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Two major bottlenecks in elucidating the structure and function of
membrane proteins are the difficulty of producing large quantities
of functional receptors, and stabilizing them for a sufficient period
of time. Selecting the right surfactant is thus crucial. Here we report
using peptide surfactants in commercial Escherichia coli cell-free
systems to rapidly produce milligram quantities of soluble G pro-
tein-coupled receptors (GPCRs). These include the human formyl
peptide receptor, human trace amine-associated receptor, and
two olfactory receptors. The GPCRs expressed in the presence of
the peptide surfactants were soluble and had a-helical secondary
structures, suggesting that they were properly folded. Microscale
thermophoresis measurements showed that one olfactory receptor
expressed using peptide surfactants bound its known ligand
heptanal (molecular weight 114.18). These short and simple pep-
tide surfactants may be able to facilitate the rapid production of
GPCRs, or even other membrane proteins, for structure and func-
tion studies.

in vitro translation | label-free

M embrane proteins play vital roles in all living systems. Ap-
proximately 30% of genes in almost all sequenced genomes
code for membrane proteins (1-3). However, our detailed under-
standing of membrane protein structure and function lags far
behind that of soluble proteins. Indeed, as of April 2011, there
are over 72,000 structures in the Protein Data Bank. Of these,
only 280 are unique membrane proteins, and only six are unique
G protein-coupled receptors (GPCRs). This surprising disparity
is due to bottlenecks at nearly every stage of experimentation,
from large-scale membrane protein production to X-ray crystal
diffraction.

Recent advances have overcome several bottlenecks in study-
ing membrane proteins. Commercial development of nanoliter
drop-setting robots and a wide variety of kits have made crystal
screening less laborious. The development of worldwide accessi-
ble synchrotron facilities, and microfocus beamlines capable of
collecting data from crystals <10-60 pm, have overcome the
bottlenecks in data collection. Likewise, rapid advancements in
computing power and an increase in open access software devel-
opment have made the determination of structures a much less
daunting task. However, inexpensive large-scale production of
soluble and nonaggregated membrane proteins still remains a
formidable challenge. Likewise, systematic surfactant screens still
remain one of the most time-consuming and expensive experi-
mental tasks. To overcome these bottlenecks, the discovery or
invention of simple and broadly useful surfactants is crucial.

Several cell-based membrane protein production systems
have been developed, but they are costly and require months
to generate sufficient quantities of protein. Commercial cell-free
systems are alternative methods of producing membrane pro-
teins. However, to produce nonaggregated membrane proteins,
optimal selection of surfactants is critical: The newly produced
membrane proteins must not only fold correctly, they must also
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remain soluble and biologically functional. Until now, finding an
appropriate surfactant for specific membrane proteins has been
laborious, because even highly related proteins may react differ-
ently to the same detergent. It would be advantageous if a class of
simple surfactants could be used for stabilizing diverse membrane
proteins.

We previously reported the invention of a class of short peptide
surfactants (4-8). We also reported that these peptides effectively
stabilized the transmembrane protein glycerol-3-phosphate
dehydrogenase (9), the photosystem-I protein complex (10, 11),
and the G protein-coupled receptor bovine rhodopsin (12). We
recently asked if these peptides could also be used in cell-free
production of membrane proteins, particularly bioengineered
olfactory receptors (13), trace amine-associated receptors (14),
and formyl peptide receptors (15-17).

Here we report using commercially available Escherichia coli
cell-free kits with our peptide surfactants (Fig. 1) to rapidly pro-
duce four GPCRs in milligram quantities. The surfactant prop-
erty of the peptides was necessary to yield soluble GPCRs. They
not only solubilized and stabilized the GPCRs, they also facili-
tated the proper folding of these receptors. Moreover, the cell-
free produced olfactory receptor mOR103-15 was able to bind its
odorant ligand heptanal [molecular weight (MW) 114.18], sug-
gesting that the receptor is biologically functional. Our results
indicate that these short and simple peptide surfactants may be
a general class of surfactants that can facilitate the production of a
wider range of GPCRs, and perhaps other membrane proteins.

