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Abstract

Membrane protein manipulation is a challenging task owing to limited tertiary and quaternary
structural stability once the protein has been removed from a lipid bilayer. Such instability can be
overcome by embedding membrane proteins in detergent micelles formed from amphiphiles with
carefully tuned properties. This study introduces a class of easy-to-synthesize amphiphiles, which
are designated CGT (Chae’s Glyco-Triton) detergents. Some of the agents are well suited for
membrane protein solubilization and stabilization.

Integral membrane proteins reside in lipid bilayers and play central roles in a variety of
cellular processes including nutrient exchange, signal transduction, and cell-to-cell
communication. The fact that more than half of all pharmaceutical agents in development
target membrane proteins underlines the importance of these bio-macromolecules’ roles in
normal and disease states of cells.! Despite the tremendous efforts, however, the set of
membrane proteins with known structure is far smaller than the set of soluble proteins for
which high-resolution structures are available. This difference is mainly due to the inherent
physical properties of membrane proteins, which makes them difficult to manipulate.?
Detergents serve as indispensable tools in membrane protein experiments. These
amphipathic molecules self-assemble to form micelles that interact with the hydrophobic
portions of membrane proteins in an aqueous medium. The resulting protein detergent
complexes (PDCs) are water-soluble because the hydrophobic patches of proteins are
effectively shielded by detergent molecules.3

Successful membrane protein ‘solubilization’ is a requirement for the multi-step process that
leads to structural information on these difficult targets. A large number of conventional
detergents are available, but only a small number are widely used in membrane protein
manipulation, including OG (n-octyl-B-D-glucopyranoside), DDM (n-dodecyl-p-D-
maltoside) and LDAO (lauryldimethylamine-N-oxide). However, even membrane proteins
solubilized with these popular agents are prone to aggregation and denaturation.# This
protein instability in detergent micelles can originate from various factors, including the
absence of the lateral pressure characteristic of a native lipid bilayer, the absence of specific
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interactions of lipid molecules with the protein, and micelle inhomogeneity. Therefore,
novel classes of amphiphiles that have ability to preserve native structure are of great
importance for the future success of membrane protein research.

Several types of amphiphilic molecules have been devised to circumvent the limitations of
conventional detergents.> Examples include tripod amphiphiles (TPAs)2P, amphiphilic
polymers (amphipols)®¢d hemifluorinated surfactants (HFSs)®¢f, nanodiscs®®9, rigid
hydrophobic group-bearing amphiphiles®! and amphipathic peptides®"-°. We recently
developed maltose-neopentyl glycol (MNG) amphiphiles, which have enabled the growth of
high-quality crystals of several GPCRs via the lipidic cubic phase (LCP) system®2-N and
glucose-neopentyl glycol (GNG) amphiphiles, which have facilitated the crystal structure
determination of a sodium-pumping phosphatase.”aP These successful examples indicate the
pivotal roles that novel agents can play in membrane protein studies. It is, however, unlikely
that any single detergent will be a 'magic bullet' for all membrane proteins. The number of
currently useful tools and the scope of their utility are seriously limited, hampering the
advance of membrane protein research.

Most studies of new amphiphiles over the past few decades have focused on the stabilization
of membrane proteins after they have been extracted from the native bilayer, with little
information on the abilities of such amphiphiles to solubilize proteins from the membrane-
embedded state. It is noteworthy that popular detergents for membrane protein
crystallization (e.g. DDM, OG and LDAO) are often also effective for protein solubilization
from the native membrane. Thus, we seek new amphiphiles that are effective both at
extracting membrane proteins from the bilayer and at maintaining the extracted protein in a
stable form.

