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The γ-secretase complex has a decisive role in the development of
Alzheimer’s disease, in that it cleaves a precursor to create the
amyloid β peptide whose aggregates form the senile plaques
encountered in the brains of patients. Γ-secretase is a member
of the intramembrane-cleaving proteases which process their
transmembrane substrates within the bilayer. Many of the muta-
tions encountered in early onset familial Alzheimer’s disease are
linked to presenilin 1, the catalytic component of γ-secretase,
whose active form requires its endoproteolytic cleavage into
N-terminal and C-terminal fragments. Although there is general
agreement regarding the topology of the N-terminal fragment,
studies of the C-terminal fragment have yielded ambiguous and
contradictory results that may be difficult to reconcile in the ab-
sence of structural information. Here we present the first structure
of the C-terminal fragment of human presenilin 1, as obtained from
NMR studies in SDS micelles. The structure reveals a topology
where the membrane is likely traversed three times in accordance
with the more generally accepted nine transmembrane domain
model of presenilin 1, but contains unique structural features
adapted to accommodate the unusual intramembrane catalysis.
These include a putative half-membrane-spanning helix N-termin-
ally harboring the catalytic aspartate, a severely kinked helical
structure toward the C terminus as well as a soluble helix in the
assumed-to-be unstructured N-terminal loop.
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Alzheimer’s disease is the most common form of dementia and
affects more than 25 million people worldwide. The most

characteristic histological feature of Alzheimer’s disease is the
presence of long, insoluble amyloid fibrils composed of amyloid
β (Aβ) peptide which, either alone or as reservoirs for soluble Aβ
oligomers (1, 2), appear to be the primary species responsible for
the massive neuronal injury presented in patients. Aβ generation
is categorized under an unusual physiological phenomenon
termed regulated intramembrane proteolysis. Here, the amyloid
precursor protein first sheds its ectodomain mediated by β-secre-
tase. The remaining membrane-bound C-terminal fragment is
subsequently processed at a γ-cleavage site by the γ-secretase
complex, a multisubunit protease whose minimal essential com-
ponents include presenilin 1 (PS1) or presenilin-2 (PS2), anterior
pharynx-defective, nicastrin, and presenilin enhancer 2 (3). The
pathological relevance of this final step lies in the observation
that γ-cleavage is variable and can occur after three distinct posi-
tions, 38, 40, and 42, whose selection influences the self-aggregat-
ing potential of the secreted Aβ peptide. Aβ42, although the
minor species, appears to show the strongest potency for oligo-
merization and represents the majority of Aβ in amyloid plaques
(4). Over 150 familial Alzheimer’s disease associated mutations
(www.molgen.ua.ac.be/ADMutations) have been linked to PS1,
the catalytic subunit of the γ-secretase complex (5), the vast
majority of which lead to an increase in the proportion of

Aβ42 (6). Before activation, PS1 must undergo endoproteolysis,
yielding natural N-terminal (NTF) and C-terminal (CTF) frag-
ments, a process thought to cut and remove a loose helix that
otherwise obstructs the substrate binding site in the immature
enzyme (7). NTFand CTF harbor respective YD and GxGD con-
served catalytic motifs, believed to contribute to a water-contain-
ing cavity in the γ-secretase complex wherein catalysis takes place
(8, 9). CTF also contains a highly conserved PAL (proline, ala-
nine, leucine) motif whose mutation leads to loss of PS activity
(10, 11), and which has been suggested to contribute to the ac-
tive-site conformation (12) and possibly to the formation of the
water-containing pore (13). The sheer size and complexity of the
γ-secretase complex has made its crystallographic investigation
challenging, such that the analysis of the individual components
may be a complementary approach. The NTF, in consensus with
all published models, is believed to have a classical transmem-
brane topology consisting of six α-helices. In contrast, the models
proposed for CTF topology vary greatly and are often irreconcil-
able (14–23). The most accepted PS1 model maintains a nine
transmembrane segment (TMS) topology, three of which reside
in CTF (14, 21, 22). The difficulty in obtaining a consensus model
of CTF topology by biochemical methods nevertheless suggests
an unorthodox structure. In light of evidence for the existence
of a water-containing cavity required for catalysis, the more
flexible micelle environment may be better suited for studying
CTF than a solid membrane in the absence of other γ-secretase
components necessary to constitute the hydrophilic pore. Here,
CTF was studied by NMR spectroscopy in micelles, as well as by
molecular modeling approaches.