Results

We previously achieved expression of olfactory receptors hOR17-
4, mOR23, and mS51, using the Roche wheat germ cell-free
protein production technology (18). However, the Roche system
is expensive and requires a special apparatus to use, making it
unaffordable for most laboratories. To attract more people to
study membrane proteins, a rapid, affordable, and commercially
available production method is needed. In this study, we were
able to produce milligram quantities of four GPCRs using com-
mercial E. coli cell-free systems. The receptors include the olfac-
tory receptors (ORs) hOR17-210 and mOR103-15, the human
formyl peptide receptor 3 (hFPR3) (15-17), and the human trace
amine-associate receptor 5 (hTAARS) (14).

Author contributions: X.W., K.C., D.B., and S.Z. designed research; X.W., K.C., P.B., C.J.W.,
M.J.-W., and S.D. performed research; X.W., K.C., P.B., C.J.W., M.J.-W., and S.D. contributed
new reagents/analytic tools; X.W., K.C., P.B., C.J.W., M.J.-W,, S.D., D.B., and S.Z. analyzed
data; and X.W., K.C., P.B., D.B., and S.Z. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

'X.W. and K.C. contributed equally to this work.

2To whom correspondence should be addressed. E-mail: shuguang@mit.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1018185108/-/DCSupplemental.

PNAS | May 31, 2011 | vol. 108 | no. 22 | 9049-9054

>
[
=
]
=
]
=
[v]
=]
o




A Ac-AAAAAAD-COOH B Ac-AAAAAAK-CONH2

C DAAAAAA-CONH2 D xaaaaAA-CONH2

E Ac-vvvbp-coon F Ac-vvvk-coNH2

(G Ac-IIID-COOH H ac-111K-CONH2

| Ac-LLLD-COOH J Ac-LLLK-CONH2

M ITITITITIT-COOH

Fig. 1. Molecular models of the peptide surfactants and nonsurfactant
peptide at pH 7.5. The peptide sequences are under each molecular model.
Aspartic acid (D) and glutamic acid (E) are negatively charged whereas argi-
nine (R) and lysine (K) are positively charged. The hydrophobic tails of the
peptide surfactants consist of glycine (G), alanine (A), valine (V), isoleucine
(1), and leucine (L). Each peptide surfactant is approximately 2-2.5 nm long,
similar to biological phospholipids. Color code: teal, carbon; red, oxygen;
blue, nitrogen; and white, hydrogen.

The Effect of Peptide Surfactants for Cell-Free GPCR Expression and
Solubility. We systematically screened 12 peptide surfactants with
hOR17-210, mOR103-15, hFPR3, and hTAARS in a commercial
E. coli cell-free expression system. Western blotting was used to
quantify protein expression. Fig. 2 shows the results for hFPR3
and hOR17-210. Very little soluble protein was produced without
a peptide surfactant. Although high yields were consistently
achieved with several peptides, the total yield depended on both
the specific protein and the specific peptide. For example, the
peptide Ac-GAVILRR-NH, consistently yielded low levels of
receptor, whereas high levels were consistently achieved with
the peptide Ac-A¢D-OH. In contrast, receptor yields with
Ac-I;K-NH, and Ac-A¢K-NH, were variable. Low expression
levels in the presence of the nonsurfactant peptide (IT); demon-
strate the necessity of using a surfactant with the GPCRs. How-
ever, the low expression levels in the presence of several
surfactant peptides indicate that a surfactant character for the
peptides is necessary, but not sufficient.

Fig. 3 shows that the peptide surfactants solubilized the tested
GPCRs, but with varying effectiveness. This efficacy depended on
both the peptide and the specific GPCR. The receptors hFPR3
and hTAARS consistently had 60-90% of the total synthesized
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Fig. 2. Western blotting detection of cell-free produced GPCRs. After the
reactions, the samples were centrifuged. The supernatant containing the so-
lubilized protein was removed, and the pellet was resuspended in an equiva-
lent volume of buffer. The solubilized protein and resuspended pellets were
detected by Western blotting. As controls, reactions with no peptide or the
nonsurfactant peptide (IT); were performed. (A) Western blot of solubilized
hFPR3 in the presence of different peptides. (B) Western blot of solubilized
hOR17-210 produced in the presence of different peptides. Similar results
were obtained with hTAAR5 and mOR103-15.

monomer solubilized, whereas hOR17-210 and mOR103-15
were highly soluble in the presence of only three peptides. The
peptides KAg-NH,, Ac-AgK-NH,, and Ac-V;K-NH, were able
to solubilize more than 70% of at least three GPCRs, whereas
Ac-AgK-NH, and Ac-AgD-OH were able to solubilize 80-90%
of two GPCRs. The peptides Ac-GAVILRR-NH,, DA4-NH,,
and Ac-I;D-OH were least efficient at solubilizing the GPCRs,
particularly the olfactory receptors. The controls demonstrated
that the presence of a surfactant was necessary for GPCR solu-
bilization. Interestingly, the peptide (IT)s, which has alternating
hydrophobic isoleucine and hydrophilic serine residues, was
also able to solubilize some proteins. However, unlike the peptide
surfactants, it seemed to inhibit protein synthesis.