Triton X-100 (TX-100) is a nonionic detergent with a polyethylene oxide chain as a
hydrophilic group and an aromatic hydrocarbon with a branched alky! substituent as a
hydrophobic group. This agent is widely used in a number of commercial and industrial
products such as detergents, emulsifiers, solubilizers, dispersing and wetting agents.82.
Such wide use originates from its excellent ability to solubilize various entities with the
hydrophobic surfaces including membrane proteins, % carbon nanotube, % influenza
vaccine,®f liposomes,% and native membranes.®" Its hydrogenated analogue of TX-100,
which does not absorb light in the 280 nm region, has also been used in biochemical
studies.102.b TX-100 is heterogeneous due to the variable length of oligo-ethylene oxide unit
(on average 9.5), which may be unfavorable for membrane protein studies, particularly
crystallogenesis experiments. Polyethylene oxide-bearing agents such as TX-100 and Brij 35
are sensitive to oxidation1a-d, thereby necessitating careful storage.

On the other hand, carbohydrate-containing detergents such as alkyl glucosides and
maltosides are chemically homogeneous and stable relative to oxidation. Furthermore,
carbohydrate-containing detergents have proven to be mild relative to polyethylene oxide-
bearing counterparts in terms of avoiding the disruption of native membrane protein
structure, making the former widely used for membrane protein research.122 These
considerations led us to synthesize and evaluate glucose- or maltose-containing TX-100
analogues. We show that these new amphiphiles are favorable for solubilization and
stabilization of large, multi-subunit membrane protein assemblies containing components
that are fragile once removed from a lipid bilayer.

The new analogues of TX-100 we developed are designated CGT-1, CGT-2 and CGT-3 in
Fig 1. Each CGT detergent contains the hydrophobic unit found in TX-100, but the
hydrophilic unit is based on a carbohydrate: glucose in CGT-1, branched diglucoside in
CGT-2, or maltose in CGT-3. The branched diglucoside was introduced because this
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headgroup displayed favorable behavior for membrane protein stabilization in a previous
study, which focused on a different type of hydrophobic unit.>® Carbohydrate units were
connected to the hydrophobic moiety by using 2-ethanolamine (CGT-1 and CGT-3) or
serinol (CGT-2) as a linker. All CGT compounds were prepared via straightforward
chemical reactions (3 steps) and in high overall yields (> 85%) (see supporting information
for details). This route is amenable to multi-gram-scale synthesis.

CGT-1, containing only one glucose unit, was not soluble in aqueous media and was not
characterized further. The other two agents, CGT-2 and CGT-3, were highly soluble (> 20
wt 9%). Solubilization experiments employing a hydrophobic UV-absorbing dye, orange
OT13, were used to determine critical micelle concentrations (CMC) for these new
detergents, and dynamic light scattering (DLS) allowed us to estimate the hydrodynamic
radii (Ry) of the micelles. The data for CGT-2 and CGT-3, previously described TPAs
(TPA-2 and TPA-4; Fig S1) and three conventional detergents (DDM, TX-100142 and
LDAOP) are presented in Table 1. The CMC values of CGT-2 and CGT-3 were around 10
times larger than those of DDM and TX-100, and comparable to that of LDAO in terms of
molarity. The micelles formed by CGT-2 are smaller than those formed by DDM or
TX-100, while the micelles formed by CGT-3 are substantially larger than those formed by
DDM or TX-100. This difference is consistent with the general notion that the relative size
of the hydrophilic and hydrophobic groups (i.e., molecular geometry) has a substantial
impact on self-association behavior.1® The two CGT agents, CGT-2 and CGT-3, each
showed one set of micelle distributions, as does TX-100142 in the DLS experiments (Fig
S2).

In order to evaluate the new detergents as biochemical tools, we utilized the photosynthetic
superassembly of Rhodobacter (R.) capsulatus. The multi-subunit, pigment-protein complex
is comprised of the very labile light harvesting complex | (LHI) and the more resilient
reaction center complex (RC); the robust light harvesting complex Il was genetically
deleted.1® The photosynthetic superassembly is an intricate supra-molecular machine that
functions to carry out a sequential series of light-harvesting and electron-transfer reactions.
These complexes from purple, non-sulfur bacteria served as early models for analogous
systems found in higher plants. The detailed understanding of the early events of excited-
state energy transfer and charge separation in photosynthesis were enabled by the ability to
study the structure and function of these complexes in vitro — most commonly solubilized
and stabilized by detergent micelles.

