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ABSTRACT: C99 (also known as β-CTF) is the 99
residue transmembrane C-terminal domain (residues
672−770) of the amyloid precursor protein and is the
immediate precursor of the amyloid-β (Aβ) polypeptides.
To test the dependence of the C99 structure on the
composition of the host model membranes, NMR studies
of C99 were conducted both in anionic lyso-myristoyl-
phosphatidylglycerol (LMPG) micelles and in a series of
five zwitterionic bicelle compositions involving phospha-
tidylcholine and sphingomyelin in which the acyl chain
lengths of these lipid components varied from 14 to 24
carbons. Some of these mixtures are reported for the first
time in this work and should be of broad utility in
membrane protein research. The site-specific backbone
15N and 1H chemical shifts for C99 in LMPG and in all
five bicelle mixtures were seen to be remarkably similar,
indicating little dependence of the backbone structure of
C99 on the composition of the host model membrane.
However, the length of the transmembrane span was seen
to vary in a manner that alters the positioning of the γ-
secretase cleavage sites with respect to the center of the
bilayer. This observation may contribute to the known
dependency of the Aβ42-to-Aβ40 production ratio on both
membrane thickness and the length of the C99 trans-
membrane domain.

The transmembrane (TM) C99 protein is a critical
intermediate on the amyloidogenic pathway associated

with the genesis of Alzheimer’s disease. C99 is the product of β-
secretase cleavage of the full length amyloid precursor protein
and is the substrate for cleavage by γ-secretase to release the
amyloid-β polypeptides. The structure of monomeric C99 in
anionic LMPG detergent micelles was determined by NMR1

and was seen to be composed of a disordered N-terminus
(NTD, 672−687), followed by a surface-associated N-helix
extending from 688 to 694, a flexible “N-loop” (695−699), a
helical transmembrane domain (700−723), a disordered
intracellular “C-loop”, and finally a surface associated “C-
helix” (CTD, 762−770, see TOC graphic). The NMR
structural work was followed by both EPR1 and computa-
tional2−4 studies of the protein under membrane conditions.
However, the dependence of the C99 structure and membrane
interactions as a function of variations in lipid composition has
not been investigated. Here, we provide insight into this issue
and illuminate previous studies showing that alteration of either

the transmembrane span of C99 or of the bilayers in which it is
solubilized impact cleavage of the protein by γ-secretase.5−13

For this purpose we used solution NMR to examine
monomeric C99 in a series of detergent edge-stabilized lipid
bilayers (bicelles), using the same detergent in all samples, but
varying the lipid compositions.
We screened more than 40 potential bicelle compositions

using either dihexanoylphosphatidylcholine (DHPC) or 3-[(3-
cholamidopropyl)dimethylammonio]-2-hydroxy-1-propane-sul-
fonate (CHAPSO) as the detergent component mixed with a
variety of neutral (cholesterol) and zwitterionic (phosphati-
dylcholine and sphingomyelin) lipids (Table S1). Sixteen of the
mixtures appear to form bicelles. For this study we focused on
DHPC-based bicelles, which yield better solution NMR spectra
than CHAPSO-based bicelles. In addition, because C99 forms a
1:1 complex with cholesterol,1 which would complicate
interpretation of results, we excluded all cholesterol-containing
mixtures. We then selected a cross-section of five bicelle lipid
compositions. Two of the chosen compositions have been
previously reported: DHPC-dimyristoylphosphatidylcholine
(DMPC) bicelles,14which have a relatively thin transbilayer
span due to the C14 chains of DMPC, and DHPC-POPC (1-
pamitoyl-2-oleoyl-phosphatidylcholine) bicelles,15,16which have
an intermediate transbilayer span that includes an unsaturated
acyl chain. The other three bicelle systems are novel but
resemble previously described brain (mostly C18) sphingo-
myelin bicelles17 in that they are sphingolipid-based: DHPC-
egg sphingomyelin (ESM) bicelles, in which the fatty amide
chain composition is of intermediate (mostly C16) chain length
(http://avantilipids.com), DHPC-milk sphingomyelin (MSM)
bicelles, which have a fatty amide chain composition dominated
(∼60%) by very long C22−C24 chains, and finally a DHPC-
POPC/MSM (1:1 POPC:MSM) mixture. All bicelles used in
this work contained a mole ratio of 2:1 DHPC:lipid (q = 0.5).
Light scattering measurements confirmed that each of these five
bicelle compositions form monodisperse assemblies of similar
dimensions (Table S2).
C99 was reconstituted into the selected bicelles at a