The Maximum Yields of Cell-Free Produced GPCRs. Western blotting
was used to estimate protein yields from the cell-free reactions
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Fig. 3. Comparison of the solubility of four GPCRs in 12 different peptide
surfactants. Each GPCR was expressed in the presence of surfactant peptides
using an E. Coli cell-free protein expression system. Upon completion, reac-
tions were centrifuged to separate solubilized protein from aggregate. The
soluble fraction was removed, and the pellet was resuspended in an equiva-
lent volume of buffer. Solubilized and nonsolubilized protein fractions were
assayed using a Western blot; relative band intensities were used to calculate
the percentage of solubilized protein. As controls, reactions with no peptide
or with the nonsurfactant peptide (IT); were performed. The presence of any
peptide increased the fraction of solubilized protein. However, significant
quantities of solubilized protein were only obtained in the presence of
surfactant peptides.
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using a known protein concentration as a standard reference.
Fig. 4 shows that cell-free synthesis in the presence of peptide
surfactants can yield a few milligrams of receptor per 10 mL re-
action, and may thus be a good alternative for large-scale mem-
brane protein production. However, as with the solubilization
results, the protein yield depends on both the specific GPCR
and the specific peptide surfactant used (Fig. 4 and Table S1).
At least approximately 2 mg of three purified GPCRs could be
produced in a 10 mL reaction with three of the peptide surfac-
tants. The peptide Ac-AgD-OH yielded the largest amounts of
protein, with a maximum yield of approximately 4.8 mg for
mOR103-15. Five other peptides were able to exceed 2.5 mg
of purified receptors per 10 mL reaction for at least one GPCR:
Ac-I;D-OH, Ac-L;K-NH,, Ac-V;D-OH, Ac-V;K-NH,, and Ac-
GAVILEE-OH. The peptide Ac-GAVILRR-NH, consistently
gave low protein yields for all receptors except hTAARS. Overall,
at least 2 mg of each purified receptor could be synthesized in a
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Fig. 4. The maximum expected yields of soluble receptors produced in the
presence of peptide surfactants. (A) The maximum expected yields of solu-
bilized monomer for each GPCR in the presence of each peptide or control
condition. To determine the expected yields, solubilized protein and protein
with a known concentration were assayed on a Western blot. The relative
intensities of the known protein sample and the test samples were used
to calculate the maximum protein yields. Surfactant peptides increased
the yield of the solubilized monomeric form of the tested GPCRs. (B) The max-
imum yield of the monomeric form of each tested GPCR in a 10 mL reaction.
Results from the most effective surfactant peptide are shown; it is compared
to the maximum expected yield without peptide, or with a nonsurfactant
peptide. The yield for each receptor varies with peptide surfactants used.

Wang et al.

10 mL reaction in the presence of at least one of the peptide sur-
factants. The control experiments demonstrate that the presence
of a peptide is necessary for protein synthesis. The (IT)s control
further indicates that surfactant properties are necessary for suf-
ficient GPCR yields.

Our results show that the presence of peptide surfactants is
necessary to achieve both high solubility and high protein yields
(Figs. 3 and 4). They further suggest that the peptide surfactants
may have a preference for different receptors, perhaps due to
the nature of their composition and structure. For example, the
different yields in Ac-A¢D-OH vs. DA4-NH,, or Ac-AgK-NH, vs.
KA4-NH, suggest that the ionic character of the peptide is im-
portant. Our results suggest that ionic peptides yield more pro-
tein than zwitterionic peptides when the head group is negatively
charged. However, when the head group is positively charged, a
trend with the tested GPCRs is not visible. It is also possible that
the peptide batch or structural phase can affect their ability to
act as surfactants. Several investigators have observed that the
peptides form dynamic structures in aqueous phase, changing be-
tween micelles, vesicles, nanotubes, and other structures (4-8, 19,
20). It is possible that different mesoscale peptide phases affect
protein production and solubility, and more research is required
to elucidate these effects. Because a large number of diverse pep-
tide surfactants can be designed, it may be possible to engineer a
peptide that works well for a specific receptor.

