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Hydrophobic Variations of N-Oxide Amphiphiles for Membrane Protein
Manipulation: Importance of Non-hydrocarbon Groups in the Hydrophobic
Portion
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Abstract: Amphipathic agents called detergents serve as
membrane-mimetic systems to maintain the native struc-
tures of membrane proteins during their manipulation.
However, membrane proteins solubilized in conventional
detergents tend to undergo denaturation and aggregation,
necessitating the development of novel amphipathic agents
with enhanced properties. Here we describe several new am-
phiphiles that contain an N-oxide group as the hydrophilic
portion. The new amphiphiles have been evaluated for the
ability to solubilize and stabilize a fragile multi-subunit as-
sembly from biological membranes. We found that cholate-
based agents were promising in supporting retention of the
native protein quaternary structure, while deoxycholate-
based amphiphiles were highly efficient in extracting/solubi-
lizing the intact superassembly from the native membrane.
Monitoring superassembly solubilization and stabilization as
a function of variation in amphiphile structure led us to pro-
pose that a non-hydrocarbon moiety such as an amide,
ether, or a hydroxy group present in the lipophilic regions
can manifest distinctive effects in the context of membrane
protein manipulation.

Integral membrane proteins (IMPs) reside in lipid bilayers
and play crucial roles in many cellular processes including
signal transduction and material transfer between the cell
cytoplasm and the environment. The fact that more than
50% of membrane proteins are targets for pharmaceutical
agents under development underlines the importance of
these biomacromolecules in the physiological cell state.!]
Currently, more than 80000 protein structures are available
from the Protein Data Bank (PDB); however, the set of
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membrane proteins with known structure constitutes only
about 0.5 % of the total number of known protein structures,
thus indicating the notorious difficulty in resolving mem-
brane protein structure.”) This discrepancy between the
number of known structures for membrane versus soluble
proteins results from three major barriers associated with
the former. First, membrane proteins are naturally present
in low abundance as compared to soluble proteins; thus, it is
difficult to obtain sufficient amounts of protein for structural
studies.”! Second, membrane-bound macromolecules are
highly unstable once removed from a lipid bilayer. In order
to obtain high-resolution crystal structures, membrane pro-
teins must first be extracted from the native membranes
using amphipathic compounds and retain its native structure
during subsequent purification and crystallization process-
es.”l Because the detergent micelle environment significant-
ly deviates from that of the native cell membrane, deter-
gent-solubilized membrane proteins tend to denature and
aggregate, leading to a loss of function in an aqueous
medium.F! Third, membrane proteins solubilized with deter-
gents, called protein-detergent complexes (PDCs), have high
conformational flexibility originating from both detergent
molecules as well as membrane proteins. Conventional de-
tergents consist of a flexible alkyl chain and a hydrophilic
group such as N-oxide, glucose, or maltose as exemplified
by lauryldimethylamine-N-oxide (LDAO), n-octyl-f-p-glu-
copyranoside (OG), and n-dodecyl-3-p-maltopyranoside
(DDM). Membrane proteins evolved to utilize a flexible
loop that connects between two a-helices or two domains.
The multiple loops endow membrane proteins with high
conformational flexibility for proper function. However, the
high flexibility of PDCs could play an unfavorable role in
protein crystal lattice formation requiring an ordered state.!!
An ideal detergent should possess an ability to overcome
these three barriers. The design of such a detergent mole-
cule is very challenging because these multiple properties
have to be inherent to a single detergent structure. More
than 100 conventional detergents are commercially avail-
able, but only a few are widely used for membrane protein
research.’! Membrane proteins solubilized even in the most
popular detergents are vulnerable to denaturation and ag-
gregation.”) Thus, it is of great interest to develop novel
classes of amphiphiles with enhanced properties in terms of
membrane protein solubilization and stabilization.
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Over the past a few decades, several types of amphiphiles
have been devised to facilitate membrane protein study. Ex-
amples include tripod amphiphiles (TPAs),**” hemifluori-
nated surfactants (HFSs),* ! peptide-based amphipathic oli-
gomers,* ™ cholate or cholesterol-based amphiphiles, !
and rigid hydrophobic group-bearing amphiphiles.®™ Am-
phiphilic polymers such as amphipols (Apols),®*" nanodiscs
(NDs),®! and lipodisqs® are innovative approaches to
overcome the limitation of amphiphiles with low molecular
weights. Recently, maltose-neopentyl glycol (MNG )[4 and
glucose-neopentyl glycol (GNG) amphiphiles®! were shown
to be extremely valuable in providing high-resolution crystal
structures of more than 10 membrane proteins including
several G-protein coupled receptors (GPCRs).”) Recently
developed cholate-based facial amphiphiles (FAs) were
shown to be promising in membrane protein crystallization
as well," all emphasizing the important role of new deter-
gents in membrane protein structure study. Despite a wealth
of studies on conventional detergents and novel agents, in-
formation on detergent structure—property relationships is
seriously limited. Finding such relationships will have
a great impact on membrane protein research because these
structure—property relationships will not only provide useful
guidelines for the future development of novel amphipathic
molecules but will also give insight into selecting detergent
candidates best suited for a target membrane protein.

