rho-
dopsin is specifically associated with OG, we combined AgD with
DM (CAC of ~0.15 mM) and measured rhodopsin half-life in
rhodopsin/lipid/DM preparations. DM is one of the most
common surfactants for solubilizing and stabilizing membrane
proteins, and it has been shown to stabilize rhodopsin in the
absence of lipids at room temperature in ~2 days at 40°C. We
first prepared samples containing different concentrations of
DM to determine DM saturation concentration so that we could
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Fig.3. Stability kinetics of rhodopsin (Rho) in different surfactants. Thermal stability of rnodopsin was measured as a rate of the decay at Asgo. The Asgg spectra
at different time points are expressed as percentage of absorbance at the initial state of the experiment. (A) The half-life of rhodopsin in different surfactants
(as described in the Fig. 2 legend) was as follows: 71 min in 1% OG, 90 min in 0.9% PEG/1% OG, 173 minin 2.5 mM A¢D/1% OG, and 99 min in 2.8 mM RAD8/1%
OG. (B) Stability of rhodopsin as a function of the concentration of the peptide surfactant AgD at 40°C. Half-life of rhodopsin was as follows: 277 min in 3.75 mM
AsD/1% OG, 173 minin 2.5 mM AgD/1% OG, 101 minin 1.25mM AgD/1% OG, and 71 min in 1% OG (PBS). (C) Stability of rhodopsin in DM with or without AgD
at 50°C. Half-life of rhodopsin was as follows: not available in 2.5 mM A¢D/9.8 MM DM, 96 minin 19.6 mM DM, 96 min in 12.3 mM DM, and 102 min in 9.8 mM DM.

use peptide surfactant AgD to test whether the addition of AsD
further enhances rhodopsin stability. We prepared samples
containing different DM concentrations. We found that the
half-life of rhodopsin in rhodopsin/phospholipid/9.8 mM DM
(65X CAC), rhodopsin/phospholipid/13.3 mM DM (89X
CAC), or rhodopsin/phospholipid/19.6 mM DM (130X CAC)
was ~102, ~93, and ~93 min, respectively (Fig. 3C).

The results showed that increasing DM concentration alone is
insufficient to enhance bovine rhodopsin thermal stability. At a
defined DM saturation concentration, we then added AgD to
rhodopsin prepared in the DM concentration given above and
monitored its thermal stability. Our results showed that, when
the rhodopsin/phospholipid/DM sample was supplemented
with an additional 2.5 mM A¢D (10X CAC), the rhodopsin
became extremely stable with little decay, even at 50°C (Fig. 3C).
These results demonstrate that A¢D significantly enhances rho-
dopsin stability against thermal denaturation when A¢D and DM
are combined to elevate surfactant effectiveness in protecting
rhodopsin stability, possibly in a synergistic way.

Peptide Surfactant AgD Stabilized Rhodopsin in the Absence of 0G.
We then asked whether the peptide surfactant AcD alone,
without OG or DM, could stabilize rhodopsin. We removed OG
from the rhodopsin/lipid/OG mixture through extensive dialysis
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against buffers containing insignificant OG (defined as no OG)
and then monitored rhodopsin thermal stability at 40°C, 50°C,
and 55°C. Surprisingly, the rhodopsin/lipid/A¢D complex with-
out OG was very stable at all tested temperatures with little
denaturation. In contrast, rhodopsin in control samples contain-
ing only OG, without A¢D, had a half-life of ~101 min at 40°C
and <5 min at 50°C (Fig. 44). These results suggest not only that
AgD alone is sufficient to stabilize rhodopsin but also that
peptide surfactant AgD can be used for protecting rhodopsin in
solution without the common surfactants OG and DM. This
observation opens the way to test the ability of AgD to stabilize
and crystallize membrane proteins.

Peptide Surfactant A¢D Stabilized Rhodopsin in the Absence of Lipid
and 0G. To determine whether A¢D can substitute for phospho-
lipids, we carried out experiments to test rhodopsin stability as
a function of A¢D concentration. We prepared four delipidated
rhodopsin samples in (i) OG, (ii) 0.9% PEG in OG, (iii) 1.87 mM
AeD in OG, and (iv) 3.75 mM A¢D in OG. We then measured
the thermal stability of these samples at 40°C. The delipidated
rhodopsin in the OG/PEG mixture without AgD had the shortest
half-life, ~27 min. The stability of rhodopsin in A¢D was
increased as a function of the increasing concentration of AsD
(Fig. 4B). Rhodopsin samples containing A¢D at 1.87 mM (=7X
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Fig.4. Kinetics of bovine rhodopsin under different conditions. (A) Stability of rhodopsin in the absence of OG at different temperatures. Half-life of rhodopsin