Secondary Structural Analysis Using CD. CD was used to verify that
the cell-free produced receptors were properly folded, and that
the peptide surfactants did not significantly affect the receptors’
structures. In these experiments, the GPCRs were purified with
fos-choline-14 (FC-14) because the peptide CD signal interferes
with and overwhelms the receptor signals, and also because FC-
14 has successfully been used with diverse GPCRs (21-24). Fig. 5
shows the CD spectra of each receptor. These purified receptors
have characteristic a-helical structures, with signature minima at
220 and 208 nm. Because GPCRs are expected to have seven
transmembrane helical domains, these CD spectra indicate that
the receptors are properly folded.

Ligand Binding Measurements of Purified GPCRs Using Microscale
Thermophoresis. Next, we tested whether the purified GPCRs
were able to bind to their ligands. Microscale thermophoresis,
a technique, which uses temperature gradients to measure ligand
binding, was used because it can detect interactions between
small ligands and large receptors in free solution (25-27). Be-
cause odorants are less than 300 Da whereas their receptors are
greater than 300 kDa, mass-based measurements like quartz crys-
tal microbalance cannot be used. As negative controls, boiled
receptors were used to rule out the possibility of nonspecific bind-
ing or surfactant interference.

Fig. 6 shows that peptide-produced mOR103-15 bound its
ligand heptanal (MW 114.18), whereas the boiled control did
not. The peptide surfactant-produced sample displayed a typical
sigmoidal binding curve, with a half maximal effective concentra-
tion (ECs) of approximately 0.9 pM. In contrast, the boiled con-
trol did not show any significant differences between low and high
ligand concentrations. These results suggest that peptide surfac-
tants can be used to produce soluble and functional GPCRs.

Discussion

Peptide Surfactants for Membrane Protein Studies. Surfactants play
an indispensible role in the study of membrane proteins, as their
presence is necessary to solubilize and stabilize these proteins
outside of their native membrane environment. The choice of
surfactant is crucial. Previous studies showed that the most suc-
cessfully used surfactants in crystallization experiments have
short hydrophobic tails about 612 carbons in length (28). How-
ever, the surfactants that are often best for crystallization can
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Fig. 5. CD spectra of four GPCRs produced in the presence of peptide surfactants using a commercial E. coli cell-free system. (A) hFPR3 produced in
Ac-VVVK-CONH,. (B) hTAARS5 produced in Ac-1lIK-CONH,. (€) mOR103-15 produced in Ac-VVVD-OH. (D) hOR17-210 produced in Ac-AAAAAAD-OH. These
receptors all have characteristic a-helical spectra with valleys at 208 and 222 nm. Because GPCRs have 7-transmembrane a-helical domains, the CD spectra

indicate that the receptors are properly folded.

destabilize some membrane proteins. Careful surfactant screen-
ing of individual membrane proteins is thus necessary.
Surfactant peptides are a class of molecules with properties
similar to those of surfactants that have successfully been used
for crystallization. They have hydrophilic heads comprised of
1-2 residues, and hydrophobic tails 3-6 residues long. They are
about 2-3 nm in length, and their ionic character and strength can
be controlled by selecting appropriate amino acids or by capping
the termini. Additionally, they have shown potential for use with
membrane proteins (9-12). They have been used to solubilize gly-
cerol-3-phosphate dehydrogenase, and to stabilize bovine rho-
dopsin and subunits of the photosystem I protein complex (9-12).
To evaluate the potential of peptide surfactants to be used with
membrane proteins, we screened four GPCRs with 12 different
peptides. Our current study suggests that these peptides may re-
present a class of surfactants that can aid in the solubilization and

mOR103-15 in Ac-V,D-OH
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stabilization of GPCRs. The milligram protein yields we obtained
further suggest that cell-free protein synthesis performed in the
presence of peptide surfactants is a rapid, efficient, and relatively
cost-effective means of producing the milligram quantities of
membrane proteins necessary for structure and function studies.
CD spectroscopy measurements of the GPCRs showed that the
peptides facilitate proper protein folding, whereas microscale
thermophoresis indicates that the peptide-produced proteins are
functional.