concentration low enough (<1:800 C99:{lipid+detergent}) to
ensure that the protein is monomeric.18 1H,15N-TROSY NMR
was acquired (Figures 1 and S1). Because peak positions in all
cases were similar to those seen in LMPG micelles (Figure S1),
it was possible to assign the bicelle spectra of C99 based on
correlating peaks to the previously assigned19 peaks in LMPG.
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Based on these assignments, we then measured site-specific
variation of backbone amide 1H and 15N chemical shifts from
random coil values. Results for the 15N chemical shifts are
shown in Figures 2 and S2, while results for 1H shifts are shown
in Figures S3 and S4. For both data sets it can be seen that
there are only very minor differences in site-specific shifts
between LMPG micelle conditions and any of the five bicelle
mixtures tested. This indicates that C99 has a very similar
backbone conformation in all six mixtures. This is despite the
facts that (i) micelles are morphologically distinct from bicelles,
(ii) LMPG is anionic, whereas all the bicelles tested contained
only zwitterionic lipid and detergent, and (iii) the lipid acyl
chain lengths in the various mixtures varied dramatically, from
C14 to C24 carbons. The similarity of the NMR data for C99
from such very different model membrane hosts suggests that
the conformational and dynamic features of C99 are robust and
tolerant of changes in membrane environment. Variations in
cleavage of C99 by γ-secretase as a function of changes in lipid
composition are unlikely to be due to composition-dependent
changes in C99 conformation. We also repeated these
measurement under reduced salt conditions (Figures S2 and
S4−S6) and obtained nearly identical results, indicating that the
C99 structure is also largely independent of ionic strength.
We next used water-soluble Gd(III)-diethylenetriamine-

pentaacetate (Gd-DTPA) and lipophilic 16-doxylstearate (16-
DSA) paramagnetic probes to examine whether the membrane
topology of C99 varies as a function of host model membrane
type and composition (cf. Figure S7). Figure 3 reveals no gross
changes in membrane topology for C99 in all six mixtures
tested: In all cases the three membrane-associated domains of
C99 (the N-helix, TMD, and C-helix) remained membrane

associated. Moreover, no new membrane interacting structural
elements formed. However, some changes of a more modest
nature are evident from Figure 3: (i) LMPG micelles are unique
in that the N-helix peaks were completely broadened by the
lipophilic probe, 16-DSA. This indicates that the N-helix is
more deeply buried in the surface of LMPG micelles than in
any of the five bicelle mixtures. This observation does not apply
to the C-helix, which is protected to a similar degree from both
probes in all mixtures examined. (ii) The N-terminal end of the
TMD for C99 in DMPC-DHPC micelles is much more
exposed to the polar Gd-DTPA probe than in either LMPG

Figure 1. Examples of 900 MHz 1H−15N TROSY NMR spectra of
U−15N-C99 in bicelles at 45 °C. Shown are spectra of the protein in
ESM-DHPC bicelles (red) and the corresponding spectrum from
conventional DMPC-DHPC bicelles (black). Bicelle samples con-
tained 0.2−0.3 mM C99, 20% w/v bicelles, 250 mM imidazole, 1 mM
EDTA, 10% D2O, and pH 4.5. In all cases the bicelle q ratio (lipid-to-
detergent mol/mol) was 0.5. Selected resonance assignments are
illustrated.