Results
Prediction of Secondary Structure. One of the bottlenecks of
structural investigation of the γ-secretase components is obtain-
ing sufficient protein yields. Recently, we have shown that con-
tinuous-exchange cell-free expression is an interesting alternative
to cell-based systems for the production of large quantities of
membrane proteins (24, 25) and is particularly useful for isotope
labeling in NMR samples (26). We and others have furthermore
established that cell-free expressed membrane proteins can be
functional when reconstituted into the correct detergent/lipid
environment (27–29). CTF was produced by cell-free expression
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as a precipitate and solubilized in various detergents, of which
SDS showed by far the most homogeneous behavior with a single
Gaussian-shaped peak on the size-exclusion column and the best
NMR spectroscopic characteristics (Fig. S1). To obtain backbone
assignments, we used a combination of standard triple resonance
experiments with uniform as well as TMS labeled samples (30),
resulting in the assignment of 84% of the total resonances and
90% of resonances (E356-I467) excluding the N terminus which
contains an unstructured loop. The combined chemical shift and
NOE information revealed the presence of six α-helical regions
(Fig. 1). The core of the protein consists of three helices of which,
however, only the central helix 8 (T407-F428) shows typical trans-
membrane character. The preceding helix 7 (G384-A398) harbors
the catalytic aspartate (D385) at its N terminus and appears too
short to fully span the membrane. Although no helical secondary
structure was found in the region R377-L383 preceding D385,
this region harbors a classical GxxxG helix–helix interaction motif
which may stabilize to form an interaction interface with sub-
strates or other members of the γ-secretase complex. Further-
more, the sequence containing the conserved PAL motif
(K430-T440) was not predicted as an α-helix and was found to
be conformationally unstable, indicated by significant line broad-
ening of resonances in this region. The C terminus of CTF con-
tains a helical region stretching from F441 to A461 which, by the
presence of a conserved proline (P455), is effectively divided
into two shorter helices, helix 9a (F441-D450) and helix 9b
(F456-A461). A short helix (helix α: M292-N297) containing
the PS1 auto-cleavage site is in addition found at the very N
terminus. Unexpectedly, we discovered another helix (helix β:
E356-L369) in the assumed-to-be unstructured long N-terminal

loop, whose amino acid composition is more typical of soluble
helices.

Theoretical predictions (31, 32) agreed well with our experi-
mentally determined topology for helix 8, but deviated slightly
for helix 7 and strongly for helix 9b (Fig. 1). Both helices display
weaker hydrophobic characteristics, suggesting they may not be
standard transmembrane domains.

The topology of CTF was further investigated by ½1H; 15N�-het-
eronuclear-NOE and amide hydrogen exchange experiments.
Analysis of the heteronuclear-NOE experiments revealed nega-
tive and small positive NOEs typical of flexible and unstructured
regions only for residues within the unstructured N-terminal
loop, whereas the strongest positive enhancement was observed
for residues within α-helical regions, including helix β (Fig. 1).
Hydrogen-deuterium exchange studies showed that only amide
hydrogens in helix 8 were still present after 26 h. Residues in
helices 7 and 9 showed much faster deuterium exchange, suggest-
ing they may be more exposed to the surrounding aqueous envi-
ronment or may show greater dynamics (Fig. S2).

Determination of the Tertiary Structure. A major obstacle for the
tertiary structure determination of α-helical membrane proteins
is the limited availability of NOE-based long-range distance re-
straints. This is due to the increased size of the protein–micelle
complex which necessitates the use of deuteration that eliminates
most side-chain protons. Even without deuteration, however, the
severe resonance overlap in the side-chain regions would make
NOE assignment difficult. Consequently, most published NMR
structures of α-helical membrane proteins are based on either
few [DsbB (33), M2 (34)] or, in some cases, no [diacylglycerol