Perspective. The studies reported here suggest that peptide surfac-
tants are versatile, and can be used with a wider range of GPCRs.
Their ease of use with commercially available protein production
kits further underscores their value: They can now be used to pro-
duce milligram quantities of properly folded and functional
GPCRs. Future experiments need to be performed to determine
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Fig. 6. Microscale thermophoresis ligand binding measurements of mOR103-15 produced in Ac-VVVD-OH. (A) Peptide-produced mOR103-15 has a sigmoidal
shape, suggesting that the receptor binds to its ligand heptanal (MW 114.18). The measured ECs, is approximately 0.9 uM. (B) The boiled control showed
fluctuations around a centerline, suggesting that binding observed with the normal receptor is not a result of nonspecific binding to the surfactant or
denatured receptor. All curves were normalized to the fraction of bound receptor. Open circles show the mean measurements from three experiments;
the lines through the points are the best-fit curves using the Hill equation.
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whether a single peptide or a cocktail of several peptides are op-
timal surfactants for a given membrane protein. Future experi-
ments are also needed to determine whether these surfactants
can be useful for membrane protein crystallization. Our studies
and previous research (9-12) suggest that peptide surfactants are
a promising material not only for membrane protein studies, but
also in the development of GPCR-based nanodevices.

Materials and Methods

Peptide Design and Synthesis. Peptide surfactants are comprised of a hydro-
philic head and a hydrophobic tail. Three kinds of surfactant peptides were
designed and used in this study: cationic, anionic, and zwitterionic. The ionic
nature of the peptides was controlled by acetylation at the N terminus,
amidation at the C terminus, or both. It was further controlled by choosing
positively charged lysine or negatively charged asparatic acid for the head
group. The length of hydrophobic tail ranged from three to six amino acids.
As a control, the nonsurfactant peptide (IT); was also designed and used.
Molecular models of the surfactant peptides and control are shown in Fig. 1.

All peptides were commercially synthesized and purified by CPC Scientific,
Inc. The peptides were received as a powder and dissolved in Milli-Q water
before use. Each peptide suspension was sonicated, and the pH value was
adjusted above 7.0 with NaOH or HCl solutions to increase peptide solubility.
The suspension was then filtered through a 0.22 pm filter to remove insoluble
particles. The filtered peptide solution was kept at room temperature (RT) as
a stock solution.

Determination of CACs of Peptide Surfactants. To determine the critical aggre-
gation concentration (CAC) of the peptides, two methods were used: electri-
cal conductivity and surface tension. For each peptide surfactant, 30 serial
dilutions were prepared in Milli-Q water (resistivity >18 MQ-cm). The CACs
of the cationic peptide surfactants (Ac-AAAAAAK-CONH,, KAAAAAA-
CONH,, Ac-VVVK-CONH,, Ac-llIK-CONH,, Ac-LLLK-CONH,, and Ac-GAVILRR-
CONH,) were determined by electrical conductivity measurements using a
conductivity meter (model DDS-307) at 25.0 +0.1°C. Because of their
relatively low solubility in Milli-Q water, the anionic and zwitterionic peptide
solutions (Ac-AAAAAAD, Ac-VVVD, Ac-lliD, Ac-LLLD, Ac-GAVILEE, and
DAAAAAA-CONH,) were adjusted to pH 9.0 before surface tension measure-
ments were employed to determine their CACs. The surface tension measure-
ments were carried out with the EasyDyne tensiometer (Kruss) at
25.0 +0.1°C by using the Wilhelmy plate method. The values of surface
tension y were determined after a period of 10 min to ensure equilibration
conditions. The CACs are shown in Table S2.

GPCR DNA Template Design and Construction. Protein sequences of the follow-
ing four GPCRs were obtained from the National Center for Biotechnology
Information online database: hOR17-210 (UniProt release no. Q8WZA®6),
mOR103-15 (NP release no. 035113.1), hTAARS (NP release no. 003958.2),
and hFPR3 (NP release no. 002021.3). To adapt the GPCRs for detection
and purification, the rho1D4 epitope tag (TETSQVAPA) was added to their
C termini. Codons of the engineered GPCRs were optimized for expression
in E. coli. The genes were then commercially synthesized and subcloned into
the pIVEX2.3d vector (Roche Diagnostics Corp.) by GENEART. The final con-
structs were verified by DNA sequencing and were used for all subsequent
studies.

