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Abstract
The development of a new class of surfactants for membrane protein manipulation, “GNG
amphiphiles”, is reported. These amphiphiles display promising behavior for membrane proteins,
as demonstrated recently by the high resolution structure of a sodium-pumping pyrophosphatase
reported by Kellosalo et al.

Integral membrane proteins (IMPs) are essential biological components, with critical roles in
a range of cellular processes including transport, signal transduction and cell-cell
recognition. More than 50% of current drugs target membrane proteins, which illustrates the
importance of these molecules in human health.1 High resolution IMP structures are difficult
to determine because such proteins are difficult to dissolve in aqueous media, a prerequisite
for crystallization or NMR analysis.2 Detergents are generally required to extract IMPs from
their native lipid bilayers.3 However, conventional detergents cause denaturation and/or
aggregation of many membrane proteins.4

N-Dodecyl-β-D-maltoside (DDM), probably the most widely-used detergent in membrane
protein research,5 is often superior to other conventional detergents in terms of stabilization
of specific IMPs. Crystals generated from DDM-solubilized proteins, however, frequently
provide only low-resolution x-ray diffraction data.6 This trend may arise because PDCs
formed with DDM tend to be large and therefore expose only small amounts of hydrophilic
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protein surface area.7 Detergents that tend to form small PDCs, such as n-octyl-β-D-
glucopyranoside (OG) and lauryldimethylamine-N-oxide (LDAO), have often enabled the
acquisition of high-resolution crystal structures. However, proteins solubilized with these
detergents frequently display diminished stability relative to DDM-solubilized forms6a,
which tends to limit the use of OG or LDAO to crystallization of membrane proteins that are
intrinsically stable. This comparison suggests that new amphiphiles that tend to form small
PDCs but are not destabilizing to solubilized proteins could be very useful new tools for
membrane protein structural studies.

Diverse strategies have been pursued to develop new tools for solubilization and
stabilization of membrane proteins in aqueous solution.8 Examples including amphiphilic
polymers (amphipols),8c nanodiscs,8i hemifluorinated surfactants8f and tandem facial
amphiphiles8l have displayed promising properties. These amphiphiles, however, were not
effective at extracting membrane proteins from biological membranes. Other novel agents,
including tripod amphiphiles (TPAs),8d cholesterol-based amphiphiles,8h,j maltose-
neopentyl glycol amphiphiles (MNGs),8m and rigid hydrophobic group-bearing
detergents,8n,o can both solubilize and stabilize membrane proteins. However, most of these
efforts have focused on the amphiphile's ability to stabilize the native protein structure; there
is little information regarding PDC size for these agents. As a result, only a very small
number of new amphiphiles have been useful for the high-resolution IMP crystal
structures.8n,9

MNG amphiphiles have recently been shown to be particularly useful for membrane protein
solubilization, stabilization and crystallization.8m,9 We now describe glucose-neopentyl
glycol (GNG) amphiphiles. Although these two classes are structurally related, their
interactions with membrane proteins could be quite different; such differences are well-
known between conventional detergents OG and DDM. In this case, replacement of maltose
with glucose leads to smaller PDCs. Thus, we hypothesized that GNG amphiphiles might
form smaller PDCs than MNG amphiphiles, a desirable feature for PDC-based membrane
protein crystallization. Our findings demonstrate that GNG amphiphiles are useful
alternatives to conventional detergents for membrane protein study.

