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Abstract

The amyloid precursor protein (APP) is subject to alternative pathways of proteolytic processing,
leading either to production of the amyloid-β (Aβ) peptides or to non-amyloidogenic fragments. Here,
we report the first structural study of C99, the 99-residue transmembrane C-terminal domain of APP
liberated by β-secretase cleavage. We also show that cholesterol, an agent that promotes the
amyloidogenic pathway, specifically binds to this protein. C99 was purified into model membranes
where it was observed to homodimerize. NMR data show that the transmembrane domain of C99 is
an α-helix that is flanked on both sides by mostly disordered extramembrane domains, with two
exceptions. First, there is a short extracellular surface-associated helix located just after the site of
α-secretase cleavage that helps to organize the connecting loop to the transmembrane domain, which
is known to be essential for Aβ production. Second, there is a surface-associated helix located at the
cytosolic C-terminus, adjacent to the YENPTY motif that plays critical roles in APP trafficking and
protein–protein interactions. Cholesterol was seen to participate in saturable interactions with C99
that are centered at the critical loop connecting the extracellular helix to the transmembrane domain.
Binding of cholesterol to C99 and, most likely, to APP may be critical for the trafficking of these
proteins to cholesterol-rich membrane domains, which leads to cleavage by β- and γ-secretase and
resulting amyloid-β production. It is proposed that APP may serve as a cellular cholesterol sensor
that is linked to mechanisms for suppressing cellular cholesterol uptake.

The human amyloid precursor protein (APP)1 is a single-span membrane protein that is
alternatively processed by either α- or β-secretase to release its large ectodomain from the cell
surface, a process referred to as “shedding”. β-Secretase (β-site APP cleaving enzyme 1,
BACE1) cleaves APP after Met671, leading to production of the C-terminal 99-residue domain
of APP, C99, a single-span membrane protein. Subsequent cleavage of C99 at membrane-
disposed sites by γ-secretase leads to release of both the amyloid-β (Aβ) peptides and the water-
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soluble APP intracellular domain (AICD), the latter of which plays roles in transcriptional
regulation (1). The Aβ peptides have heterogeneous C-termini owing to a somewhat imprecise
γ-secretase-mediated intramembranous cleavage, and these peptides have varying tendencies
to aggregate and then to seed amyloid deposits in neural tissue (2–4). Thus, BACE1 cleavage
is closely linked to the etiology of Alzheimer's disease. Alternative processing of APP by α-
secretase results in cleavage after Lys687 and release of an 83-residue C-terminal fragment,
C83 (5). While C83 (also known as p10) is also a transmembrane protein and is also subject
to γ-secretase cleavage, the resulting polypeptide products are not amyloidogenic.
Pharmacological elevation of α-secretase cleavage of APP at the expense of β-secretase
cleavage has attracted interest as a strategy for reducing predisposition to Alzheimer's disease
(4,6,7).

The partitioning of APP between amyloidogenic and non-amyloidogenic pathways is closely
linked to the intracellular trafficking of APP and C99, a process in which cholesterol is also
intimately involved. α-Secretase cleavage occurs primarily at the cell surface in the cholesterol-
poor bulk plasma membrane (8) whereas β- and γ-secretase proteolysis occurs primarily in
cholesterol-rich lipid rafts (also known as detergent-resistant membranes, DRMs), most often
following internalization of the protein into cholesterol-rich endosomes (9–12). Cholesterol
was identified more than a decade ago as a factor that could modulate β-amyloid production
(13,14), and subsequent investigations have confirmed the dependence of amyloidogenic
processing on cholesterol (15,16) and the association of APP or BACE1 with lipid rafts (10,
17). These observations have laid the foundation for a model of APP processing in which the
proteolytic fate of APP is governed by its dynamic equilibrium between lipid rafts and the bulk
phase of the membrane. According to this increasingly well-substantiated model, raft-
associated APP is processed in an amyloidogenic fashion, often in association with the
endocytic pathway, whereas APP in the bulk phase of the membrane is cleaved primarily by
α-secretase at the cell surface. Further support for this model has been provided by the
observations that cholesterol depletion and filipin-mediated caveolar destruction augment α-
secretase cleavage (18).

Factors that induce the association of APP with raft-like membrane domains remain
uncharacterized. Various proteins have been suggested to regulate the membrane trafficking
of APP, including the low-density lipoprotein (LDL) receptor-related protein 1 (LRP1),
LRP1b, SorLA/SorL1/LR11, and ApoER2/LR8 (see review in ref 19). These proteins, all of
which are members of the LDLR family, influence the trafficking kinetics of APP and serve
to retain it in particular organelles or induce its endocytosis. SorLA, for instance, is thought to
engage in retrograde trafficking from the endosomal system to the Golgi, thereby protecting
APP from BACE1 (20). LRP1 promotes the endocytosis of APP (21), whereas LRP1b (22)
and ApoER2 (23) retain APP at the cell surface. While competition among these proteins for
APP dictates its intracellular trafficking, they are not likely to be the proximate factors that
induce association of APP with lipid rafts or promote raft formation around APP clusters. The
raft-associated protein flotillin was shown to interact with APP and promote its clustering and
subsequent endocytosis in a cholesterol-dependent fashion. Clustering of membrane proteins
is known to promote raft association (24), and APP clustering is evidently dependent on
cholesterol (25). Therefore, the possibility exists that direct interactions of APP with

1Abbreviations: Aβ, amyloid-β; AICD, APP intracellular domain; APP, amyloid precursor protein; BACE1, β-site APP cleaving enzyme
1; β-CHOLBIMALT, β-cholesteryl-(maltosyl-β-(1,6)-maltoside); C99, 99-residue transmembrane C-terminal domain of APP; CD,
circular dichroism; DRM, detergent-resistant membrane; DTT, dithiothreitol; FAD, familial Alzheimer's disease; Gd-DTPA, Gd(III)-
diethylenetriaminepentaacetic acid; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; LB, Luria broth; LMPG,
lysomyristoylphosphatidylglycerol; LDLR, low-density lipoprotein (LDL) receptor; LRP1, LDL receptor-related protein 1; MTSL,
2,2,5,5-tetramethyl-3-pyrroline-3-methyl)-methanethiosulfonate; NMR, nuclear magnetic resonance spectroscopy; NOE, nuclear
Overhauser effect; PAGE, polyacrylamide gel electrophoresis; 16-DSA, 16-doxylstearic acid; SDS, sodium dodecyl sulfate; TMD,
transmembrane domain; TROSY, transverse relaxation-optimized NMR spectroscopy; WT, wild type.

Beel et al. Page 2

Biochemistry. Author manuscript; available in PMC 2009 September 9.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



cholesterol contribute to translocation of APP from the bulk phase of the membrane to
cholesterol-enriched lipid rafts. This latter possibility would require APP/C99 to have a specific
affinity for cholesterol.

In this work we examine the possibility that the critical C99 domain of APP can directly
recognize and bind cholesterol. We also present the first detailed structural characterization of
C99, the product of β-secretase cleavage and a substrate for cleavage by γ-secretase. Although
the amyloid-β peptides and the extramembrane domains of APP have been the subject of
numerous structural studies (25–42), analysis of C99 and shorter transmembrane domain-
(TMD-) containing fragments of APP have been limited to elucidation of the putative
homodimeric state of the TMD (43–46) and to some limited CD studies (43,47). The studies
of C99 in this paper reveal surprising structural and cholesterol-binding properties that appear
to be critically related to the proteolytic processing and membrane trafficking of C99 and APP.

Methods

Overexpression and Purification of the C-Terminal Transmembrane Domain of APP (C99)

The β-secretase cleavage product of the full-length human amyloid precursor protein (residues
672–770, C99) was cloned into a pET-21a vector, with an added methionine encoded at the
N-terminus and an added spacer/purification tag (QGRILQISITLAAALEHHHHHH) at the
C-terminus. This vector was then used to transform the BL21(DE3) strain of Escherichia
coli.

The transformed cells were plated on Luria broth (LB)/ampicillin plates and then cultured in
5–10 mL of LB/ampicillin at 37 °C. These cultures were then used to inoculate 1 L of M9
minimal medium (40 mM Na2HPO4, 20 mM KH2PO4, 10 mM NaCl, 20 mM NH4Cl, pH 7.0)
supplemented with 0.1 mM CaCl2, 1 mM MgSO4, 0.4% glucose, vitamins (150 mg of a
pulverized CVS Spectravite vitamin), and 0.1 mg/mL ampicillin. The cultures were then
incubated with vigorous shaking at 37 °C until their OD600 reached ca. 0.8, at which point the
cultures were induced by adding isopropyl thiogalactoside to 1 mM. Expression was allowed
to proceed for 5 h at 37 °C, and cells were then harvested by centrifugation.