was as follows: not available in 2.5 mM AgD at 40°C, 50°C, and 55°C; 101 min in control solution (1.25 mM A¢D/1% OG) at 40°C; <5 min in control solution at
50°C. (B) Decay of Asq in delipidated rhodopsin in the absence of OG. Half-life of rhodopsin was as follows: 122 min in 1.25 mM AgD, 47 min in PBS, and 27 min
in 1% OG (control). (C) Stability of delipidated rhodopsin at 40°C. Half-life of rhodopsin was as follows: 128 min in 3.75 mM AgD/1% OG, 76 min in 1.87 mM
AeD/1% OG, 39 min in 0.9% PEG/1% OG, and 23 min in 1% OG.
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CAC) or 3.75 mM (=~15X CAC) displayed a half-life of ~76 and
~128 min, respectively. This result represents a 2.8- to 4.7-fold
increase in stability compared with the stability in OG alone
(Fig. 4B). These results suggest that AgD stabilizes rhodopsin
effectively, even after lipid removal.

We then asked whether removing residue phospholipids from
the preparation, namely, AsD alone without endogenous residue
phospholipids, could stabilize delipidated rhodopsin. We carried
out experiments to purify delipidated rhodopsin, using anti-
rhodopsin-1D4 Ab immunoaffinity chromatography to remove
the endogenous phospholipids from the rhodopsin preparation
by extensive washing with the peptide surfactant AgD and
replacing the phospholipids with AgD. This method has been
successfully used to remove phospholipids from rhodopsin pu-
rified from bovine retinae rod outer segments. After affinity
purification to obtain delipidated rhodopsin, we tested rhodop-
sin stability in the absence of both OG and phospholipids. We
found that delipidated rhodopsin in the absence of both phos-
pholipids and OG had a short half-life of ~47 min at 40°C.
Furthermore, adding OG to the delipidated rhodopsin did not
have a significant stabilization effect. On the other hand, de-
lipidated rhodopsin stabilized by A¢D alone had a half-life of
~122 min at 40°C, a 2.6-fold increase in stability (Fig. 4C).

Discussion

Surfactants play a vital role in our understanding of the structure
and function of membrane proteins. Numerous attempts have
been made to discover, synthesize, and select a variety of
surfactants to facilitate the study of membrane proteins, but little
progress has been made so far. It is widely known that obtaining
stable membrane proteins for high-resolution structures requires
the right surfactants. The designer short peptide surfactants
reported here belong to a class of the simplest surfactants, which
are easily adapted for molecular engineering for individual
membrane proteins.

We have found that this class of designed peptide surfactants
can stabilize not only the function of GPCR bovine rhodopsin in
solution but also multiple subunits of the photosystem I (PSI)
protein complex (35) on a dry surface (36, 37). These peptide
surfactants represent a promising approach to membrane pro-
tein crystallization. V¢D was used to solubilize the integral
membrane protein glycerol 3-phosphate dehydrogenase in solu-
tion, when assayed through protein gel electrophoresis, retaining
its functional enzymatic activities (38).

This class of short peptide surfactants, including AsD, VD,
AgK, and others, can be very useful. We show here that AsD not
only can synergistically interact with the common surfactants
OG and DM and lipids to enhance rhodopsin stability, but it also
can effectively protect rhodopsin function against thermal de-
naturation in the absence of both lipid and common surfactants.
This observation suggests that peptide surfactants interact with
membrane proteins to stabilize them. Indeed, our previous
results showed that peptide surfactants undergo self-assembly to
form micelles, nanovesicles, and nanotubes (25-27).

These short peptide surfactants may have several advantages
in studying diverse membrane proteins. (i) Their biochemical
properties resemble common surfactants with similar CACs and
seem not to denature membrane proteins and membrane protein
complexes, as shown by our studies and those of other research-
ers. (if) They are chemically and structurally simple and can be
adapted quickly for a wide variety of uses. (iif) They are short
with high purity, soluble in water, and stable for long periods at
ambient temperature. (iv) They are affordable worldwide be-
cause peptide manufacturing is a mature industry, and the price
is decreasing steadily. (v) They can readily be used with other
common surfactants in a combinatorial manner.

17710 | www.pnas.org/cgi/doi/10.1073/pnas.0607167103
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Fig. 5. A proposed model of rhodopsin stabilization using peptide surfac-
tants. GPCR bovine rhodopsin was extracted with OG from the membrane.
After surfactant exchanges, the hydrophobic alanine tail of AgD forms the
rhodopsin-surfactant complexonly onthe belt area. Small peptide surfactants
surround rhodopsin and act to protect it from thermal denaturation, similar
to the action of chaperones. This action may be similar to that of lipids and
other surfactants. The proposed dimeric GPCR bovine rhodopsin is embedded
inthe cellularmembrane. The lipids (shown with pink heads) of the membrane
form bilayers. The surfactants (shown with gray heads) are OG, which is used
fortheinitial purification, and peptide surfactant AgD (shown with red heads).
All tails are shown in yellow. The lipids have two tails, and both OG and A¢D
have a single tail.