Detergents are most generally classified into three catego-
ries depending on the electronic structures of the hydrophil-
ic groups: ionic, zwitterionic, and nonionic detergents. Non-
ionic agents, in general, are preferably used to ionic and
zwitterionic detergents because the former are superior to
the latter with regard to membrane protein stabilization.!
However, it is notable that zwitterionic detergents are usual-
ly better than nonionic detergents in terms of membrane
protein solubilization. Thus, it is generally accepted that
there is a compromise in detergent properties toward mem-
brane protein manipulation; a strong solubilizing agent is
known to be a poor stabilizing compound for membrane
protein study.**®1 Two zwitterionic detergent representa-
tives with a flexible alkyl chain are Anzergent 3-12 with
a sulfobetaine head group and LDAO with a N-oxide head
group (Scheme 1). Between these two, LDAO is more
widely useful for membrane protein structural study by X-
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Scheme 1. Chemical structures of representative zwitterionic detergents
(LDAO, Anzergent 3-12, CHAPS, and CHAPSO).
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ray crystallography and NMR spectroscopy.®!! The wide
use of this agent is likely attributed to the formation of
small protein—detergent complexes (PDCs). It is generally
accepted that a small PDC size is favorable for protein crys-
tal formation as the large hydrophilic surface area of mem-
brane proteins displayed by small complexes would facilitate
the crystallization process.”! A small PDC size is also a favor-
able attribute in NMR-based structural studies because of
the reduced rotational correlation time of an incorporated
protein. On the other hand, cholate-based zwitterionic de-
tergents with a sulfobetaine head group, 3-[(3-cholamindo-
propyl) dimethylammonio]-1-propanesulfonate (CHAPS)
and 3-[(3-cholamidopropyl) dimethylammonio]-2-hydroxy-1-
propanesulfonate (CHAPSO), are known as mild detergents
because they have often been shown to possess a non-dena-
turing property during the solubilization process of fragile
membrane proteins (Scheme 1)."” These agents have an in-
teresting hydrophobic group, a multi-fused ring system bear-
ing three hydroxy groups at C3, C7, and C12. We envisioned
that this structural uniqueness is the origin of its favorable
membrane protein stabilization efficacy; thus, it is a logical
extension to design N-oxide counterparts of these amphi-
philes. The resulting agents are expected to possess com-
bined characteristics, that is, both the merit of the small
head group and the mildness of cholate-based amphiphiles.
In this study, we prepared cholate-, deoxycholate-, and litho-
cholate-based N-oxide amphiphiles. Dipod amphiphiles
(DPAs) with two rings were also prepared for comparison.
These structurally related compounds were evaluated for
the study of the Rhodobacter capsulatus photosynthetic su-
perassembly. The results show that cholate- or deoxycho-
late-based N-oxide amphiphiles displayed favorable behav-
ior in the superassembly manipulation as compared to
DPAs and conventional detergents (LDAO and DDM).
More importantly, systematic variation in the amphiphile
structures enabled us to suggest a structure—property rela-
tionship that will serve as a useful guideline for the future
design of novel classes of amphiphiles.