To each gram of harvested cell paste was added 20 mL of lysis buffer (75 mM Tris, 300 mM
NaCl, 0.2 mM EDTA, pH 7.8), followed by lysozyme (0.2 mg/mL), DNase (0.02 mg/mL),
RNase (0.02 mg/mL), and magnesium acetate (5 mM). The lysate was agitated for 1 h at room
temperature followed by sonication for 5 min (alternating 5 s on and 5 s off). The solution was
then centrifuged at 15000g for 20 min, and the supernatant was discarded. The pellet, which
contained C99-containing inclusion bodies, was resuspended in lysis buffer (20 mL for each
original gram of cells), dispersed with a hand-held homogenizer, and recentrifuged (15000g
for 20 min), following which the supernatant was discarded. The inclusion bodies were washed
in this manner until the supernatant became clear, which typically required three iterations.
The washed inclusion bodies were solubilized by tumbling overnight at room temperature in
a urea/SDS buffer (20 mM Tris, 150 mM NaCl, 8 M urea, and 0.2% SDS, pH 7.8). The solution
was then centrifuged at 18 °C for 20 min at 15000g, and the pellet was discarded. The
supernatant could be frozen and stored prior to subsequent steps. The supernatant was then
mixed with Qiagen (Valencia, CA) Ni-NTA-Superflow resin (2.5 mL of resin for each gram
of cells represented by the supernatant) and tumbled for 20 min at room temperature. The resin
was transferred to a column, which was then washed with 4 bed volumes of urea/SDS buffer,
followed by 4 bed volumes of SDS rinse buffer (20 mM Tris, 150 mM NaCl, no urea, 0.2%
SDS, pH 7.8). The protein was refolded by exchanging detergent from SDS to
lysomyristoylphosphatidylglycerol (LMPG; Avanti, Alabaster, AL) by pulsing the column
with a series of 8 × 1 bed volumes of Tris-buffered saline (20 mM Tris HCl, 200 mM NaCl,
pH 7.8) containing 0.05% LMPG. Finally, C99 was eluted from the resin using a solution
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containing 0.05% LMPG and 250 mM imidazole (Calbiochem, UL-TROL grade) at pH 7.8.
The purity of C99 was confirmed by SDS–PAGE using Coomassie staining. The concentration
of C99 was determined by measuring the A280 and using an extinction coefficient of 5960
M−1 cm−1 (0.43 (mg/mL)−1 cm−1). The protein could then be flash-frozen in liquid nitrogen
and stored at −80 °C. The typical yield of purified C99 was 20 mg/L of culture.

To prepare uniformly 13C- and/or 15N-labeled C99, 13C6-glucose and/or 15NH4Cl was used in
the minimal medium. Perdeuterated C99 samples (70–85%) were prepared using the same
method as above but replacing the H2O with 99% D2O in the minimal medium in which the
cells were grown (final labeling was only 70–85% because the carbon source used was fully
protonated glucose). In order to adapt the cells to growth in D2O, a 5 mL LB/ampicillin starter
culture was inoculated, followed 10–14 h later by addition of 1 mL of this culture to 30 mL of
minimal media with 70% D2O. The culture was allowed to grow until OD600 reached a value
of 0.5, at which point 1 mL of this culture was used to inoculate 30 mL of minimal media in
99.9% D2O. This culture was grown until OD600 reached a value of 0.5, and 6 mL of this
culture was then used to inoculate 1 L of minimal medium in 100% D2O. The culture was then
grown until OD600 reached a value of 0.8, which required about 16 h, and induced with 1 mM
IPTG. After induction, protein expression continued for 24 h, at which point the cells were
harvested by centrifugation.

NMR Sample Preparation

To prepare C99 samples for NMR, EDTA was added to 1 mM and D2O to a concentration of
10%. Additional LMPG was added to adjust the final concentration to 9%. The pH was then
adjusted to 6.5 using acetic acid and ammonium hydroxide. The solution was then concentrated
to 1–3 mM C99 using an Amicon Ultra-15 (MWCO = 5000 Da) centrifugal ultrafiltration
cartridge. For titration experiments, U-15N-labeled C99 was used, while for the backbone
assignment, U-15N,13C,2H(70%)-C99 was employed. Relaxation measurements were carried
out with U-15N,2H(70%)-C99. Between NMR experiments, NMR samples were stored at 4 °
C where they remained stable almost indefinitely. Samples were tested for stability at 45 °C,
and the kinetics of C99 precipitation was found to be inversely related to the concentration of
LMPG. At 45 °C, C99 was observed to remain stable for 6 weeks in the presence of 9% LMPG,
hence the use of high detergent concentrations in NMR samples.

Backbone NMR Resonance Assignments and Secondary Structural Analysis

3-D NMR data were recorded at 45 °C on a Varian 900 NMR spectrometer equipped with a
conventional probe at the University of Georgia. The sequential backbone resonance
assignments for U-2H(70%), 15N,13C-labeled C99 were carried out using TROSY-based triple
resonance experiments (48): HNCA, HNCACB, HN(CO)CA, HN(COCA)CB, and HNCO
with deuterium decoupling. NMR data were processed using NMRPipe (49) and analyzed
using NMRView software (50) or Felix (FelixNMR, Inc.). Sequential connectivities were
established by [15N-1H]-TROSY-HNCA and [15N-1H]-TROSY-HNCACB experiments,
which provided intraresidue and sequential cross-peaks of Cα and Cα/Cβ, respectively.

Backbone chemical shifts were assessed in terms of secondary structure using chemical shift
index (51) analysis in NMRView.

Paramagnetic Probe-Induced NMR Line Broadening Experiments

The 800 MHz 1H,15N-TROSY (52)spectrum of U-15N-C99 was monitored as C99 was titrated
with either 16-doxylstearic acid (16-DSA) or Gd(III)-diethylenetriaminepentaacetic acid (Gd-
DTPA, Aldrich, Milwaukee, WI). 16-DSA was titrated over a concentration range of 0–0.8
mM to a 1 mM U-15N-C99 sample from a stock solution consisting of 8 mM LMPG, 31 mM
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16-DSA, 10% D2O, and 240 mM imidazole, pH 6.5. Peak intensities were measured at each
titration point to assess the amount of paramagnet-induced line broadening.

Preliminary titrations with Gd-DTPA led to TROSY spectra of C99 that exhibited not only
line broadening but also small peak shifts, the latter most likely resulting from transient
coordination of Gd(III) ligand sites with Asp or Glu side chains on the protein. It was possible
to suppress these unwanted interactions between ion and protein by simultaneously titrating
the protein sample with Gd-DTPA and EDTA. The presence of additional chelating agent
serves to effectively cap available Gd(III) coordination sites. Gd-DTPA was added over a
concentration range of 0–11 mM to a 1 mM U-15N-C99 sample from a stock solution consisting
of 150 mM Gd-DTPA, 250 mM free EDTA, and 150 mM imidazole, pH 6.5. During the course
of this titration, the C99 concentration was diluted by 7%.

NOE and Relaxation Analysis

All experiments were carried out on a 900 MHz spectrometer equipped with a cryoprobe.
Relaxation and steady-state NOE measurements were collected using U-15N,2H(70%)-C99.

The gNhsqc sequence in Biopack (Varian, Palo Alto, CA) was modified for the measurements
of 15N T1 and T2 relaxation times in TROSY spectra. For T1, τ values of 0.01, 0.1, 0.25, 0.5,
0.8, 1.1, 1.4, 2.5, and 4.5 s were employed. The acquisition time was 116.5 ms and the delay
between scans was 2 s. T2 relaxation times were determined using τ values of 0.01, 0.03, 0.05,
0.07, 0.09, and 0.11 s. The acquisition time was 116.5 ms and the delay between scans was 2.8
s. For resonances with T2 shorter than 30 ms, T2 values were determined from two time points:
one at 10 ms and the other at 30 ms. Steady-state 1H-15N NOEs were measured by acquiring
a pair of spectra (with and without amide proton presaturation) using the gNNOE pulse program
in Biopack. Saturation of the amide protons was achieved by a train of 27.4 μs π pulses for 3
s. The total delay between scans was 7 s. Heteronuclear NOEs were obtained from the ratio of
the resonance volume from the spectrum with presaturation to the volume from the spectrum
without presaturation.