Fig. 1. Secondary structure prediction of CTF. The hydrophobicity plot was constructed with the Kyte-Doolittle algorithm, and transmembrane prediction
using hidden Markov models (TMHMM) was used to predict for transmembrane segments. CSI (Chemical Shift Index) and TALOS (torsion angle likelihood
obtained from shift and sequence similarity) were used to find secondary structure based on chemical shift data. Sequential NOEs observed in the 15N-
separated ½1H; 1H�-NOESY spectrum are represented by bars above the sequence, and single cysteinemutation sites for PRE studies are shown by green triangles
below the respective residues. The deviance of Cα residues from random coil, as well as the 15N-heteronuclear-NOE are plotted against the sequence. Peaks that
were overlapped, too weak, or missing for analysis are marked with red asterisks. Consensus α-helical regions are denoted in yellow as well as by α-helices
below the sequence.
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kinase (35)] long-range NOE restraints. To obtain long-range dis-
tance restraints, we employed paramagnetic relaxation enhance-
ment (PRE) (36–39). Monocysteine mutants were obtained by
mutating the two native cysteines of CTF to alanines [shown
to have no effect on PS1 activity (40, 41)] and introducing a single
cysteine at 13 different positions residing in both loops and
helices (Fig. 1). Paramagnetic MTSL (methanethiosulfonate) la-
beled proteins were used to determine distances according to the
method developed by Battiste and Wagner (39). Upper distance
bounds of 12 Å and lower distance bounds of 20 Å were applied
for peaks that were broadened beyond detection or unaffected by
PRE, respectively, and those in between were assigned distances
with a �4 Å error margin. The resulting 168 upper- and 340 low-
er-bound distance restraints were combined with restraints for
sequential NOEs, α-helical hydrogen bonds, and backbone tor-
sion angles (Fig. S3 A and B and Table S1). The structure calcu-
lated with CYANA (42) consisted of six α-helical elements (Fig. 2
and Table S1). Helix 8 is the only segment long enough to fully
traverse a lipid bilayer and is mildly kinked at the highly con-
served G417 position whose mutation leads to loss of function
(13). Helix 7 is shorter than expected for a membrane-spanning
helix, and its N-terminal active-site D385 is positioned at what
would be the center of the bilayer where cleavage is proposed
to occur. Helix 9 assumes an unusual conformation in that it
contains a dominant kink at the highly conserved P455 position,
effectively dividing it into helices 9a and 9b. Helix 9a lies approxi-
mately perpendicular to helices 7 and 8, suggesting it to be em-
bedded roughly horizontally below what would be the surface of
the membrane, whereas helix 9b points toward the surface of the
membrane. Helix β within the N-terminal loop was found near
the core of the protein, although not tightly connected to it.
Lastly, no significant contacts were found between the short
N-terminal helix α and the other α-helical elements.

Probing of Surface Accessibility and Cross-Validation with Existing
Biochemical Data. The structural characterization described here
was performed on CTF in isolation. Structural validation via
functional analysis would require not only the NTF, but all four
components of the γ-secretase which, even if properly reconsti-
tuted, would make NMR investigation unfeasible. Here we
cross-validated our structure against biochemical surface accessi-
bility mapping data obtained by others in the context of the active
complex (13, 40, 41, 43). The surface accessibility of CTF was
probed by performing 3D Transverse Relaxation Optimized Spec-
troscopy (TROSY)-HNCA measurements (to overcome peak
overlap) in the presence of either Mn2þ, 5-doxyl stearic acid
(5-DSA), or 16-doxyl stearic acid (16-DSA), all of which induce
line-broadening in nearby residues (Fig. 3A). The free Mn2þ

results in the broadening of surface-exposed residues. Due to
the negatively charged SDS head group, the Mn2þ ions appear
to cluster and likely form a shell around the SDS micelle, such
that amino acids further away from the micelle may experience
a lesser degree of broadening than those closer to the micellar
surface. The 5-DSA and 16-DSA, whose tails bury inside the mi-
celle and whose paramagnetic doxyl groups reside within the
upper and lower regions of the micelle respectively, should
broaden residues either at the solvent–micelle interface or em-
bedded within the micelle. Residues unaffected by all three
broadening reagents would be expected to be fully solvent ex-
posed and remote from the micellar surface. CTF contains a pre-
dicted long N-terminal loop whose central region is not
significantly broadened by any of the paramagnetic reagents, sug-
gesting its remote location from the micelle. However, helix α as
well as nearby residues (R308-N312) seem to be either embedded
or in close proximity to the micelle. Furthermore, helix β was
moderately broadened by all three paramagnetic reagents, sug-
gesting it lies close to the surface of the micelle. Similarly, the
highly conserved PAL motif was broadened to some extent by
all reagents, such that it likely lies outside of, but remains asso-
ciated with the micelle. The central region of helix 7 appears to be
embedded within the micelle (5-DSA and 16-DSA strongly
broaden K387-D389) and highly associated with the micelle in
flanking regions. Most residues in helix 8 as well as those in helix
9a disappear almost entirely in the presence of 5-DSA or 16-
DSA, implying they are micelle embedded. In addition, residues
in helix 9b show moderate broadening by all three reagents, sug-
gesting a micelle associated rather than embedded location.
These results were supported by analysis of the 3D 15N-separated
½1H; 1H�-NOESY spectrum for water-exchange signals of exposed
residues, as well as for NOEs between SDS and residues in close
proximity to the detergent (Fig. 3B and Fig. S4). We next com-
pared our surface accessibility data to those of several groups who
recently employed substituted cysteine accessibility to probe
structural features of CTF in the context of the entire mem-
brane-embedded γ-secretase complex (Fig. 3C and Table S2).
Sato et al. (40) and Tolia et al. (41) showed that several positions
in helix 7, including the catalytic D385 (41), are surface-accessi-
ble, consistent with the presence of a water-filled cavity, whereas
the central region of helix 7 is membrane-embedded. Both groups
in addition observed that all residues in helix 9 were to some ex-
tent accessible to the surface, although many in helix 9a showed
restricted reactivities, and furthermore postulated that helices 9a
and 9b, connected by a proline kink, have different orientations
(13, 43). In accordance, our surface accessibility data showed that
helix 7 is partly micelle embedded, whereas the region N-terminal
to the GxGD catalytic motif is surface accessible and close to the