Cell-Free GPCR Production. E. coli-based cell-free expression kits were pur-
chased from Invitrogen (catalog no. K9900-97, Qiagen 32506). To compen-
sate for the lack of a natural membrane, surfactant peptides were added
directly to the reactions. The experimental concentrations of each peptide
surfactant for each GPCR are shown in Table S2. A final reaction volume
of 25 pL was used for all screens.

Systematic Screen of Peptide Surfactants. Six pairs of surfactant peptides were
used in the cell-free production of GPCRs. As a control, the nonsurfactant
peptide (IT)s was also used. The surfactant peptides were all tested at con-
centrations above their determined or estimated CACs. Cell-free reactions
were performed according to the manufacturers instructions. Briefly, plasmid
DNA, peptide, and the reaction reagents were incubated at 33°C and

1. Wallin E, von Heijne G (1998) Genome-wide analysis of integral membrane proteins
from eubacterial, archaean, and eukaryotic organisms. Protein Sci 7:1029-1038.

2. Loll PJ (2003) Membrane protein structural biology: The high throughput challenge.
J Struct Biol 142:144-153.

3. Nilsson J, Persson B, von Heijne G (2005) Comparative analysis of amino acid distribu-
tions in integral membrane proteins from 107 genomes. Proteins 60:606-616.
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260 rpm for 30 min. A feed buffer was then added, and the reaction was
incubated for an additional 90 min. The samples were then centrifuged at
10,000 rpm for 5 min. The supernatant containing the solubilized protein
was removed, and the pellet was resuspended in an equivalent volume of
PBS. The quantity of each protein produced and solubilized was determined
with Western blotting.

Western Blotting Detection of rho1D4 Tagged GPCRs. Samples were prepared
and loaded in Novex 10% Bis-Tris SDS-PAGE gels (Invitrogen) according to the
manufacturer’s protocol, with the exception that the samples were incubated
at RT prior to loading as boiling causes membrane protein aggregation. The
Full-Range Rainbow Molecular Weight Marker (GE Healthcare) was loaded as
the protein size standard. After the samples were resolved on the SDS-PAGE
gels, they were transferred to a 0.45 pm nitrocellulose membrane, blocked in
milk [5% nonfat dried milk in Tris-buffered saline plus Tween-20 (TBST), 1 h,
RT], and incubated with a rho1D4 primary antibody (1:3,000 in TBST, 1 h, RT).
The GPCRs were then detected with a goat anti-mouse HRP-conjugated sec-
ondary antibody (Pierce) (1:5,000 in TBST, 1 h, RT) and visualized using the
ECL Plus kit (GE Healthcare). Western blotting images were captured using a
FluorChem gel documentation system (Alpha Innotech).

Immunoaffinity Purification. We used the rho1D4 monoclonal antibody (Cell
Essentials) chemically linked to CNBr-activated Sepharose 4B beads (GE
Healthcare). The rho1D4 elution peptide Ac-TETSQVAPA-CONH, was synthe-
sized by CPC Scientific, Inc. Solubilized protein from the cell-free reactions
was mixed with a rho1D4-coupled sepharose bead slurry (binding capacity
0.7 mg/mL) and rotated overnight at 4 °C to capture the GPCRs. The beads
were pelleted by centrifugation at 1,400 g for 1 min. The beads were then
washed with wash buffer (PBS + 0.2% FC-14) until spectrophotometer read-
ings indicated that all excess protein had been removed (mg/mL < 0.01). The
captured GPCRs were eluted with elution buffer (PBS + 0.2% FC-14 + 800 uM
elution peptide). Elutions were performed until spectrophotometer readings
indicated no more protein was present (mg/mL < 0.01). The protein was
then concentrated using a 30 kDa molecular weight cut-off filter column
(Millipore) and its concentration was measured using the NanoDrop 1000
spectrophotometer (Thermo Scientific).

Secondary Structure Analysis by CD Spectroscopy. Spectra were recorded on a
CD spectrometer (Aviv Associates model 410) at 15 °C over the wavelength
range of 195 to 250 nm with a step size of 1 nm and an averaging time
of 4 s. Spectra for purified GPCRs were blanked to wash buffer. Spectra were
collected with a 111-QS quartz sample cell (Hellma) with a path length of
1 mm. The spectra were smoothed using an averaging filter with a span
of five.