Amide–amide NOEs were measured using the 3D gnoesyNhsqc experiment in Biopack and a
conventional probe. A mixing time of 120 ms was employed. Exchange cross-peaks to water
were classified as strong, weak, or no exchange. Ideally, classification would be based on a
percentage of the diagonal peak intensity. However, diagonal peaks often varied in intensity
and overlapped extensively. Instead, the exchange cross-peaks between amide proton and water
were classified as strong or weak based on their intensity relative to other NOE cross-peaks to
the same amide proton. This is a reasonable based on the fact that most amide protons have at
least one cross-peak to a non-water proton at a distance of 3.0–3.5 Å. If the exchange peak had
the largest intensity, the amide proton resonance was classified as being strongly exchanging.
Smaller exchange peaks were labeled as weak, reflecting slower exchange rates. Many amide
protons exhibited no exchange cross-peak and were classified as nonexchanging.

Titration of C99 with Cholesterol Analogues

Cholesterol has a very low solubility in LMPG micelles and in most other types of detergent
micelles. We therefore employed a water-soluble cholesterol analogue, β-CHOLBIMALT: β-
cholesteryl-(maltosyl-β-(1,6)-maltoside) (Anatrace, Maumee, OH). 1H,15N-TROSY spectra
of U-15N-C99 were recorded in LMPG micelles as β-CHOLBIMALT was titrated over a
concentration range of 0–64 mol % (moles of β-CHOLBIMALT/(moles of β-CHOLBIMALT
+ moles of LMPG) × 100). The starting C99 solution was 550 μL and contained 2 mM protein.
β-CHOLBIMALT was added from a 15% stock solution (in 10% D2O).
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In order to carry out a limited titration using actual cholesterol, a stock 5% LMPG solution that
contained 5 mol % cholesterol was prepared by codissolving LMPG and cholesterol in a 95:5
mixture of benzene:ethanol. This solution was then lyophilized, and the resulting powder was
redissolved in 250 mM imidazole, pH 6.5, and then aliquoted into purified C99 solutions.
Following subsequent concentration of the sample to 600 μL for NMR, the total LMPG
concentration was 9%, while the cholesterol concentration was 5 mol %. 1H,15N-TROSY
spectra were acquired for each sample. Efforts to find conditions that allowed higher
concentrations of cholesterol to be attained in C99/LMPG samples were not successful.

Reported chemical shift changes represent a composite of the β-CHOLBIMALT-induced
changes in the proton and nitrogen-15 chemical shifts according to the equation (53):

(1)

Preparation of Nitroxide Spin-Labeled C99

Wild-type C99 has no cysteine residues. To facilitate site-directed spin labeling of C99, a series
of single-cysteine mutant forms of the protein (F675C, Q686C, E693C, T729C, H732C, and
S750C) were generated using QuickChange site-directed mutagenesis (Stratagene). Each
mutant was purified as described above for WT, except that 2 mM β-mercaptoethanol was
added to the lysis buffer and 0.5 mM dithiothreitol (DTT) was added to all column
chromatography buffers. Following purification, C99 in elution buffer was concentrated to 10
mg/mL, and DTT was increased to 1 mM to reduce intermolecular disulfide bonds. To these
concentrated C99 samples, 4 mM 2,2,5,5-tetramethyl-3-pyrroline-3-methyl)
methanethiosulfonate (MTSL; Toronto Research Chemicals) was added from a 75 mM stock
solution in methanol (stored at −80 °C between use). The solution was gently agitated for 1 h
at room temperature and then for 2 h at 37 °C, being preserved under argon throughout. MTSL-
labeled DTT and excess MTSL were then removed from the sample by repeatedly diluting the
sample with 15 mL of a 250 mM imidazole buffer (pH 6.5) and then concentrating with an
Amicon Ultra-15 centrifugal filter device. Four to five iterations of this process were sufficient
to eliminate undesired contaminants. D2O was then added to 10%, and EDTA was added to 1
mM. The sample was then concentrated to a level suitable for NMR (ca. 1 mM).

Titration of NMR-Labeled C99 with Spin-Labeled C99

The TROSY NMR spectrum of wild-type U-15N-C99 in LMPG micelles was monitored as it
was titrated with a 15N-unlabeled Thr729Cys mutant form of C99 that had been modified at
its lone cysteine with a nitroxide spin label. The starting sample, which contained only the
U-15N-labeled protein at a concentration of 1.2 mM, was titrated over a range of 0–3.2 (molar
ratio of spin-labeled C99 to 15N-labeled C99) using a stock solution containing 3.0 mM MTSL-
labeled Thr729Cys in LMPG. TROSY spectra were acquired at each point, with the number
of scans being adjusted so that the inherent sensitivity of all spectra was equal (accounting for
the dilution of NMR-labeled C99 that occurred during this titration).

NMR peak line widths at half-maximal height (Δν1/2) for ten selected resonances were
averaged and plotted as a function of the ratio of the spin-labeled subunit to the NMR-labeled
subunit. If the assumption is made that the inclusion of the spin label does not bias the formation
of dimers and that C99 dimers can exchange subunits at a rate that is rapid on the NMR time
scale, then the population of each dimer (homodimeric NMR-labeled [A], homodimeric spin-
labeled [B], and the NMR/spin-labeled heterodimer [C]) can be related to the molar ratio (x)
of spin-labeled C99 to NMR-labeled C99 by the relations:
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(2)

(3)

(4)

Only A and C (which contain 15N-labeled protein) will exhibit NMR resonances; therefore,
only the levels of these two species need be considered in predicting spectral parameters
produced by this collection of molecules. Based on this, the following equation predicts the
resonance line widths:

(5)

The starting average line width is Δν1/2,A (the observed line width for the point at which χ =
0). The preceding equation can be adjusted for the line width of species C (Δν1/2,C) in order to
optimally fit the model to the data. NLB is a nonspecific paramagnetic line broadening factor.
Simulations were carried out to find the best match between the actual data and simulated data.

Glutaraldehyde Cross-Linking of C99

C99 samples in 1% LMPG and 50 mM PIPES (pH 6.5) were cross-linked by the addition of
glutaraldehyde from a fresh 25% aqueous solution to a concentration of 16 mM. The solution
was gently agitated for 12 h at room temperature, and aliquots were then analyzed by SDS–
PAGE.

Results

Assignment of NMR Resonances for C99 in LMPG Micelles

Human C99 was expressed in E. coli and purified into micelles composed of LMPG, a
phospholipid-derived detergent that generally maintains membrane proteins in native-like
structural and functional states (54–56) (Figure 1). Backbone 15N, 13CO, 13Cα, and 13Cβ NMR
resonances were then assigned (Figure 2) using a series of TROSY-based 3-D experiments.
Assignment benefited greatly from collection of key data sets at 900 MHz. 3-D spectra acquired
at 800 MHz had insufficient spectral dispersion to permit resonance assignments. Even at 900
MHz, a number of assignments proved elusive because of severe resonance overlap or extreme
line broadening arising from intermediate time scale exchange. Nevertheless, 85% of the
backbone and Cβ resonances could be successfully assigned, and these have been deposited in
BioMagResBank (entry 15775). The assignments enabled a series of experiments to elucidate
key features of C99's three-dimensional structure and dynamics, as described below.

C99 Is a Homodimer in LMPG Micelles

Results from other laboratories have suggested that C99 or its derived TMD is homodimeric
under both membrane and model membrane conditions (43–46). We therefore examined C99's
oligomeric state in LMPG micelles. Chemical cross-linking with glutaraldehyde led to
formation of covalently linked dimers with moderate efficiency (Figure 3A). Moreover, unlike
certain monomeric single-span membrane proteins such as KCNE1 (56), single-cysteine
mutant forms of C99 were observed to be highly susceptible to disulfide-mediated dimerization
in LMPG micelles, even in the presence of high concentrations of the thiol reducing agent,
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dithiothreitol (Figure 3B–D). C99 dimerization was also supported by titration of U-15N-
labeled wild-type C99 with a T729C mutant form of C99 that was not NMR-labeled but was
thiol-derivatized with a nitroxide spin label. This titration resulted in line broadening in
the 1H,15N-TROSY spectra of the NMR-labeled subunit that clearly exhibits a dependence on
the molar ratio consistent with the protein forming a statistically ideally mixed distribution of
homo- and heterodimers (Figure 3E).