Short Peptide Surfactants Stabilize Other Membrane Proteins. We
used green plant PSI (35) to demonstrate that these designer short
peptide surfactants can stabilize membrane proteins (36, 37). PSI
is a chlorophyll-containing membrane protein complex that is the
primary reducer of ferredoxin and the electron acceptor of plas-
tocyanin. We isolated the complex from the thylakoids of chloro-
plasts by using a common surfactant, Triton X-100. The chlorophyll
molecules associated with the PSI complex provide an intrinsic
steady-state emission spectrum between 650 and 800 nm at 77 K
that reflects the organization of the pigment—protein interactions.
In the absence of surfactants, a large blue shift of the fluorescence
maxima from ~735 nm to ~685 nm indicates a disruption in light
harvesting subunit organization, thus disrupting chlorophyll-
protein interactions. The commonly used membrane protein-
stabilizing surfactants, DM and OG, did not stabilize the ~735-nm
complex with the ~685-nm spectroscopic shift. However, before
drying the sample, addition of the peptide surfactant Ac-
AAAAAAK (A¢K) at an increasing concentration significantly
stabilized the PSI complex (36). Moreover, in the presence of the
AcK peptide surfactant, the PSI complex is stable in a dried form
at room temperature for at least 3 weeks (36, 37). Another peptide
surfactant, Ac-VVVVVVD (VeD), also stabilized the complex, but
to a lesser extent. These observations suggest that peptide surfac-
tants may stabilize membrane protein complexes on a dry surface.

Proposed Model of How Peptide Surfactants Interact with Membrane
Proteins. We now wish to introduce a plausible model to explain
how simple peptide surfactants interact with membrane proteins,
particularly rhodopsin or other GPCRs (Fig. 5). In this model, the
peptide surfactants form micelles and other nanostructures in the
absence of proteins. When membrane proteins, e.g., thodopsin, are
present, these small peptide surfactants surround rhodopsin and act
to protect it from thermal denaturation, similar to the action of
chaperones, lipids, and other surfactants.

Perspective on Designer Lipid-Like Peptides for Membrane Protein
Studies. The field of designer short and simple peptide surfactants
is in its infancy. However, several observations described here
indicate that this class of surfactants will be very useful. We have
designed a small number of variations from 20 natural L-amino
acids, not all in mirror image, of 20 D-amino acids, as well as an
increasing number of unnatural amino acids. All of these amino
acids can be incorporated into the class of short peptide surfactants.
A combinatorial approach can be readily applied to produce
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peptides with a wide range of properties for membrane protein
study. So far, we have only focused on peptide surfactants contain-
ing homogenous hydrophobic tails. One possibility for the special-
ization of molecules is the exploration of mixtures of short and long
tails; heterogeneous tails; tails with many hydrophobic residues
including valine, leucine, methanine, isoleucine, proline, phenylal-
anine, tyrosine, tryptophan; and different head groups including
sugars and other polar molecules. Peptides that further enhance
stabilization and crystallization of membrane proteins might then
be identified. Another possibility is the exploration of mixing
several different surfactants together as cocktails. Naturally, pro-
teins can select the most appropriate peptide components from
such a mixture for use in stabilization and crystallization to uncover
their structure and function.

Methods

GPCR Bovine Rhodopsin Source. Frozen bovine retinae were ob-
tained from J.A. Lawson (Lincoln, NE). Cell culture media and
supplements were from Irvine Scientific (Santa Ana, CA) and
Sigma (St. Louis, MO).

Chemicals, Surfactants, and Peptide Surfactants. DM was purchased
from Anatrace (Maumee, OH). OG was purchased from Roche
Molecular Biochemicals (Mannheim, Germany). CNBr-activated
Sepharose was purchased from Amersham Pharmacia (Little Chal-
font, U.K.). All designed peptide surfactants were custom synthe-
sized and characterized by the Biopolymers Laboratory at the
Massachusetts Institute of Technology and Synpep (Dublin, CA).

Purification Materials. Peptides corresponding to the C terminus
(T340-Asss) of rhodopsin were synthesized by the Biopolymers
Laboratory at the Massachusetts Institute of Technology and
purified by HPLC. Rhodopsin nonapeptide Ts40—Az4s wWas used
to elute rhodopsin from rhodopsin-1D4 Sepharose beads at a
concentration of 100 uM throughout.

mAbs Coupled to Sepharose Beads. Anti-rhodopsin mAb rhodop-
sin-1D4 (39) was prepared by the National Cell Culture Center
(Minneapolis, MN). The mAb rhodopsin-1D4 was coupled to
CNBr-activated Sepharose beads as described (40, 41), except
that 10 mg of the purified mAb proteins was bound per 1 ml of
rehydrated beads. The resulting mAb rhodopsin-1D4 Sepharose
beads had a capacity to bind ~1 mg of rhodopsin per milliliter
of settled beads.