The hydrophobic variations of N-oxide amphiphiles are il-
lustrated in several examples, including three dipod amphi-
philes (DPA-1, DPA-2, and DPA-3) and cholate-, deoxycho-
late-, and lithocholate-based amphiphiles (designated CAO,
DCAO, and LCAO, respectively) (Scheme 2). DPAs share
an N-oxide head group but vary in their hydrophobic
groups; DPA-1 has cyclopentyl and cycloheptyl rings while
DPA-2 and DPA-3 bear two benzene and cyclohexane rings,
respectively. On the other hand, CAO, DCAOQO, and LCAO
are unique in having a multi-fused ring-based hydrophobic
group bearing a different number of hydroxy groups. In
order to facilitate the synthesis of multi-fused ring-bearing
amphiphiles, we utilized three commercially available acid
derivatives with a various number of hydroxy groups: cholic
acid, deoxycholic acid, and lithocholic acid. We prepared all
N-oxide amphiphiles in high synthetic yield (>85%) by
straightforward synthetic methods such as amide coupling
and oxidation with m-chloroperbenzoic acid (m-CPBA) (see
the Supporting Information for details).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Chemical structures of newly synthesized N-oxide amphiphiles
with hydrophobic variations (DPA-1, DPA-2, DPA-3, CAO, CAO-1,
DCAO, DCAO-1, DCAO-2, and LCAO).

All of the amphiphiles except for LCAO and DCAO
were water-soluble up to 10 wt%. LCAO was insoluble in
water and thus was not studied further. DCAO was initially
soluble at approximately 1.0 wt% but tended to form a hy-
drogel with time at concentrations greater than 0.3 wt%.
Critical micelle concentration (CMC) values were estimated
using the hydrophobic fluorescent dye, diphenyhexatriene
(DPH).'®! Data for the new agents along with DDM and
LDAO are presented in Table 1. The CMC values of DPAs

Table 1. Critical micelle concentrations (CMCs) and protein solubiliza-
tion yields (SYs) for DPAs (DPA-1, DPA-2, and DPA-3), cholate- and
deoxycholate-based N-oxide amphiphiles (CAO, CAO-1, DCAO, and
DCAO-2) as well as conventional detergents (LDAO and DDM).

Detergent Mw! CMC [mm] CMC [wt %] SY [%]™
DPA-1 324.5 ~13 ~0.42 ~100
DPA-2 326.4 ~78 ~2.5 ~15
DPA-3 338.5 ~4.9 ~0.17 ~95
CAO 508.7 ~8.3 ~0.42 ~30
CAO-1 522.8 ~7.2 ~0.38 ~20
DCAO 492.7 ~1.3 ~0.064 ~70
DCAO-2 506.8 ~1.1 ~0.056 ~80
LDAO 229.4 ~1.0 ~0.023 ~100
DDM 510.1 ~0.17 0.0087 ~70

[a] Molecular weight of detergents. [b] Solubilization yield of LHI-RC
complex from the membrane.

were found to have a large variation depending on the hy-
drophobic groups. DPA-2 with two benzene rings was esti-
mated to be highest (~78 mm; ~2.5 wt %) while DPA-3 with
two cyclohexane rings was estimated to be lowest (~4.9 mm;
~0.17 wt%). DPA-1 was estimated to have intermediate
CMC values (~13 mMm; ~0.42 wt % ). The rather large CMC
values of DPA-2 relative to that of DPA-3 is likely due to
the polar character of the benzene ring relative to the cyclo-
hexane ring, thus having less propensity for self-association.
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On the other hand, DCAO and CAO with two and three hy-
droxy groups in the lipophilic region, respectively, showed
about 8 times difference in their CMC values (~1.0 mm and
~8.3 mM, respectively). The CMC value of CAO was similar
to that of CHAPS (~8.0 mm),!'?*® consistent with the gener-
al notion that a hydrophobic group is the main factor in de-
termining detergent self-assembly behavior.