Fig. 2. CTF structure. (A) Bundle diagram of the 20 lowest en-
ergy CYANA conformers representing the final NMR structure,
obtained by superpositioning the backbone atoms of residues
E356-L369, L384-A398, I407-F428, F441-T450, and F456-A461.
(B) Ribbon diagram of the lowest energy conformer in two
different orientations (Left) and its placement within a
symmetric shell representing the potential relative position
of the micelle (Right). Color scheme: helix β in blue, helix 7
in green, helix 8 in yellow, helix 9a in orange, helix 9b in
red, and D385 displayed as ball and stick in red. Structures
are shown without the long N-terminal loop for simplicity.
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micelle. Our data also showed that helix 9 is severely kinked and
indeed assumes a unique conformation. Although residues in he-
lix 9b are surface-accessible, those in helix 9a showed little or no
such accessibility. Furthermore, several residues at the extreme
C terminus including the last residue of helix 9b (A461-H463)
showed close contacts to the micelle as indicated by their para-
magnetic broadening patterns as well as cross-peaks to SDS. The
surface accessibility of the last three C-terminal residues (F465-
I467) could not be assessed due to lack of assignment. Finally,
both Sato et al. and Tolia et al. showed that residues in helix 8
are buried within the membrane (13, 43), which agrees well with
our findings.

Molecular Dynamics Simulations Within Detergent and Lipid Bilayer
Environments. To further evaluate our structure of CTF, we
performed molecular dynamics simulation in micelles and in lipid
bilayers. To achieve a sufficient simulation time needed for
micelle formation and extensive sampling of conformational
space, we chose a coarse-grain approach using MARTINI, pri-
marily developed to study the behavior of biological membrane
systems (44, 45). Simulations were carried out with 200 coarse-
grain dodecylphosphocholine (DPC) molecules which formed
a micelle consisting of about 80 molecules around CTF during
the first 50 ns, during which time the structure of CTF was frozen.
In the ensuing 3 μs simulation, the coarse-grain structure of
CTF was allowed to change. Comparison with the initial NMR
structure revealed that the interhelical angle between helices 7
and 8 remained relatively stable (140° in the NMR structure
and 120° after the 3 μs simulation) and helices 9a and 9b became
more antiparallel (105° in the NMR structure and 130° after
simulation) (Fig. 4 and Fig. S5A).

We also carried out coarse-grain simulations in dilauroylpho-
sphatidylcholine (DLPC) and dipalmitoylphosphatidylcholine
(DPPC) bilayers with MARTINI (Fig. S5B) as well as molecular
dynamics simulations of an all-atom representation of CTF em-
ploying continuous environments with the Implicit Membrane
Model (46) in CHARMM (47) (Fig. S5C). The resulting
structures showed larger differences both with respect to the
NMR input structure as well as to each other. Although the angle
between helices 7 and 8 remained relatively stable, that between

helices 9a and 9b changed depending on the thickness of the
membrane. In addition, the position of the catalytic helix also
shifted from the center of the membrane toward its border, again
depending on membrane width. These results again would sug-
gest that the micelle is a better environment for the isolated
CTF than a solid bilayer given that certain of its elements are
believed to reside in close proximity to the water-filled cavity
existing within the γ-secretase complex.