Solubilization of Rhodopsin in Different Surfactants. Bovine retinae
rod outer segment membranes were prepared (40, 41) and
urea-stripped (42). Samples of the membranes containing 1.4
nmol of rhodopsin were solubilized in 0.5 ml of PBS containing
0.5 mM phenylmethylsulfonyl fluoride with 1% DM or 2%
(vol/vol) OG. The suspensions were centrifuged (100,000 X g for
15 min), and the supernatants were kept in the dark at 4°C.

Thermal Stability Study of Rhodopsin in Peptide Solution in the
Presence of the Surfactant. Rhodopsin solubilized (32-34) in PBS
containing 2% (vol/vol) OG was added to the same volume of
PBS containing 0, 2.5, 5.0, or 7.5 mM A¢D, 1.8% PEG, or 5.4 mM
RADS. In another experiment, rhodopsin solubilized in PBS
containing 1% (19.8 mM) DM was added to the same volume of
PBS containing 5.0 mM AgD or 0, 5.0, or 19.8 mM DM. A
decrease in Asyy was recorded every 5 min up to 120 min at 40°C

1. Binda C, Newton-Vinson P, Hubalek F, Edmondson DE, Mattevi A (2002) Nat
Struct Biol 9:922-926.

2. Murata K, Mitsuoka K, Hirai T, Walz T, Agre P, Heymann JB, Engel A,
Fujiyoshi Y (2000) Nature 407:599-605.

3. Watson S, Arkinstall S (1994) The G-Protein Linked Receptor Facts Book
(Academic, London).

Zhao et al.

for the samples containing OG and at 40-55°C for those
containing DM (Figs. 2 and 3). UV-visible absorption spectros-
copy was performed with a Lambda 6 spectrophotometer
(Perkin-Elmer, Wellesley, MA) equipped with a temperature-
regulated cuvette holder with a slit width of 2 nm, 480 nm/min
scan speed, and a response time of 1 second. The Asgp remaining
at different time points was expressed as the percentage of
absorbance present at the start of the experiment. The half-life
of rhodopsin in each solution was calculated by using a single
exponential curve fit. The plot obtained from the percentage of
absorbance at different time points was fitted to a single
exponential curve with two parameters (Eq. 1).

y =aexp(—bx) [1]

The plot obtained from the A5 values at different time points
was directly fitted to a single exponential curve with three
parameters (Eq. 2) when the plot from the percentage of
absorbance could not be fitted to Eq. 1.

y =0 + aexp(—bx) [2]
The half-life (#;2) was calculated by using Eq. 3.
tip=1n(2)/b [31]

Thermal Stability Study of Rhodopsin in Peptide Solution in the
Absence of 0G. Rhodopsin solubilized in PBS containing 2%
(vol/vol) OG was added to the same volume of PBS containing
2.5 mM AgD. Then, 0.5 ml of the mixture was poured into the
tube. The tube was covered with 10 kDa of cutoff membrane and
dialyzed against 4.5 ml of PBS containing 1.25 mM A¢D for 40 h
in the dark at 4°C. A resultant sample decrease in Asgy was
recorded every 5 min for 120 min at 40°C. A decrease in Asg of
the predialysis mixture containing 1% OG and 1.25 mM AsD was
also monitored as a control (Fig. 44).

Removal of Phospholipids from Rhodopsin. Samples of the mem-
branes containing 4.7 nmol of rhodopsin were solubilized in 1,000
wul of PBS containing 2% (vol/vol) OG. The suspension was mixed
with 250 ul (settled beads, concentration of 50%) of rhodopsin-1D4
Sepharose and rotated for 3 h. The 1D4 Sepharose beads were then
packed into a minicolumn (7-mm inner diameter) and washed with
PBS containing 1% OG by using 500 bed volumes (total of 62.5 ml).
The rhodopsin was then eluted with 1.5 ml of PBS containing 1%
OG and the C-terminal nanopeptide.

Thermal Stability Study of Rhodopsin in Peptide Solution in the
Absence of Phospholipids. The delipidated rhodopsin solution was
added to the same volume of 1% OG in PBS containing 0, 3.75,
or 7.5 mM A¢D, or 1.8% PEG (Fig. 4B). In another experiment,
the delipidated rhodopsin solutions were poured into tubes.
Each tube was covered with 10 kDa of cutoff membrane and
dialyzed against 4.5 ml of PBS or PBS containing 1.25 mM AsD
or 1% OG (Fig. 4C). For all samples, a decrease in Asp) was
recorded every 5 min, up to 120 min at 40°C.
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