Microscale Thermophoresis Ligand Binding Measurements. Binding interactions
between the purified mOR103-15 and the ligand heptanal (MW 114.18) were
measured using microscale thermophoresis as described (24-27). Briefly, for
each tested receptor, a titration series with constant receptor concentration
and varying ligand heptanal (MW 114.18) concentrations was prepared in a
final solution of 10% DMSO and 0.2% FC-14 in PBS. Approximately 1.5 pL of
each sample was loaded in a fused silica capillary (Polymicro Technologies).
An infrared laser diode was used to create a 0.12 K/um temperature gradient
inside the capillaries [Furukawa FOL1405-RTV-617-1480, wavelength
A= 1,480 nm, 320 mW maximum power (AMS Technologies AG)]. Trypto-
phan fluorescence was excited with an ultraviolet light emitting diode
(285 nm), and was measured with a 40x SUPRASIL synthetic quartz substrate
microscope objective, numerical aperture 0.8 (Partec). The local receptor
concentration in response to the temperature gradient was detected with
a photon counter photomultiplier tube P10PC (Electron Tubes, Inc.). All mea-
surements were performed at RT. The Hill equation (n = 2) was fit to the data
to determine the EC50 value for each sample; the EC50 value is the concen-
tration at which half of the GPCR sample is bound to its ligand.
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Table S1. G protein-coupled receptors (GPCR) produced in the presence of peptide surfactants

GPCR Organism  Molecular weight, kDa Three best peptides Yield, mg/10 mL reaction
Olfr226 rat 374 Ac-AAAAAAD 3.1
Ac-AAAAAAK-CONH,
Ac-VVVD
mOR33-1 mouse 36.7 Ac-AAAAAAD 38

Ac-LLLK-CONH,
Ac-VVVK-CONH,
mOR103-15 mouse 37.3 Ac-AAAAAAD 4.8
Ac-AAAAAAK-CONH,
Ac-LLLK-CONH,
mOR174-4 mouse 36.9 Ac-AAAAAAD 3.9
Ac-LLLK-CONH,
Ac-VVVK-CONH,
hOR17-210 human 39.7 Ac-AAAAAAD 2.9
Ac-llID
Ac-LLLK-CONH,
hOR17-209 human 36.1 Ac-AAAAAAD 2.4
Ac-VVVK-CONH,
Ac-VVVD
hFPR3 human 42.4 Ac-VVVK-CONH, 3.5
Ac-llID
Ac-GAVILEE
hTAAR5 human 40.7 Ac-1lIK-CONH, 2.2
Ac-LLLD
Ac-GAVILRR-CONH,

2
/|
~

Table S2. The properties of peptides screened in G protein-coupled receptors production

Peptide Molecular Isoelectric Net charge, Experimental

(1 letter code) weight, kDa point, pl pH 7.0 concentration, mM CAC in water, mM*
Ac-VVVD 472.5 0 -2 2.5 23
Ac-VVVK-CONH, 484.6 14 +1 2.5 1.6

Ac-llID 514.6 0 -2 2.5 1.0-1.2
Ac-1lIK-CONH, 526.7 14 +1 2.5 0.4-0.5
Ac-LLLD 514.6 0 -2 2.5 1.2
Ac-LLLK-CONH, 526.7 14 +1 2.5 1.2
Ac-AAAAAAD 601.6 0 -2 2.5 (hnTAARS5, hFPR3) 0.3

1.7 (Olfr226, mOR33-1, mOR103-15,

mOR174-4, hOR17- 209, hOR17-210)
Ac-AAAAAAK-CONH, 613.7 14 +1 2.5 (hTAARS5, hFPR3) 0.2

1.6 (Olfr226, mOR33-1, mOR103-15,

mOR174-4, hOR17- 209, hOR17-210)
DAAAAAA-CONH, 558.6 6.8 0 2.5 0.2
KAAAAAA-CONH, 571.7 14 +2 2.5 (hTAARS, hFPR3) 0.3

0.5 (Olfr226, mOR33-1, mOR103-15,

mOR174-4, hOR17- 209, hOR17-210)

Ac-GAVILEE-OH 771.9 0 -3 2.5 0.7
Ac-GAVILRR-CONH, 825.0 14 2 2.5 0.8
ITITITITIT 1089.3 6 0 2.5 N/A

N/A, not applicable
*CAC, critical aggregation concentration. Two conventional methods, electrical conductivity and surface tension measurements, were used to determine
the CAGCs of 12 peptide surfactants (Materials and Methods).
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