The photosynthetic superassembly of R. capsulatus was
employed to evaluate the new N-oxide amphiphiles and
conventional detergents (LDAO and DDM). The native
form of the superassembly consists of three components: the
labile light-harvesting complex I (LHI), the resilient reac-
tion center complex (RC), and the most robust light-har-
vesting complex 11 (LHII).’*) The superassembly used for
this study does not contain the LHII portion as we removed
this portion by genetic engineering."¥ The resulting LHI-
RC complex contains dozens of protein subunits with five
different components, making it challenging to preserve its
native quaternary structure.®™ Mild detergents (e.g., DDM)
maintain the native conformation of the LHI-RC complex,
while detergents of intermediate strength (e.g., LDAO and
Triton X-100) destroy most of the LHI complex, leaving the
RC complex intact. The use of harsh detergents such as
sodium dodecyl sulfate (SDS) destructs both LHI and RC
complex structures. Thus, the LHI-RC complex is an excel-
lent system to classify a wide range of detergents according
to their strength. The presence of embedded cofactors in-
cluding bacteriochlorophylls and carotenoids in the com-
plexes gives rise to a well-featured UV/Vis absorption spec-
trum, which facilitates the assessment of protein integrity
for a set of detergents by optical spectrophotometry. The
native conformation of the protein is represented by a very
strong peak at 875 nm in the absorption spectrum, while the
intact RC but denatured LHI, or denatured LHI and RC,
produces rather intense peaks at about 800 nm and 760 nm,
respectively. A previous study showed that DDM was the
most well-behaved conventional detergent for the solubiliza-
tion and stabilization of the superassembly,®™ which is in
good agreement with the wide use of this agent in mem-
brane protein science.” By contrast, LDAO was shown to
destroy the structural integrity of LHI-RC complexes. As
such, we chose these two agents as assay control agents.

For superassembly solubilization, the intracytoplasmic
R. capsulatus membranes enriched in the LHI-RC complex
were treated with 10x CMC individual new agents except
for DPA-2; DPA-2 was tested at 2x CMC based on its high
CMC value. On the other hand, conventional detergents
(LDAO and DDM) were used at 50x CMC due to the small
CMC value in terms of wt%. The solubilized protein por-
tion and insolubilized portion containing cellular debris and
insolubilized membranes were separated by ultracentrifuga-
tion and isolated as the supernatant and pellet, respectively.
The absorption spectra of these two portions were taken to
assess detergent efficacy on protein solubilization and stabi-
lization (Figure 1a and Figure S1, Supporting Information).
The detergent-solubilized protein samples were then sub-
jected to metal affinity column chromatography and eluted
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Figure 1. a,b) Absorbance spectra of R. capsulatus superassembly solubi-
lized (a) and purified (b) in the new N-oxides (CAO and DCAO) and
two conventional detergents (DDM and LDAO). The detergents were
used at 2x CMC for CAO, 10x CMC for DCAO, and 50x CMC for DDM
and LDAO due to the large variation of their CMC values. For protein
purification, we performed Ni-NTA affinity column chromatography and
eluted the protein complexes from the resin at a detergent concentration
of 1x CMC. c,d) Long-term stability of LHI-RC complexes in the individ-
ual detergents at CMC+0.04 wt % (c) and CMC+1.0 wt% (d). Protein
integrity in each agent was assessed by measuring the absorbance ratio
Agrs/ Aggo over a 20 day incubation period at room temperature. Each pro-
tein sample was dissolved in the binding buffer (10 mm Tris (pH 7.8) con-
taining 100 mm NaCl), which was used to purify the protein.