The LHI-RC complex contains 3040 protein molecules from 5 different components,
rendering it challenging to maintain the native quaternary structure. This complex includes
various types of cofactors such as bacteriochlorophyll and bacteriopheophytin, giving rise to
a highly structured UV-Visible spectrum. We used the absorption spectrum of the complex
to evaluate detergent efficacy for protein stabilization.>P The prominent absorbance peak at
875 nm indicates the structural integrity of LHI-RC complex while, alternatively, strong
absorbance at ~800 nm and ~760 nm represent the intact RC but denatured LHI, or
denatured LHI and RC, respectively. Thus, such characteristic absorption spectra allowed us
to determine solubilization and stabilization propensities of the newly-synthesized
detergents via convenient optical spectrophotometry. In a previous study, we found that
DDM was one of the best among conventional detergents for the stabilization and
solubilization of the LHI-RC complex,>P which is consistent with the extensive use of the
agent in membrane protein research.1’ We included DDM, LDAO and TX-100 as control
agents for the present comparative study.

The assay began by the treatment of intracytoplasmic R. capsulatus membranes enriched in
LHI-RC complexes with 1.0 wt % each agent for the protein solubilization. The cellular
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debris was then removed via ultracentrifugation. The spectra of the resulting supernatant and
resuspended pellet following solubilization were used to quantify the fraction of
superassembly that was solubilized and to assess the stability of the LHI-RC complex in the
micelles of the detergent employed. As can be seen in Fig 2a, TX-100-solubilized protein
underwent significant structure degradation (intact RC but denatured LH]I), although TX-100
extracted most of the complex (> 95%; Fig S3 & Table 1); only a small peak at 875 nm was
remained for the solubilized sample. On the other hand, CGT-2, with a branched diglucoside
headgroup, was not efficient at solubilizing the LHI-RC complex (~30%), b ut this new
detergent appeared to be effective at maintaining native structure for the fraction of complex
that was solubilized. The maltose-containing analogue, CGT-3, displayed the most favorable
balance: the LHI-RC solubilization efficiency was excellent (~85%; vs. ~70% with DDM),
and native structure of the solubilized LHI-RC complex was maintained as effectively as
with DDM.

Solubilized protein was subjected to immobilized metal affinity chromatography for initial
purification with the binding of the entire complex facilitated by a seven-membered
histidine tag on the C-terminus of the M-subunit of the RC; each detergent was used at its
CMC. The spectra of the purified proteins in individual detergents showed a trend similar to
that seen before purification (Fig 2 & Fig S4). TX-100 destroyed most of the LHI, but RC
remained intact. LDAO displayed similar behavior (Fig S4). CGT-3 preserved the native
structure of LHI-RC complex as effectively as DDM during the course of purification.

In summary, we have described new carbohydrate-containing TX-100 analogues, which are
designated CGT detergents, and provided a preliminary assessment of their utility as tools
for membrane protein manipulation. The quaternary stability of a photosynthetic reaction
center superassembly was significantly enhanced for analogues bearing diglucoside or
maltoside headgroup, relative to TX-100 itself. The best new detergent, CGT-3, was more
effective than conventional detergents (DDM and LDAO) as well as previously reported
TPAs®®, TPA-2 and TPA-4, in solubilization efficiency and stabilization efficacy. It is
interesting to note that maltose-containing amphiphiles such as TPA-4 and CGT-3
outperformed diglucose-containing amphiphiles such as TPA-2 and CGT-2 in terms of
disrupting lipid bilayers and solubilizing superassemblies from the membrane. More
molecule sets are needed with analogous comparisons in the future whether the relative
merits of these two hydrophilic groups are universal in the context of membrane protein
manipulation. Our data raise the possibility that CGT-3 will prove to be a useful biochemical
research tool because of its ease of synthesis and its efficacy in membrane protein
solubilization and stabilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structures of new amphiphiles (CGT-1, CGT-2 and CGT-3) and conventional
Triton X-100.
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Figure 2.

Spectra of R. capsulatus superassembly (a) solubilized and (b) purified in individual
detergents. Detergents were used at 1.0 wt % for the protein solubilization and at 1XCMC
for protein purification. The superassembly was purified via Ni-NTA affinity column.
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