Discussion
In our study, we present the solution-state NMR structure of CTF
in SDS micelles. An important question to ask is how well the
structure obtained in the context of a surrogate environment such
as the SDS micelle would approximate the natural conformation
within the lipid bilayer. Although SDS is generally recognized to

Fig. 3. Surface accessibility of CTF. (A) The effect of para-
magnetic broadening reagents on residues are displayed
as peak-height ratios of resonances, determined in the
presence and absence of 0.2 mM Mn2þ, 3.0 mM 5-DSA,
or 3.0 mM 16-DSA. Residue broadening by Mn2þ or 5/
16-DSA indicates surface accessibility or micelle insertion,
respectively. Residues broadened by both Mn2þ and 5/16-
DSA lie at the solvent–micelle interface, whereas those
broadened by neither are remote from the micellar
surface. The green bars beneath indicate the location
of the predicted α-helical structural elements. (B) The pre-
sence or absence of water-exchange peaks and intermo-
lecular NOE cross-peaks to the methylene groups of SDS
are indicated, as obtained from the 15N-separated
½1H; 1H�-NOESY spectrum. Four patterns were observed
with residues showing exclusive water-exchange signals
(water-exposed), exclusive cross-peaks to SDS resonances
(micelle-embedded), as well as both (micelle-associated)
or neither (weak signal). In A and B, residues with too
weak and/or overlapped signals were excluded from
the analysis. (C) Comparison of surface accessibility from
our studies (Left) and those of others via cysteine scan-
ning analyses (Right). Accessible (blue), partially accessi-
ble (green), and nonaccessible (yellow) regions were
mapped onto our ribbon diagram of CTF. Residues for
which data were unavailable or ambiguous due to con-
flicting results are shown in gray. D385 is displayed in ball
and stick format. Structures are shown without the long
N-terminal loop and helix β for simplicity.

Fig. 4. Comparison of CTF NMR and molecular dynamics (MD) simulated
structures. (A) Ribbon diagram of the lowest energy conformer from NMR
investigation. (B) Cα trace after 3 μs of coarse-grain MD simulation in a
DPC detergent/water mixture. Color scheme: helix β in blue, helix 7 in green,
helix 8 in yellow, helix 9a in orange, and helix 9b in red. D385 is displayed in
ball and stick format. Structures are shown without the long N-terminal loop
for simplicity.
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denature water-soluble proteins, hydrophobic regions of integral
membrane proteins have been shown to display a strong affinity
in their native state for complete detergent micelles (48–51). In-
deed, structures of several integral membrane proteins such as
the tetrameric KcsA potassium channel (52), the Na,K-ATPase
regulatory protein FXYD1 (53), MerF of the bacterial mercury
detoxification system (54), and subunit c of ATP synthase (55)
have been investigated in SDS by NMR spectroscopy. Neverthe-
less, given the fact that CTF was studied in isolation in the ab-
sence of the other γ-secretase components and outside of its
natural bilayer environment, it is imperative to validate our struc-
ture by comparing it to surface accessibility studies performed by
several groups on the native PS1. Early topological reports were
based on gene fusion studies in which truncated versions of PS1
were fused to reporter proteins that could be modified according
to their cytoplasmic or extracytoplasmic locations. These studies
yielded six (18), seven (17), and eight (15, 56) TMS models of
PS1, where CTF was predicted to contain from zero to two trans-
membrane helices. This inconsistency owes likely to the ap-
proach, which may suffer from artifacts related to truncation
and the nature of reporter proteins. Less intrusive approaches
for studying the intact PS1 include the use of small glycosylation
acceptor sequences or antibody-based immunofluorescence.
With the first approach, several studies provided evidence in sup-
port of a nine TMS topology, where helices 7, 8, and 9 traverse
the membrane (14, 21, 22). Dewji et al. (16, 23) using immuno-
fluorescence, however, proposed a seven TMS model where only
helix 8 of CTF traverses the membrane (however, their results
which predict one TMS in CTF are also consistent with a three
TMS topology). The proposed topologies above are summarized
in Fig. S6. Our structure suggests that CTF traverses the mem-
brane three times, although several unusual features are ob-
served, such as the putative half-membrane-spanning helix 7 as
well as the kinked helix 9. Recently, single particle electron mi-
croscopy has revealed the presence of a large 20–40 Å interior
chamber within the active purified γ-secretase complex (8, 9).
X-ray crystallographic analyses of site-2 protease (57) and
rhomboid (58), both members of the intramembrane-cleaving
proteases, have further shown the presence of active sites in
water-filled cavities within the bilayer. It is thus likely that
elements of the CTF are partly exposed to a hydrophilic pore,
which would be consistent with our surface accessibility analysis.
Furthermore, our hydrogen exchange measurements showed
relatively fast exchange in regions outside of helix 8 implying
either higher exposure to the aqueous environment and/or in-
creased dynamics.