with elution buffer containing 1M imidazole and 1x CMC in-
dividual detergents for purification. The UV/Vis spectra of
the resulting protein samples were taken to investigate the
integrity of detergent-purified LHI-RC complexes (Fig-
ure 1b and Figure S2, Supporting Information). Consistent
with previous results, LDAO extracted the complexes
almost quantitatively (Figure S1 in the Supporting Informa-
tion and Table 1), with the native protein conformation
being mostly destroyed during the solubilization and purifi-
cation processes (Figure 1a,b).®*! A similar trend was ob-
served for DPA-1 while DPA-3 displayed a somewhat differ-
ent behavior. DPA-3 solubilized the LHI-RC complexes as
efficiently as DPA-1 (Figure S1, Supporting Information;
~95-100%), but the extent of protein degradation observed
for DPA-3 was much less than those observed for DPA-
1 and LDAO (Figure S2a, Supporting Information). The en-
hanced stabilizing characteristics of DPA-3 relative to DPA-
1 were also evident in the absorption spectra of the purified
proteins (Figure S2b, Supporting Information). On the other
hand, DPA-2 with two phenyl groups failed to efficiently ex-
tract the complexes (~15%) and most of the extracted com-
plexes underwent significant structural degradation. By con-
trast, the behaviors of CAO and DCAO significantly deviat-
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ed from those of the DPAs and LDAO despite the fact that
they share the N-oxide head group; CAO and DCAO were
somewhat inferior to the DPAs and LDAO with regard to
the extraction efficiency of the LHI-RC complexes (~30 %
and ~70%, respectively), but the native structure of the
complexes solubilized and purified in these agents was fully
retained as effectively as DDM (Figure 1a,b). Under these
conditions, DCAO did not form a hydrogel during the
course of experiment.

The favorable properties of CAO and DCAO in terms of
membrane protein stabilization prompted us to further eval-
uate their ability to stabilize the superassembly as a function
of time. DDM-purified samples were diluted with solutions
containing individual detergents. The final detergent concen-
tration in each sample was CMC+0.04 wt% and the dilu-
tion made the residual DDM concentration far below its
CMC (0.0004 wt%). Protein stability was monitored over
time at room temperature by measuring the absorbance
ratio Ag;s/Agg (the absorption at 680 nm is due to the oxida-
tion of bacteriochlorophyll dissociated from LHI upon dena-
turation).® The CAO- and DCAO-solubilized superassem-
blies were more stable than DDM-solubilized protein, with
the best performance observed for CAO (Figure 1¢). When
we increased the detergent concentration to CMC+
1.0 wt %, the efficacy difference between CAO and DDM
was more prominent (Figure 1d). Of note, we could not
evaluate DCAO in this long-term stability of the superas-
sembly due to its high tendency to form a hydrogel at this
high concentration.

As an effort to enhance detergent properties and to ex-
clude the water-solubility issue associated with DCAO, we
prepared CAO and DCAO analogues and designated as
CAO-1, DCAO-1, and DCAO-2 (Scheme 2). These agents
share the same hydrophobic groups as their parent com-
pounds (CAO and DCAO, respectively), but vary in the hy-
drophilic group. CAO-1 and DCAO-1 have an additional
methyl group on the amide nitrogen while DCAO-2, a con-
stitutional isomer of DCAO-1, contains an ethyl group on
the amide nitrogen with the chain length between the amide
and the head group shorter by one carbon than the other
CAO and DCAO derivatives. DCAO-1 showed limited solu-
bility in water while DCAO-2 was water-soluble up to
5 wt%. Neither agent formed a hydrogel similar to DCAO.
The CMC values determined for CAO-1 (~7.2mwm;
~0.38 wt %) and DCAO-2 (~1.1 mm; ~0.056 wt %) are simi-
lar to those of their parent CAO and DCAO compounds, re-
spectively (Table 1). When these new derivatives were eval-
uated with LHI-RC complexes, the agents displayed some-
what different behaviors from their parent compounds in
terms of protein solubilization efficiency (Figure S3, Sup-
porting Information); CAO-1 was rather inferior to its origi-
nal (20% vs. 30%), while DCAO-2 was superior to DCAO
(80% vs. 70%). However, we did not find any appreciable
difference in the protein stabilization efficacy between the
derivatives and the respective originals; all of the cholate-
and deoxycholate-based agents well preserved the native
conformation of the superassembly during the protein solu-
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Figure 2. a,b) Absorbance spectra of R. capsulatus superassembly solubi-
lized (a) and purified (b) in the new N-oxides (CAO, CAO-1, DCAO,
and DCAO-2) and a conventional detergent (DDM). The detergents
were used at 2x CMC for CAO and CAO-1, and 10x CMC for DCAO
and DCAO-2. DDM data were omitted for clarity and can be found in
Figure 1. We purified the protein complexes using a Ni-NTA affinity
column and eluted the protein complexes from the resin at a detergent
concentration of 1x CMC. c¢,d) Long-term stability of LHI-RC complexes
in the individual detergents at CMC+0.04 wt % (c) and CMC+1.0 wt %
(d). Protein integrity in each agent was assessed by measuring absorb-
ance ratio Ags/Agg over a 20 day incubation period at room temperature.
Each protein sample was dissolved in the binding buffer (10 mm Tris
(pH 7.8) containing 100 mm NaCl), which was used to purify the protein.