Secondary Structure of C99 in LMPG Micelles

Inspection of the backbone chemical shifts of C99 using chemical shift index (CSI) analysis
reveals three helical segments (Figure 4). Other parts of the protein appear to lack a regular
secondary structure. An α-helix that includes the transmembrane domain (TMD) extends from
Asn698 through Leu723, where it is terminated by three consecutive lysines. A second short
α-helical segment (Phe690 through Glu693) is located in the extracellular domain between the
site of α-secretase cleavage (after Lys687) and the start of the TMD. The third helix is observed
at the extreme C-terminus of C99, starting at Thr761 and extending through N770. This latter
observation is reminiscent of results from previous NMR studies of the isolated cytosolic
domain of C99 under micelle-free conditions showing this segment to have transient helical
character (38,39). It is acknowledged, however, that our studies of C99 were carried out in the
presence of a 22-residue C-terminal purification tag, which could promote the formation of
this third helix, although it is much more likely that formation of a stable C-terminal helix
results from its capacity to form an amphipathic helix that binds with modest avidity to the
micelle surface (see below). The retention of the tag in these studies was justified by the
observation that tags at the C-termini of APP or C99 do not interfere with their proteolytic
processing (57–60).

Dynamics of C99 in LMPG Micelles

NMR relaxation measurements (Figure 5) are consistent with the results of CSI analysis and
offer additional insight by showing that the nonhelical domains of C99 are flexible, suggesting
that they are predominantly unstructured. These domains include both the extreme N-terminus
(residues 672–682) and cytosolic residues 724 to 760, which connect the TMD and the C-
terminal helix. The TMD, on the other hand, is seen to be uniformly immobile, indicating that
its relaxation properties reflect the overall correlation time of the C99/LMPG micellar
assemblies. A correlation time of 26 ns was calculated from the average T1/T2 ratio for
amide 15N sites in the TMD and is consistent with the homodimeric oligomeric state of C99.
We recently determined a correlation time of 21 ns for the single-span membrane protein,
KCNE1, in LMPG micelles (56). The tagged form of KCNE1 has 137 residues, slightly longer
than the tagged form of C99 examined in this work (121 residues). Assuming the KCNE1/
LMPG micellar aggregate is ca. 60 kDa, the 5 ns increase in correlation time observed for C99/
LMPG would correspond to an additional 14 kDa in mass, a value in agreement with C99's
putative homodimeric state.

For the two extramembrane helices (residues 690–693 and 761–770), T2 values were observed
to be much lower (and the T1/T2 ratios much higher) than for the adjacent disordered segments.
This difference indicates that these helices are immobilized, although not to the extent of the
TMD. As supported by additional data below, this appears to reflect avidity of these segments
for the micellar surface.

Amide Exchange and Paramagnetic Probes of C99's Topology

The topology of C99 with respect to the micellar model membrane was probed by examining
backbone amide proton exchange with water. Figure 6 summarizes the degree of water
accessibility to amide sites in C99 as observed in NOESY spectra. While extensive resonance
overlap and missing assignments precluded the evaluation of exchange for all sites, the data
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reveal that the backbone amide protons within the transmembrane domain undergo only slow
exchange with protons from water, consistent both with their location in the apolar phase of
the membrane and also with a lack of high amplitude dynamics of this domain, which would
allow sites to make frequent excursions outside the micellar interior to the soluble phase where
helices would be destabilized and exchange could occur. As expected, all sites observed to be
disordered in the relaxation measurements were also seen to undergo relatively rapid proton
exchange with water. For the two extramembrane helices associated with membrane surface
(residues 690–693 and 761–770), some of the backbone amide protons exhibited a modest
reduction in exchange with water relative to the disordered segments. In the case of the C-
terminal helix, other sites showed strong exchange with water. These data suggest that both
helices are at least partially water-exposed and that the stability of the C-terminal helix is
modest.

A more detailed map of protein topology with respect to the membrane was obtained by
assessing backbone amide proton accessibility to the polar and nonpolar paramagnetic probes
Gd-DTPA and 16-doxylstearate (16-DSA). Paramagnet-induced reductions in peak intensities
were recorded from TROSY spectra acquired in both the absence and presence of these probes
(cf. Figure 7). These measurements are reported in Figure 8 for those peaks that are both
assigned and sufficiently well resolved to allow unambiguous measurement of peak intensities.
As expected, the disordered N-terminal residues 673–682 were fully exposed to the water-
soluble Gd-DTPA and experienced relatively little line broadening in the presence of the
lipophilic 16-DSA. The largely disordered membrane-proximal C-terminus that extends to site
761 is somewhat more complex. While many sites are fully exposed to Gd-DTPA and are
largely inaccessible to 16-DSA, several sites (especially in segment containing residues 729–
735) exhibit some degree of protection from Gd-DTPA and also some exposure to 16-DSA.
This complexity may reflect transient interactions of this segment with the micelle surface as
a result of the presence of apolar amino acids and nonrandom conformational preferences (as
also reflected by deviations of the backbone chemical shifts from their random coil values; see
Figure 4). Given that C99 appears to form dimers in LMPG, there also exists the possibility
that there might be some inter-subunit contacts that also impact site accessibility to Gd-DTPA.

The C-terminal helix extending from Thr761 to N770 is observed to be largely inaccessible to
both 16-DSA and Gd-DTPA (Figure 8). This is almost certainly due to association of this helix
with the micelle surface. At the surface this helix is not well-accessed by the nitroxide group
near the end of the stearate chain of the lipophilic 16-DSA. This trend is also observed for sites
near both ends of the TMD. These interfacial sites are also seen to be largely inaccessible to
Gd-DTPA, which may be surprising. The most likely explanation is that the water-exposed
face of the C-terminal helix sits roughly at the same level as the negatively charged head groups
of LMPG such that Gd-DTPA, which has a net charge of −2, is repelled from proximity to the
negatively charged micelle surface.

The central residues of the TMD (708–715) are almost completely inaccessible to the Gd-
DTPA and, conversely, are completely accessible to the nitroxide of 16-DSA (Figure 8). This
suggests that the intramembrane subunit-subunit interface for homodimeric C99 is located N-
terminal to the Gly708Gly709 segment such that the C-termini of the twin TMDs extend away
from each other in a scissor-like fashion from the dimer interface. Closer to the micelle surface
within the TMD (on both sides), residues remain inaccessible to Gd-DTPA and become
gradually more inaccessible to 16-DSA as the ends of the TMD are approached.

A surprising result from the paramagnetic probe experiments concerns the juxtamembrane
extracellular domain extending from the site of α-secretase cleavage to the start of the
transmembrane helix at Asn698. Phe690 and Phe691 in the extracellular helix are observed to
be fully exposed to the nitroxide probe of 16-DSA (Figure 8), which indicates that these sites

Beel et al. Page 9

Biochemistry. Author manuscript; available in PMC 2009 September 9.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



must extend fairly deeply into the model membrane surface. Val689, which precedes this helix,
also exhibits considerable accessibility to 16-DSA. On the other hand, Ala692 is at least
partially protected from interactions with 16-DSA, whereas the peak from E693 undergoes
only modest broadening from 16-DSA. These results suggest that the extracellular helix sits
at the membrane surface with its N-terminal end more deeply buried than its C-terminal end.

Residues 694–697 that link the extracellular and transmembrane helices must form a loop or
turn, as supported by the chemical shift and NMR relaxation data (Figures 4 and 5). At least
three of these four residues also undergo facile proton exchange with water (Figure 6).
However, this segment is largely inaccessible to both 16-DSA and Gd-DTPA (Figure 8). While
it is possible that the observed inaccessibility to Gd-DTPA may arise partly from the proximity
of this segment to the negatively charged micelle surface (that appears to repel the negatively
charged Gd-DTPA, as noted above), it is also possible that these data reflect a relatively
crowded tertiary/quaternary environment for these sites, an environment that may encompass
both the adjacent homodimer interface and the extracellular helix.