Cross-validation of our surface accessibility studies with those
performed by others on CTF in the context of the active γ-secre-
tase complex revealed many similarities. A minor discrepancy was
nevertheless observed in helix 9a, which we found to have little to
no access to the surface, but which others found to have weak
and/or restricted exposure (13, 43). This might be explained with
differences in the depth at which helix 9a is located in a bilayer
versus a micelle. Furthermore, Sato et al. (13) and Tolia et al. (43)
both reported that the PAL motif and the active-site residues in
helix 6 of NTF are in close proximity (∼5 Å) based on cross-link-
ing experiments, although Tolia et al. (43) were unable to cross-
link the PAL region to the catalytic D385 in helix 7. Our structure
positions the PAL region away from the catalytic GxGDmotif. An
explanation could be that the PAL loop changes conformation in
the active complex, positioning it close to the active site.

We also compared CTF to the crystal structure of the rhom-
boid protease (58) where the catalytic serine on helix S4 is located

near the center of the membrane. Similarly, helix 7 of CTF which
contains the catalytic D385 appears to only traverse the mem-
brane partly. The other curious feature of rhomboid is the pre-
sence of the membrane-embedded α-helix-containing loop, which
is inserted below the surface of the lipid bilayer and contains a
prominent kink, reminiscent of helix 9 in CTF. Although the con-
formation of CTF as observed in micelles may possibly change
due to interaction with other components in the context of the
entire multisubunit γ-secretase complex, the similarity of the
above-mentioned features with those of the rhomboid, as well
as their cross-validation with surface accessibility experiments
performed in the context of the entire γ-secretase, suggest that
the core α-helical elements are likely preserved in the active com-
plex. It may therefore be possible that proteins involved in intra-
membrane proteolysis share similar structural features adapted
to their unique function.

An unanticipated soluble but membrane-associated α-helix
(helix β) was observed within the long N-terminal loop of
CTF, which up until now was thought to be without structure.
Interestingly, a study of the familial Alzheimer’s disease muta-
tional patterns encountered in patients (www.molgen.ua.ac.be/
ADMutations) revealed that several mutation sites were located
in and around helix β, yet only one was found in the long and
poorly conserved N-terminal loop, suggesting that helix β could
play a functional role. Familial Alzheimer’s disease mutational
patterns in addition revealed that although several sites were
found in helices 7 and 8, none were encountered in helix 9. Given
that familial Alzheimer’s disease mutations most often lead to an
increase in the ratio of Aβ42 to Aβ40, the lack of mutation sites
within helix 9 may suggest that it is not directly involved in the cut
site selection process.

Materials and Methods
CTF-PS1 was cloned into a modified pET21a vector and expressed in a S30-
based continuous-exchange cell-free system. Proteins were stable-isotope
labeled by addition of the labeled amino acids directly to the reaction mix-
ture, andwere expressed as a precipitate and solubilized in 100mMultrapure
SDS in the presence of 20 mM BisTrisPropane (pH 6.8) and 20 mM KCl.
Purification steps were not required due to the sufficient purity of the solu-
bilized protein. The homogeneity of the samples was analyzed by size-exclu-
sion chromatography. TROSY-type HNCA, HN(CO)CA, HNCACB, HNCACO,
HNCO, and 15N-separated ½1H; 1H�-NOESY measurements were acquired for
backbone assignment. PRE experiments for collection of long-range distance
restraints were performed using MTSL labeled monocysteine mutants. Sur-
face accessibility analyses were carried out by addition of water-soluble
Mn2þ or membrane-targeted 5-DSA and 16-DSA paramagnetic reagents to
the solubilized protein, followed by TROSY-HNCA measurements. Spectra
were analyzed with CARA (www.nmr.ch) and Sparky (T. D. Goddard and
D. G Kneller, University of California, San Francisco). Structure calculations
were performed using CYANA (42). Coarse-grain molecular dynamics simula-
tions were carried out with Gromacs (59, 60) for simulations in DPC micelles
and in DPPC and DLPC bilayers. Simulations in continuous environments were
performed using CHARMM (47). Images were constructed with MOLMOL (61)
and PYMOL (www.pymol.org). Further details are provided in SI Text.
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