bilization and purification processes (Figure 2a,b). When we
evaluated these agents for the long-term stability of the su-
perassembly, we still only observed a minimal difference be-
tween the new derivatives (CAO-1 and DCAO-2) and their
respective originals (CAO and DCAO). However, we could
discriminate detergent efficacy between the cholate- and de-
oxycholate-based amphiphiles, as the cholate-based agents
were clearly superior to the deoxycholate-based compounds.
In a comparison with DDM, it is notable that DCAO-2
slightly outperformed this conventional detergent at low and
high detergent concentrations (CMC+0.04wt% and
CMC+1.0wt%, respectively). In addition, CAO-1 was
clearly superior to DDM at these concentrations as was
CAO (Figure 2c¢,d). We did not include DCAO in this long-
term stability evaluation because this agent tends to form
a hydrogel during long-term storage.

With the exception of DDM, all amphiphiles investigated
in the current study share N-oxide as the hydrophilic group
but vary in their hydrophobic portions ranging from a C12
alkyl chain (LDAO), to two-ring systems (DPA-1, DPA-2,
and DPA-3), to multiple-fused ring systems with a different
number of hydroxy groups (CAO, CAO-1, DCAO, and
DCAO-2). When these N-oxide amphiphiles were evaluated
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for the solubilization and stabilization of LHI-RC com-
plexes, they displayed a large variation of behavior depend-
ing on the hydrophobic group architecture. This result indi-
cates the prominent roles of detergent hydrophobic groups
in membrane protein manipulation. LDAO and the DPAs,
with the exception of DPA-2, appeared to quantitatively
solubilize the LHI-RC complexes from the membrane, al-
though most of LHI-RC complexes solubilized with these
agents lost their native conformation. Among the three
DPAs, DPA-3-solubilized complexes were the least destabi-
lized, indicating that this agent may find use in the solubili-
zation and stabilization of other membrane proteins that
have a more robust character. By contrast, although display-
ing less efficiency in solubilizing LHI-RC complexes, the
cholate- and deoxycholate-based amphiphiles were much
more effective than the DPAs and LDAO in maintaining
the native conformation of the solubilized superassembly. A
substantial difference between cholate- and deoxycholate-
based amphiphiles was also found in the superassembly sol-
ubilization and long-term stability experiments; the deoxy-
cholate-based amphiphiles (DCAO and DCAO-2) were su-
perior to the cholate-based amphiphiles (CAO and CAO-1)
in the protein solubilization efficiency but inferior to the
latter in the long-term protein stabilization efficacy.

The favorable behaviors of cholate- and deoxycholate-
based N-oxide amphiphiles observed for the superassembly
manipulation can first be traced to the presence of the mul-
tiple hydroxy groups in the lipophilic region and second to
the facial orientation of polar groups!' and/or the multi-
fused ring system. Among these features, the first is particu-
larly interesting because some recently developed novel
agents contain similar structural motifs. For instance, some
short peptide surfactants possess multiple amide groups
over the lipophilic backbone while GLCs/GDN contain an
ether-type group at the end of the hydrophobic groups (Fig-
ure S4, Supporting Information).®*"Tandem facial amphi-
philes (TFAs) bear two amide linkages at the center region
of the hydrophobic moiety.™ These functional groups (i.e.,
amide and ether groups) are polar relative to hydrocarbons;
thus, these non-hydrocarbon group-containing hydrophobic
parts are less hydrophobic than their counterparts with no
such groups, thus being relatively lipophobic. A similar char-
acteristic can be also found in HFSs with a hemifluorinated
alkyl chain that is lipophobic but hydrophobic.’d Of note,
all the novel agents mentioned above share the presence of
lipophobic moieties (e.g., alcohol, ether, amide, or fluorine
atoms) in their hydrophobic regions, although those lipopho-
bic groups have a significant variation in their lipophobici-
ties. All of these agents were shown to be mild enough to
retain the native structures of various membrane proteins.