Cholesterol Induces Specific and Saturable Changes in the NMR Spectrum of C99

Because cholesterol is thought to play an important role in the trafficking and proteolytic
processing of APP and C99, the consequences of cholesterol addition on the structural
properties of C99 were examined. Cholesterol is notoriously difficult to solubilize in detergent
micelles; nevertheless, a cholesterol content of 5 mol % was attained in C99-containing LMPG
micelles. The TROSY spectrum of C99 in this sample exhibited small but significant changes
in many resonance chemical shifts as a result of the presence of cholesterol (Supporting
Information Figure 1). The solubility limit of cholesterol in micelles precluded a full titration.
Therefore, we turned to the use of novel cholesterol analogues that have enhanced cosolubility
with detergent micelles: specifically, the α and β anomers of a cholesterol derivative
glycosylated by a tetrose (β-(maltosyl-β-1,6-maltoside)) group, an addition that confers
aqueous solubility to these compounds.2 These compounds are referred to as α- and β-
CHOLBIMALT (the chemical structure of the latter is depicted in Figure 9). The changes in
the NMR spectrum of C99 that were induced by cholesterol were generally very similar to
those induced by a comparable level of β-CHOLBIMALT (Supporting Information Figure 1).
This prompted a titration of C99 in LMPG with β-CHOLBIMALT over a concentration range
of 0–64 mol %, which spans the range of cholesterol concentrations present in various
mammalian membranes. The superimposed TROSY series for this titration is shown in Figure
9. For those peaks exhibiting the greatest chemical shift perturbation, the induced changes in
peak position as a function of β-CHOLBIMALT concentration were found to be saturable,
with half-maximal changes occurring at about 15 mol % (Figure 10A, inset). Figure 10A shows
the changes in chemical shift that were induced by 32 mol % β-CHOLBIMALT. While some
of the smaller (<0.1 ppm) changes could arise from glycoside-specific interactions, the large
changes in the positions of the TROSY peaks of Gly696, Ser697, and Lys699 as a result β-
CHOLBIMALT addition are striking. That the observed perturbations at these sites were
induced by the cholesterol moiety of β-CHOLBIMALT is supported by the fact that these peaks
also exhibited the greatest chemical shift perturbation in response to the addition of bona
fide cholesterol at 5 mol % (Supporting Information Figure 1).

To assess whether the spectroscopic changes induced by the cholesterol analogue reflect
changes in protein structure and/or local motions, the oligomeric state, dynamics, and
paramagnetic probe accessibility of C99 were examined in samples that contained 16 mol %

2While cholesterol sulfate and cholesterol hemisuccinate are also commercially available cholesterol derivatives with significantly more
polar substituents than the hydroxyl moiety at the carbon-3 position, the experience of the authors has been that these compounds are
much more difficult to solubilize either alone in aqueous solution or in detergent micelles. The CHOLBIMALT compounds, by contrast,
are readily soluble in a variety of conditions and have the added advantage that they maintain the electroneutrality of cholesterol.
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β-CHOLBIMALT. SDS–PAGE of C99 following cross-linking by glutaraldehyde
demonstrated no difference in the amount of covalent dimer in the presence or absence of the
cholesterol analogue, indicating β-CHOLBIMALT does not alter C99's propensity to
homodimerize (data not shown). A full set of 900 MHz T1, T2, and 1H-15N steady-state NOE
measurements indicated no major changes in local structural dynamics (Supporting
Information Figure 2), although the membrane-associated domains exhibited uniformly
elevated T1/T2 ratios that reflect slower overall tumbling of the C99/LMPG/CHOLBIMALT
mixed micelles relative to C99/LMPG mixed micelles. This was confirmed by the observations
that certain peaks were broadened beyond detection by the addition of β-CHOLBIMALT to
64 mol % and that these peaks were localized almost exclusively to the three micelle-associated
helical segments (Figure 10B). Finally, a full set of 16-DSA and Gd-DTPA measurements
revealed no major changes in the patterns of site accessibility to these paramagnetic probes
(Supporting Information Figure 3). Altogether, these results indicate that interactions of C99
with cholesterol-like compounds do not result in any major changes in conformation or
dynamics. However, C99 appears to bind β-CHOLBIMALT in a manner that is both saturable
and appears to involve direct interactions with the loop connecting the extracellular helix to
the transmembrane domain.

Discussion

The Aβ peptides that are derived from the N-terminus of C99 have been the subject of extensive
structural characterization in solution, when bound to model membranes or as part of
aggregates (25–33). Similarly, the cytosolic C-terminal domain of C99 has been examined in
several careful structural studies in solution (38–40). A study of a polypeptide that corresponds
to the TMD of C99 indicated that this peptide forms α-helical homodimers in SDS micelles
(43). Also, recent CD, limited proteolysis, and solid-state NMR studies of a fragment
containing the TMD and parts of the flanking juxtamembrane domains (residues 684–726)
suggest that the secondary structure and dynamics of this polypeptide are sensitive to
membrane fluidity (47). However, beyond a series of investigations that have suggested it
forms homodimers (43–46), the structure of full-length C99 has not been examined. The results
of this paper offer the first detailed insight into C99's conformation and motional dynamics
and also set the stage for future studies to complete determination of its structure at high
resolution. The results also establish that C99 binds cholesterol.

The studies of this paper were carried out using model membranes consisting of LMPG
micelles. With its long (C14) saturated acyl chain, LMPG most likely forms large micelles
with a diameter that approaches the hydrophobic span typical of lipid bilayers. LMPG is also
a mild and nondenaturing detergent (54–56). For these reasons, we will tentatively assume,
throughout the following discussion, that the structural conclusions reached in our studies of
C99 in LMPG micelles can be extrapolated to C99 under bilayer conditions. We acknowledge,
however, that only future structural studies will disclose the validity of this assumption.

The Transmembrane Domain of C99 Is a Classical α-Helix

The results showed that the transmembrane domain of C99 is encompassed by a 26-residue
α-helix that starts at Asn698, entering the membrane at Gly700 (±1 residue) and ending after

Leu723. This conclusion is consistent with the results of computational predictions (61), but

is at variance with two studies that concluded the TMD of C99 spans only 12–18 residues

(62,63). Grziwa et al. argued that the TMD was only 12 residues long based on cysteine

scanning mutagenesis of the TMD in conjunction with measurements of Cys site accessibility

to thiol-reactive chemical probes (62). This approach likely underestimated the true length of

the TMD because of helical “bobbing” along the bilayer normal that would allow water-soluble

chemical probes to access and modify normally transmembrane sites when they become
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transiently exposed to the aqueous phase (see ref 64). In the second study, Tischer and Cordell
concluded the TMD is 18 residues long (63) based on mutagenesis data showing that sites C-
terminal to the sites of γ-secretase cleavage can be deleted or replaced with polar residues
without disrupting proteolytic processing or interfering with membrane integration of the
molecule as a whole. However, their “Asp walking” technique might not accurately predict
the actual TMD length because the placement of polar residues near the boundary of the
transmembrane region might be accommodated by “snorkeling” of the side chain to the
membrane surface and/or by ion pairing of the Asp side chain with one of the three membrane-
proximate WT lysine residues.

The transmembrane domain of C99 appears to be a single unbroken α-helix. Moreover, within
the experimental uncertainty of the NMR relaxation measurements and as supported by both
NOESY-based water–amide hydrogen-exchange measurements and paramagnetic probe
accessibility measurements, the TMD of C99 appears to be conformationally well ordered. The
sites of γ-secretase cleavage that lead to release of Aβ40 and Aβ42 (V711 and A713,
respectively) are observed by paramagnetic probe measurements to be located in the most
hydrophobic region of LMPG micelles, where their amide protons are maximally accessible
to the hydrophobic probe 16-DSA (Figure 8). This indicates that these sites are not involved
in the dimer interface (see below) and that these scissile sites are not recognized by γ-secretase
on the basis of any unusual backbone conformational or dynamic features.

The γ-secretase complex includes the presenilin 1 (PS1) catalytic subunit and is a highly
promiscuous protease that is capable of cleaving numerous type I membrane proteins (61).
Extensive bioinformatic analyses of its substrates have failed to reveal any characteristics at
the level of primary structure that would predispose a transmembrane (TM) protein for γ-
secretase cleavage, except that known cleavage sites tend to be in parts of TM helices that are
predicted to be subject to modest destabilization by surrounding residues (61). γ-Secretase
appears to be capable of cleaving almost any type I transmembrane peptide provided that the
substrate protein has undergone ectodomain shedding (61,65). Mutagenesis studies have
shown that a variety of APP mutations in proximity to the γ-secretase cleavage sites are
tolerated (66,67). Thus, it is not unexpected that the TMD of C99 would be structurally
unremarkable. Both the local disruption of TM helices to expose the substrate scissile bond
and the access of water to this site appear to be mediated by the γ-secretase complex (59,61,
65,68) rather than by any peculiar intrinsic properties of C99 that would facilitate water access
to the scissile sites. For C99, the transmembrane helix surrounding the scissile sites is thought
to be moderately destabilized by the presence of adjacent β-branched amino acids (61), thereby
predisposing the helix to local unfolding within the γ-secretase active site to expose the scissile
amide bonds to nucleophilic attack.