The GNG architecture is illustrated by the four examples in Fig. 1. Each GNG amphiphile
features two glucose units comprising the hydrophilic region and two alkyl chains
comprising the lipophilic region. The lipophilic unit attachment varies between ether
linkages in GNG-1 and GNG-2 and direct connection to the quaternary center in GNG-3 and
GNG-4. GNG-4 displayed poor water-solubility (<1%) and was not studied further. The
other GNG amphiphiles were highly water-soluble (up to ~20 wt %). Critical micelle
concentration (CMC) values and the hydrodynamic radii (Rh) of the micelles were estimated
by solubilization experiments employing a hydrophobic fluorescent dye,
dicyclohexatriene,10 and dynamic light scattering (DLS), respectively. Data for three GNG
amphiphiles and two conventional detergents (DDM and OG) are presented in Table S1.
The CMC values of the GNG amphiphiles are smaller than those of glucose-containing
conventional detergents such as OG (~25 mM; ~0.73 wt %)11 and OTG (~9 mM; ~0.28 wt
%)12. Micelles formed by GNG-1 or GNG-3 are smaller than those formed by DDM but
larger than those formed by OG.11 The micelles formed by GNG-2 are significantly larger
than those formed by DDM.

We first evaluated the new amphiphiles using the photosynthetic superassembly of
Rhodobacter capsulatus.13 The assay utilized membranes isolated from a R. capsulatus
strain expressing both the very labile light harvesting complex I (LHI) and the more stable
reaction center complex (RC). Intracytoplasmic R. capsulatus membranes were treated with
1.0 wt % DDM and then purified with DDM at its CMC (0.009 wt %) using a Ni-NTA
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column. The purified protein solutions were diluted 1:20 with solutions containing
individual GNG amphiphiles (GNG-1 and GNG-2) or conventional detergents (DDM, OG
and LDAO). The final concentration of detergent/amphiphile in each sample was CMC +
0.04 wt %. Photosynthetic superassembly stability was monitored by measuring the 875/680
absorbance ratio for each preparation over time (Fig. 2a, Fig S1).8k Superassembly
solubilized with either GNG-1 or GNG-2 was as stable as a DDM-solubilized protein over a
period of 20 days. In contrast, LDAO or OG-solubilized superassembly decomposed
rapidly. When we conducted this study at increased detergent/amphiphile concentrations,
CMC + 0.2 wt %, similar results were obtained (Fig. S1a).

Analysis of the leucine transporter (LeuT) from Aquifex aeolicus14 showed a markedly
different trend. In this case, protein activity was monitored by measuring the ability to bind
to a radiolabeled ligand ([3H]leucine) using a scintillation proximity assay (SPA).15 The
transporter was initially solubilized from membranes with 1.0 wt % DDM, purified in 0.05
wt % DDM and then transferred into amphiphile- or DDM-containing solutions to generate
final concentrations of CMC + 0.04 wt % (the original DDM is well below its CMC at this
point). GNG-1, GNG-2 and GNG-3 (last not shown) were inferior to DDM at maintaining
LeuT stability over 12 days (Fig. 2b). Of the three, GNG-2 showed the best performance.
The activity of GNG-1-solubilized transporter declined over several days; GNG-3-
solubilized LeuT was fully inactive after one day. When we increased the amphiphile
concentration to CMC + 0.2 wt %, LeuT activity in the presence of a GNG amphiphile
declined more rapidly than did activity in the presence of DDM (Fig. S1b).

The new amphiphiles were evaluated for their ability to maintain the native states of two
prokaryotic proteins, succinate:quinone oxidoreductase (SQR), a respiratory complex,16 and
the rhomboid intramembrane serine protease GlpG,17 both of which were expressed in E.
coli. The thermostability of each protein was assessed through the N-[4-(7-diethylamino-4-
methyl-3-coumarinyl)phenyl]maleimide (CPM) assay.18 For both SQR and GlpG, the assays
suggested that all three GNG amphiphiles were slightly more effective than DDM at
preserving the native state (Fig. S2a,b). In order to further assess the effects of the GNG
amphiphiles, we analysed GlpG using gel filtration before and after 2 hr-incubation at 30 °C
(Fig. 3). The DDM-solubilized sample showed a small increase in aggregated protein (peak
at ~ 8 ml retention volume) and in degraded protein (peak at ~15 ml retention volume) after
this treatment. In contrast, the GNG-2-solubilized sample did not contain any aggregated
protein after treatment, and there was little or no degraded protein. The GNG-2-GlpG
complex eluted at a higher retention volume than the DDM-GlpG complex (~14.1 ml vs.
~13.1 ml), indicating that GNG-2 forms smaller PDCs than does DDM. The molecular
weights of PDCs formed by DDM and GNG-2 were estimated to be 91 kDa and 56 kDa,
respectively, suggesting that GlpG is monomeric for both of these solubilizing agents (Fig.
S3).