Figure 2. Residue-specific backbone amide 15N chemical shifts for C99
in 10% LMPG micelles and in various DHPC-based bicelles. The
values reported here represent the difference between the measured
chemical shift and the random coil chemical shift (estimated as
described in the Supporting Information). The residues marked with
cyan bars are either too broad to observe (even in the absence of a
paramagnet) or lack peak assignments. The four vertical lines
represent the boundaries of the disordered N-terminal cytosolic
domain (NTD, 672−687), the combined N-helix and N-loop (688−
699), the transmembrane domain (TMD, 700−723), the C-loop
(724−761), and the distal C-terminal domain (C-helix, 762−770).1 All
samples contained 0.2−0.3 mM C99, 20% w/v bicelles (q = 0.5), 250
mM imidazole, 1 mM EDTA, 10% D2O, and pH 4.5 (except for
LMPG, which was pH 6.5). The temperature was 45 °C. The data for
LMPG micelles were previously reported in Beel et al., 2008.19
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micelles or the other bicelle mixtures. This suggests that the
C14 acyl chains of DMPC do not provide an adequate bilayer
span to accommodate the 24 residue TM helix of C99. It is
notable that the C-terminus of the C99 TMD remains largely
protected from Gd-DTPA and exposed to 16-DSA in DHPC-
DMPC bicelles. This means that adjustment of the TM span of
C99 to thinner bilayers is not symmetric but is localized to the
N-terminal end, probably because the C-terminal end is flanked
by three consecutive Lys residues (724−726), which serve as a
TMD termination motif. This implies that the γ-secretase
cleavage sites in C99 are shifted in position with respect to
center of the bilayer when bilayer thickness varies. This
observation may shed light on previous results showing that the
Aβ42:Aβ40 production ratio decreases as bilayer thickness
increases9,10 and increases when additional hydrophobic
residues are inserted to extend the C-terminal end of the

TMD.11−13 Of course, bilayer composition and properties may
also impact cleavage of C99 through other mechanisms, such as
direct modulation of γ-secretase activity. (iii) The trans-
membrane span of C99 is longer by two N-terminal residues
in the MSM-containing bicelle mixtures than in LMPG micelles
and ESM bicelles. In POPC bicelles the TMD span is
intermediate between the MSM-containing bicelles and ESM
bicelles. (iv) The YEN segment (residues 757−759) that
precedes the surface-associated C-helix of C99 is more deeply
membrane buried (protected from Gd(III)-DTPA-induced line
broadening) in POPC-containing bicelles than in the two
sphingomyelin-only bicelles or in DMPC bicelles. This is
possibly the consequence of the cis double bond present in the
sn-2 chain of POPC, which will expand the bilayer surface area
relative to bilayers with only saturated acyl chains.20 The YEN
segment leads into the NPTY762 sequence, a known trafficking

Figure 3. Paramagnetic probe-induced reductions in TROSY NMR peak intensities for backbone amide sites of C99 in LMPG micelles and in the
five bicelle compositions examined in this work. Data were collected at 900 MHz and 45 °C as described in the Supporting Information and as
exemplified by Figure S7. The reported intensity ratios are for peak height in a paramagnetic probe-containing sample divided by the corresponding
peak intensity observed in a matched control sample. The water-soluble paramagnetic probe was Gd(III)-DTPA (black bars), while the lipophilic
paramagnetic probe was 16-DSA (red bars). The residues marked with cyan bars are either invisible (even in the absence of a paramagnet) or lack
peak assignments. Data were also collected for samples with low-salt content, yielding data very similar to that shown here (Figure S8).
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motif that is subject to tyrosine phosphorylation.21−23 One
wonders whether access of this motif by tyrosine kinases and/
or by trafficking adaptor proteins is dependent on lipid
composition-dependent degree of membrane association of the
preceding YEN segment.
The results of this work show C99 appears to have a robust

conformational structure, a property that it potentially shares
with many other membrane proteins.24 These results are
interesting in light of considerable current interest in the
question of to what degrees membrane protein structures
determined under micellar conditions can be assumed to be
native-like.24−27 While the C99 structure seems to vary little, it
is significant that modest membrane topological adjustments
were seen when C99 was reconstituted in bicelles containing
lipids with very different chemistries (glycerol- vs sphingosine-
based) or acyl chains of dramatically different lengths. These
changes in topology may provide insight into how the cleavage
sites of C99 by γ-secretase depend on membrane thickness.9−11

It will be interesting in future work to see if the known complex
formation of C99 with cholesterol1 or dimerization of the
protein4,6,18,28−31 alters the membrane topology of the protein
(although the physiological relevance of dimerization has been
questioned18). Finally, we note that this work also provides
over a dozen new bicelle compositions that may be used in
future studies of other membrane proteins.
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