A number of FAD mutations within the APP TMD increase the Aβ42:Aβ40 production ratio
(69). Several of these, such as Val715Ala, Ile716Val, Val717Ile, and Val717Leu, are very
conservative and would not be predicted to significantly perturb the stability or structure of the
transmembrane helix. This suggests that these mutations promote Aβ42 by exerting either very
subtle conformational perturbations within the transmembrane domain or, more likely, that
they alter the relative energetics of alternative binding modes by which the mutated substrate
can interact with γ-secretase, favoring cleavage after Ala713 and release of Aβ42.

Homodimerization of the Transmembrane Domain of C99

C99 was observed to form dimers in LMPG micelles, which is consistent with results from
other laboratories showing that C99 or its derived TMD is homodimeric under both membrane
and model membrane conditions (43–46). At least three structural models have been proposed
for homodimerization of C99, all involving its GXXXG motifs. GXXXG motifs are
responsible for homodimerization of glycophorin A and many other membrane proteins (70,
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71), sometimes singly and sometimes in tandem (72). C99 has three GXXXG motifs, one being
G696SNKG700 in the juxtamembrane domain, with the others being located in the TMD
(G700AIIG704, and G704LMVG708). In the model of Kielan-Campard et al., all three of these
motifs are proposed to simultaneously participate in the helix–helix contacts that are
responsible for homodimerization (44). Because our NMR data show that the helix leading
into the TM segment starts at Asn698 and because Gly708 is observed to be fully exposed to
the hydrophobic paramagnetic probe 16-DSA (see Figure 8), this model is not well supported
by the results of this work.

In the dimerization model of Gorman et al., it is not the canonical GXXXG motifs that are
thought to be critical but rather the G709XXXA713 motif that encompasses the sites of gamma
γ-secretase cleavage that lead to Aβ40 and Aβ42 (43). The model does not well explain the data
of the present work, where Figure 8 shows that the amide protons at both G709 and A713 are
fully exposed to the hydrophobic paramagnetic probe 16-DSA. It should be noted that the
Gorman et al. study was limited to the isolated TMD polypeptide of C99. This polypeptide
appears to dimerize more avidly than full-length C99, running as a dimer on SDS–PAGE gels
(43) unlike wild-type C99, which runs as a monomer unless covalently cross-linked (Figure
3). This indicates that the free energy in favor of dimer formation is reduced by the presence
of the native extramembrane domains. Indeed, the possibility cannot be ruled out that location
of the dimer interface is different for full-length C99 than for the isolated TMD polypeptide
studied by Gorman et al.

In the third (Munter et al.) model of C99 homodimerization, G700XXXG704 is thought to form
the critical helix–helix contacts responsible for homodimerization of C99 (46). This model is
well supported by the observed paramagnetic topology mapping, since both Gly700 and
Gly704 are fairly inaccessible to both 16-DSA and to the hydrophilic Gd-DTPA (Figure 8).
The full accessibility of the central section of the TMD to 16-DSA suggests that the lower parts
of each TM helix in the homodimer extend away from the G700XXXG704 dimerization
interface in a scissor-like fashion. However, disfavoring the Munter model is the observation
that mutations of Gly704 sometimes result in enhanced dimerization (44), which would indicate
either that the Munter model is incorrect or that there are alternative modes of dimerization
that become dominant when the primary G700XXXG704 motif is disrupted. This latter
possibility does seem reasonable given the presence of the seemingly “unused” GXXXG and
GXXXA motifs.

The Extramembrane Domain of C99 Includes a Surface-Associated Helix That May be Critical

for Processing of C99

While the extreme N-terminus of C99 appears to be largely disordered, our data revealed the
presence of a short α-helix that extends from residues Phe690 through Glu693 (see Figure 1).
Moreover, it was observed that the consecutive Phe residues in this helix are buried in the
membrane surface, with the preceding Val and following Ala residues also being partially
buried. These results can be compared to corresponding results from studies of the amyloid-
β polypeptides under micelle-associated conditions. Studies of the Aβ polypeptides bound to
SDS micelles under neutral pH conditions concluded that these polypeptides include an
extramembrane helix that starts at Tyr681 or Gln686 and then terminates at Val695 (26,30),
which is of greater length than observed in this study of C99. A second helix in the Aβ
polypeptides starts at essentially the same position as for the TMD of C99 (Lys699) and
terminates several residues from their C-termini (at Val711 and Ala713 for Aβ42 and Aβ40,
respectively). The significant structural difference between LMPG-micellar C99 and the SDS-
micellar Aβ polypeptides likely reflects different modes of membrane interactions for these
molecules. The C-termini of the Aβ peptides are located at sites that are near the middle of
C99's intact TMD. Therefore, the C-terminal helix of the Aβ peptides, although composed of
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apolar amino acids, is not nearly long enough to span a membrane or micelle. The Aβ
polypeptides must therefore be accommodated by a mode of membrane interaction that allows
the charged C-terminus to access the water-exposed micelle surface. This reasoning is
supported by studies of Jarvet et al. (28) of Aβ40 in SDS micelles using NMR and paramagnetic
probes. That the C-terminus of the Aβ polypeptides and the TMD of C99 have completely
different modes of interaction with micelles appears to have profound consequences on the
structure of the adjacent extramembrane domain. This probably explains the difference in
length between the extramembrane helix in C99 and that in Aβ. Significant differences in the
physicochemical properties of SDS and LMPG micelles constitute another likely contributor
to the structural differences between C99 and Aβ (73). Unlike SDS, LMPG is a mild and
nondenaturing detergent. Like native phospholipids and unlike SDS, LMPG includes a polar
but uncharged spacer moiety (glycerol) between its charged headgroup and apolar tail. The
electrostatic potential of the exposed sulfoanionic surface of SDS micelles is also probably
very different than for LMPG micelles, where the anions associated with the phosphodiester
moiety of LMPG will be much more buried by the glycerol moieties that flank it on both sides.

The surface helix of C99 at sites 690–693 may serve as an anchor to provide structural
organization to parts of C99 that are critical for its processing by both α-secretase and γ-
secretase. Immediately preceding this helix is the site of α-secretase cleavage, located between
Lys687 and Leu688 (see Figure 1). Immediately following is a loop that connects the surface
helix to the TMD. This connecting loop includes Ser697 and Lys699, residues known to be
essential for γ-secretase cleavage at Val711 and Ala713 to release the Aβ peptides (74,75). As
described below, these loop residues also appear to constitute the focal point for cholesterol
binding by C99. The insertion of helix-breaking residues at sites immediately following the
α-secretase scissile site has been previously shown to confer APP with resistance to cleavage
by this protease (76–79). Interestingly, replacement of the hydrophobic Val689, Phe690, and
Ala692 with helix-compatible polar residues did not disrupt cleavage (79), suggesting that the
extramembrane helix does not need to directly interact with the membrane surface in order for
α-secretase cleavage to occur. Rather, the key additional requirement for scissile site
recognition by α-secretase appears to be the number of residues from the transmembrane
domain (78,79). This suggests that during or immediately subsequent to association of APP
with α-secretase, the extramembrane helix dissociates from the membrane surface in order to
enter the active site, with the distance from the membrane surface serving as a “ruler” for
enzymatic selection of the scissile site.

Several mutations associated with familial Alzheimer's disease (FAD) are located in the
extracellular helix and just following it: A692G, E693G, E693Q, and D694N. These mutations
have been studied most extensively in the context of the Aβ peptides, as some of these mutations
are believed to enhance the tendency of Aβ to form pathogenic fibrils and aggregates (80–
85). Of greater relevance to this paper is the study of Haass et al., who observed that the Flemish
mutation caused impaired α-secretase cleavage of APP, an observation that reflects the above-
noted requirement of α-secretase for substrates that contain an α-helix following the scissile
site. This is expected to contribute to the etiology of Alzheimer's disease by tipping the balance
between amyloidogenic β-secretase cleavage and benign α-secretase cleavage in favor of the
former.

The C-Terminus of C99 Is Membrane Associated

The final ten residues of C99 were observed to form an α-helix that associates with moderate
affinity with the surface of LMPG micelles. A helical wheel plot of residues 761–770 shows
that this segment maps well as an amphipathic helix (Supporting Information Figure 4), which
explains its preference for the micelle surface. While our studies were conducted in the presence
of a C-terminal purification tag, the first eight residues of this tag are mostly polar and cannot
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be mapped as an amphipathic or apolar helix (Supporting Information Figure 4), an observation
that strongly suggests the tag does not contribute to membrane association.