We believe that the presence of such lipophobic groups in
the hydrophobic region modulates the interaction of these
amphiphiles with the hydrophobic surface of membrane pro-
teins. Since the strength of detergent-protein interaction
should be fine-tuned for the best performance, it is likely
that there is an optimum range for the number of lipophobic
groups. This optimal number would be dependent on vari-
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ous factors including the lipophobic group being used, the
location of the group within the hydrophobic region, the
nature of the target protein, and the type of protein manipu-
lation being conducted. Some aspects of this dependence
were observed in our studies; the cholate-based amphiphiles
with three hydroxyl groups behaved most favorably for pro-
tein stabilization while the deoxycholate-based amphiphiles
with two hydroxyl groups performed better than the chol-
ate-based amphiphiles in superassembly solubilization. A
previous study also supports this speculation; F4-HF-MNG
with four fluorine atoms on the benzene ring was superior
to F12-HF-MNG with 12 fluorine atoms for the stabilization
of the same complexes.*! A similar phenomenon was ob-
served in the comparative study of HFSs to FSs; HFSs with
an alkyl tip, thus containing less fluorine atoms, were superi-
or to fully-fluorinated FSs with regard to membrane protein
stabilization.®

The zwitterionic class of detergents (e.g., LDAO) is
known to be rather harsh in membrane protein manipula-
tion.®? Thus, nonionic detergents such as OG and DDM
have been favorably used for membrane protein research.
Interestingly, CHAPS having a zwitterionic sulfobetaine
head group often displayed favorable behaviors as much as
non-ionic detergents in membrane protein stabilization, thus
being widely used as an additive in membrane protein ma-
nipulation.'” A similar result was observed in our previous
study (unpublished data) in which CHAPS was shown to ex-
tract LHI-RC complexes without structural degradation, al-
though the solubilization yield was rather low (~50%),
which brought our attention to the structural origin for this
favorable behavior. In spite of their interesting properties,
CHAPS analogues have been rarely explored. Furthermore,
systematic investigations and thorough data analysis have
rarely been conducted to pinpoint the structural traits of
this class that are responsible for such favorable behaviors.
Our current study along with others raises the possibility
that the presence and number of relatively lipophobic non-
hydrocarbon groups such as alcohol, ether, or amide in the
lipophilic region plays a crucial role in determining deter-
gent properties, although more extensive studies are neces-
sary to generalize such relationships to other membrane
protein systems. This structure—property relationship will
provide useful guidelines for the future design of novel am-
phiphiles. In addition, CAOs and DCAOs may find use in
other areas such as cell-free translation and bicelle prepara-
tion, considering that HFSs have been successfully used in
producing membrane proteins in a cell-free system™ and
CHAPS or CHAPSO has been used to cap patches of the
lipid bilayer in bicelle preparation.!'”]

In summary, we prepared and evaluated the hydrophobic
variations of N-oxide amphiphiles using fragile LHI-RC su-
perassembly complexes. The cholate-based agents were
most outstanding in protein stabilization whereas the deoxy-
cholate-based amphiphiles are useful for the solubilization
and stabilization of the superassembly, thus indicating that
these amphiphiles could serve as promising alternatives to
conventional detergents in membrane protein research.
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More importantly, our results allow us to suggest the deter-
gent structure—property relationship with respect to the
effect of a non-hydrocarbon group present in the lipophilic
regions on membrane protein solubilization and stabiliza-
tion.

Experimental Section

Details for the synthesis and characterization of amphiphiles as well as
membrane protein solubilization and stabilization may be found in the
Supporting Information.
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