Among the new amphiphiles, GNG-2 showed the most promising behavior in terms of
stabilizing various test membrane proteins. We turned next to the question of extracting
membrane proteins from bilayers, and we focused on comparing GNG-2 and DDM for this
purpose. The R. capsulatus LHI-RC superassembly, LeuT, and CMP-Sia as a fusion with a
C-terminal green fluorescent protein (GFP) were used for extraction studies (Fig. S4a,b,c).
These studies suggest that GNG-2 is generally comparable to DDM for extraction of
membrane proteins from the biological membranes.

We evaluated the ability of GNG-3 to promote PDC-based crystallization of a membrane
protein. In preliminary studies, GNG-3 was used for solubilization, purification and
crystallization of the E. coli acetate transporter; the resulting crystals diffracted to 4.1-Å
resolution (Fig. S5a,b). Although more study is necessary to improve crystal quality, this
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initial success is consistent with our hypothesis that the ability of GNG-3 to form small
PDCs and to stabilize the solubilized protein promotes crystallization. Further support for
this hypothesis comes from the very recent report by Kellosalo et al. of the 2.6-Å resolution
crystal structure of a sodium-pumping pyrophosphatase, based on crystals grown with
GNG-3 (which is now commercially available).19 This is the first success case of novel
agents in determination of PDC-based high resolution crystal structure of IMPs with
unknown structure.

In conclusion, we have demonstrated that GNG amphiphiles are favorable for solubilization
and stabilization of several membrane protein systems, and that these new amphiphiles also
have a tendency to form small complexes when bound to a membrane protein. The GNG
behavior profile differs from that of classical detergents such as DDM, OG and LDAO, and
our findings therefore suggest that GNG amphiphiles may be more conducive to membrane
protein crystallization than are classical detergents, at least in some cases. Our previous
design, the MNG amphiphile class (maltose headgroups), is generally superior to the GNG
class (glucose headgroups) in terms of membrane protein stabilization. This trend mirrors
the well-known tendency for membrane proteins to be more stable in the presence of DDM
relative to OG. Despite this trend, OG remains very popular for membrane protein
crystallization, because protein-detergent complexes formed with OG tend to be smaller
than those formed with DDM. By extrapolation, it seems likely that GNG amphiphiles will
prove to be as useful as (and complementary to) the MNG amphiphiles for membrane
protein crystallization. Specifically, GNG amphiphiles may be particularly useful for PDC-
based crystallization, while MNG amphiphiles are more suitable for LCP-based membrane
protein crystallization.9
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Figure 1.
Chemical structures of the new amphiphiles.
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Figure 2.
Stability time course of (a) R. capsulatus LHI-RC photosynthetic superassembly and (b)
LeuT. Detergents were tested at CMC + 0.04 wt % for both systems stored at room
temperature. Stability of the superassembly was assessed by measuring the 875/680
absorbance ratio of each sample. Stability of LeuT was assessed based on [3H]-Leu binding
using a scintillation proximity assay (SPA). Results are expressed as % activity relative to
the day 0 activity (mean ± SEM, n = 2).
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Figure 3.
Gel filtration analysis for GlpG solubilized with (a) DDM or (b) GNG-2. The analysis was
performed at a detergent concentration of CMC + 0.04 wt %, before or after incubation of
isolated protein at 30 °C for 2 h.
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