The association of the C-terminus of C99 with the membrane surface is of particular interest
because this segment encompasses part of the Y757ENPTY motif that plays a central role as a
Tyr-phosphorylation recognition element involved in the binding of APP and its derived
fragments to several different adaptor proteins including Fe65, X11, and mDAB (86,87). These
interactions are believed to be closely linked to the endosomal trafficking of APP, to its putative
transport of protein cargo in neurons, and to the role of the AICD in transcriptional regulation.
We speculate that the interactions of various proteins with this motif may be modulated by the
membrane association and dissociation of the C-terminus. Within intact C99, the C-terminus
(sites 761–770) would be membrane associated, thus anchoring the YENPTY motif (sites 757–
762) to the surface in a manner that might effectively sequester this site from recognition by
some of its potential binding partners. Phosphorylation of either Tyr757 or Tyr762 (the latter
especially) by regulatory tyrosine kinases could impose a strong electrostatic force capable of
dissociating the C-terminus from the surface, thereby releasing this motif for facile access and
binding by soluble interaction partners. AICD liberation by γ-secretase is also likely to trigger
dissociation of the C-terminus from the membrane surface given that the avidity of this short
amphipathic helix for the membrane is unlikely to be high enough to anchor AICD in the
absence of the C99 TMD. Of additional note, other endosomal sorting/trafficking motifs in
type I membrane protein have also been shown to be membrane surface-associated (88,89),
suggesting that modulation of protein–membrane interactions may be a common strategy for
regulating these critical biological processes.

The site of APP phosphorylation that has been most extensively characterized (40) is Thr743,
which is located in a largely disordered domain of C99 at a point almost equidistant from the
end of the TMD and the beginning of the C-terminal amphipathic helix. Thr743 may therefore
be rather prominently displayed at the most membrane-distal apex of the cytosolic membrane-
to-membrane loop connecting these two helices. It has been shown that phosphorylated Thr743
is recognized by the prolyl isomerase, Pin1, which then catalyzes rapid interconversion
between the cis and trans forms of Pro742, a phenomenon that may be linked to the manner
by which Pin1 binding results in enhanced Aβ42 production (90).

Cholesterol Specifically Binds to C99 via the Loop Connecting the Extracellular Helix to the

TMD

Titration of C99 by cholesterol and cholesterol-like compounds results in large chemical shift
perturbations for residues G696, S697, and K699. For β-CHOLBIMALT, these changes are
saturable, with half-maximal effect occurring at approximately 15 mol %. The changes in the
NMR spectrum appear to result from specific and local cholesterol–C99 interactions rather
than changes in the conformation or dynamics of C99, which appear to be minimal. Residues
G696, S697, and K699 are located in the loop connecting the extracellular helix to the TMD,
where it is also proximal to the putative interface for homodimerization.

These observations have important implications. First, C99 appears to have a specific affinity
for cholesterol and related lipids. However, based on our results with β-CHOLBIMALT
cholesterol's affinity for C99 appears to be only modest, such that cholesterol saturation of the
protein may be approached only when the local cholesterol content in the membranes is >15
mol %. This affinity may be an important factor underlying C99's tendency to associate with
cholesterol-rich lipid rafts. Under conditions where the cholesterol content in the membrane
is low, C99 would generally not be complexed with cholesterol. However, under conditions
where the membrane cholesterol content is sufficiently high such that it segregates to form
cholesterol-rich microdomains, C99 would be expected to preferentially localize within such
domains by virtue of its modest affinity for cholesterol. Because the amyloidogenic β- and γ-
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secretases are believed to reside in raft-like detergent-resistant membrane domains, C99's
intrinsic affinity for cholesterol represents an inherently pro-amyloidogenic property.

It is widely believed that α- and β-secretases compete with one another for ectodomain shedding
of APP. Accumulating evidence suggests the substrate partitioning of APP between these
proteases is determined largely by intracellular trafficking of APP. Numerous studies have
demonstrated that α-secretase processing of APP is generally localized to the bulk membrane
phase of the cell surface (8), whereas β-secretase activity occurs primarily in cholesterol-rich
raft-like domains of endosomal membranes. Therefore, the preferential cell surface partitioning
of APP to cholesterol- and sphingomyelin-enriched lipid rafts (which can then internalize to
endosomes enriched with β-secretase activity) is believed to be a decisive determinant of the
competition between β-and α-secretase for initial proteolysis of APP (10,91). Factors that
promote raft association and internalization would tend to elevate β-secretase cleavage and
contribute to the amyloid burden, while factors that inhibit internalization or promote cell
surface localization would elevate α-secretase cleavage. The results of this study suggest that
C99 (and most likely APP) can form a specific complex with cholesterol at physiologically
relevant cholesterol levels, which suggests that the specific affinity of APP for cholesterol is
likely to be one factor that promotes its association with raft-like membrane domains. This is
consistent with previous results showing that covalent linkage of proteins to sterols is sufficient
to induce raft localization (91). Providing further corroboration of the interaction between
cholesterol and APP/C99 is the recent discovery that the ATP binding cassette transporter G1
(ABCG1), which redistributes cellular cholesterol to the plasma membrane, induces increased
cell surface localization of APP (92). In addition to APP–cholesterol interactions, protein–
protein interactions probably also contribute to APP's propensity to partition into raft-like lipid
domains. For example, the flotillins are one family of proteins thought to facilitate clustering
of both APP and cholesterol in raft-like membrane domains (93,94). Recently, it was shown
that the interaction between flotillin-2 and APP is cholesterol-dependent (94), suggestive of a
specific complex between APP, cholesterol, and flotillin.

Does APP Function as a Cellular Cholesterol Sensor?

The AICD fragment liberated by cleavage near the C-terminus of APP was recently shown to
suppress transcription of the LRP1 gene by translocating to the nucleus and physically binding
to the LRP1 promoter (7). LRP1 is a major receptor for exogenous cholesterol (95). When the
LPR1 gene expression is downregulated, the result is a reduction in cellular cholesterol levels
(7). We propose that one function of APP and/or its C99 domain may be sensing sterol levels:
when the local membrane concentration of cholesterol approaches levels at which membrane
phase separation occurs, a significant fraction of cell surface APP will bind cholesterol and
translocate to raft-like domains. These domains are then internalized to endosomes where APP
is cleaved by BACE1, and the product (C99) is subsequently cleaved by γ-secretase to release
two peptides, AICD and Aβ.3 The former downregulates LRP1 production at the transcriptional
level, thereby decreasing intracellular cholesterol levels. The latter augments this effect by
inhibition of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), the rate-limiting enzyme
in cholesterol biosynthesis (96). Additionally, Aβ directly activates the catabolic
sphingomyelinase, resulting in a reduction in sphingolipid levels (96). Grimm et al.
demonstrated that the absence of presenilin in mouse embryonic fibroblast cells dramatically
reduced Aβ, which, in turn, caused elevated cholesterol and sphingolipid levels, the latter two
molecules being the primary lipid constituents of APP-containing rafts. By downregulating
cholesterol and sphingolipid levels, Aβ may directly modulate its own production. In a sense,
APP appears to be acting as a cholesterol sensor (Figure 11): after initial cleavage by BACE1

3While not shown in Figure 11, the product of α-secretase cleavage, C83, would also be expected to bind cholesterol and to contribute
to production of AICD (but not Aβ) after its internalization and cleavage by γ-secretase.
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(a cholesterol-dependent phenomenon), the C-terminal stub (C99) is proteolyzed by γ-
secretase. The C-terminal product of this reaction (AICD) downregulates the intake of
exogenous cholesterol at the transcriptional level, whereas the N-terminal product (Aβ)
downregulates cholesterol biosynthesis via direct or indirect inhibition of HMGR. In
conjunction with previous findings, our data therefore support a novel function for APP as a
regulator of neuronal cholesterol levels. The function(s) of APP is (are) incompletely
understood. Our data shed light not only on its physiological role in cholesterol metabolism
but also on the pathophysiological relation of cholesterol metabolism to Aβ production and
Alzheimer's disease. In further support of this model is the observation that APP interacts at
the cell surface with LRP1 and the two cointernalize (21,97) and are subsequently degraded
by BACE1 (98) and γ-secretase (99), suggesting that APP can further act to regulate cholesterol
levels by promoting internalization of LRP1, thereby reducing its concentration at the plasma
membrane.

Conclusions

The results of this paper provide the first detailed description of the structural properties of
C99 and pave the way for future completion of its high-resolution structure in LMPG micelles
using solution state NMR spectroscopy. While the transmembrane domain of C99 was found
to be largely featureless, both the extracellular and intracellular domains contained structural
elements that appear to be closely linked to APP function, proteolytic processing, and
trafficking. Most importantly among these elements is a binding site for cholesterol, which is
centered in an extramembrane segment of C99 that is also believed to be critical for γ-secretase
cleavage at sites within the transmembrane domain. That C99 (and most likely full-length APP)
specifically binds cholesterol, as opposed to having a less specific preference for raft-like
membrane domains, suggests that cholesterol may be an important factor governing the
trafficking of APP to rafts and may also play a direct role in the modulation of β- and/or γ-
secretase cleavage. Moreover, when considered in the context of a wealth of recent data on
APP trafficking, processing, and function, the observation of C99's cholesterol binding
property suggests that one function of APP may be to serve as a cholesterol sensor/receptor
that can downregulate cellular cholesterol uptake under conditions of high membrane
cholesterol content.
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Figure 1.

Sequence and topology of C99 (left) and SDS–PAGE gel with Coomassie staining of the
purified protein (right). The locations of the transmembrane helix, the surface-associated
extracellular helix at sites 690–693, and the surface-associated C-terminal helix at sites 761–
770 reflect results from this work.
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Figure 2.

900 MHz 1H,15N-TROSY spectrum of U-2H(70%),13C,15N-C99 in LMPG micelles showing
resonance assignments. The pH was 6.5 and the temperature was 45 °C.
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Figure 3.

C99 dimerizes in LMPG. (A) Glutaraldehyde cross-linking of C99 in LMPG micelles as
followed by SDS–PAGE/Coomassie. The first lane shows C99 WT in the absence of a cross-
linking reagent; the second lane shows C99 WT following cross-linking with glutaraldehyde.
(B) SDS–PAGE of single-cysteine mutant forms of C99 following incubation in LMPG in the
presence of DTT. The concentration of protein in LMPG was 10 mg/mL (0.73 mM), and the
concentration of DTT was varied between 0 and 4 mM, as indicated on the figure. (C) SDS–
PAGE of C99 F675C in the presence of varying concentrations of DTT. The C99 concentration
in LMPG micellar solutions was 1.5 mg/mL (0.11 mM), and the concentration of DTT was
varied between 0 and 10 mM, as indicated on the figure. (D) SDS–PAGE of C99 F675C in the
presence of increasing quantities of DTT. The concentration of protein was 10 mg/mL (0.73
mM), and the concentration of DTT was varied between 0 and 10 mM, as indicated on the
figure. Significant disulfide-mediated dimerization was observed even in the presence of ca.
30 equiv of reducing agent per cysteine. (E) Nitroxide spin-labeled C99 T729C was titrated
into a solution of U-15N-labeled C99 WT in LMPG micelles. The average of the 1H line widths
for ten 1H,15N-TROSY NMR peaks (V689, F691, G696, G700, A701, I702, G704, G708,
G709, M722) is plotted as a function of the T729C:WT molar ratio (open circles). Also plotted
are simulated data for the ideal case where C99 (15N-labeled and nitroxide-labeled) is assumed
to form homo- and heterodimers with freely exchanging subunits (closed circles).
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Figure 4.

Chemical shift index (CSI) data and analysis for C99 in LMPG micelles. The ΔC values
represent the differences between the observed 13C chemical shifts and standard residue-
specific random coil 13C shift values for the backbone and Cβ carbons. As shown, these data
are consistent with three α-helical segments.
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Figure 5.

900 MHz backbone amide 15N T1 and T2 relaxation times and steady-state 1H–15N NOEs for
U-15N,2H(70%)-C99 in LMPG micelles at pH 6.5 and 45 °C.
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Figure 6.

Site-specific backbone amide proton/water exchange as detected in 900 MHz NOESY spectra
of U-15N-C99 in LMPG micelles at pH 6.5 and 45 °C.
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Figure 7.

Effects of Gd-DTPA on 800 MHz 1H,15N-TROSY peak intensities for 1 mM U–15N-C99 in
LMPG micelles at pH 6.5 and 45 °C. The black peaks represent the 1H,15N-TROSY spectrum
of C99 in the absence of a paramagnetic probe. The superimposed red spectrum was acquired
after addition of Gd-DTPA to a concentration of 11 mM.
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Figure 8.

Site-specific reductions in 800 MHz 1H,15N-TROSY peak intensities for C99 as a result of
adding either a water-soluble paramagnetic probe (Gd-DTPA) to 11 mM or a lipophilic probe
(16-DSA) to 0.8 mM (2 mol %) to samples of U-15N-C99 in LMPG micelles at pH 6.5 and 45
°C. These experiments were performed twice, and the plotted values represent an average of
the two measurements. A negative bar indicates that the peak was broadened by the paramagnet
to the extent that it became effectively undetectable. The absence of a bar indicates that data
were unavailable because of extensive peak overlap or lack of residue assignment. Peak
intensity ratios were not corrected to account for the modest degree of sample dilution that
occurred during the course of the titration (3% for 16-DSA and 7% for Gd-DTPA).
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Figure 9.

Titration of U-15N-C99 in LMPG micelles at pH 6.5 and 45 °C with the cholesterol analogue
β-CHOLBIMALT, as monitored by 800 MHz 1H,15N-TROSY NMR spectroscopy. TROSY
spectra for C99 (initial concentration of 2 mM) are superimposed and correspond to β-
CHOLBIMALT concentrations of 0 mol % (black), 8 mol % (red), 16 mol % (green), 32 mol
% (purple), and 64 mol % (blue). A number of peaks broaden and disappear by the end of the
titration. Resonance assignments are shown for peaks exhibiting the greatest perturbation in
chemical shift and/or line width.
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Figure 10.

(A) Effect of 32 mol % β-CHOLBIMALT on the 1H,15N-TROSY chemical shifts of C99.
Points lacking data represent unresolvable/undetectable peaks or peaks that disappeared during
the course of the titration due to excessive broadening. The reported chemical shift changes
represent a composite of the β-CHOLBIMALT-induced changes in the proton and nitrogen-15
shifts (see Methods). Inset: The average Δδ values for the three C99 peaks that undergo the
greatest perturbation (S697, K699, G700) are plotted as a function of the mol % of β-
CHOLBIMALT. The asterisk above K699 indicates that this peak split into multiple
components at high β-CHOLBIMALT concentrations and that the value reported here is for
the component that exhibited the greatest shift. (B) TROSY NMR peak disappearance (due to
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excessive line broadening) for C99 as a result of the presence of 64 mol % β-CHOLBIMALT.
Sample and spectroscopic conditions are the same as described in the caption of Figure 9.
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Figure 11.

Schematic representation of the downstream effects of APP processing on cholesterol
metabolism. APP is depicted as a dimer (light blue cylinders) residing at the plasma membrane.
Initial binding to cholesterol (white polycyclic structure; 1), potentially in conjunction with
flotillin-2 (not shown), induces translocation to lipid rafts (depicted as red membrane segments;
2) or nucleation of rafts around APP—cholesterol clusters (not shown). These rafts may contain
BACE1 (blue rectangular prism), or APP may be presented to BACE1 at some later stage in
the endocytic pathway (not shown). Internalization of the APP-containing lipid rafts delivers
the protein to the more acidic endosomal system, conditions that activate BACE1 and promote
release of the soluble APP ectodomain (3). γ-Secretase may have cointernalized with APP and
BACE1 (not shown), or the C99-containing endosome may fuse with a γ-secretase-containing
endosome (shown), following which γ-secretase (cyan oval) mediates cleavage of C99 to
liberate AICD (4) and Aβ (5).3 The former forms a ternary complex with Fe65 and Tip60 (not
shown), which subsequently translocate to the nucleus (maroon) where it physically binds to
the promoter of the LRP1 gene (black cylinder of DNA), thereby suppressing its transcription
(6) by RNA polymerase (teal structure). Reduced levels of LRP1 (yellow cylinder), a major
neuronal apolipoprotein receptor, result in reduced intake of exogenous cholesterol (7).
Simultaneously, Aβ inhibits HMG-CoA reductase (HMGR, brown cylinders), the rate-limiting
enzyme in cholesterol biosynthesis, possibly via direct interaction (8). It is not known whether
inhibition is mediated by direct interaction between HMGR and Aβ or whether Aβ effects
inhibition by some other mechanism. HMG-CoA inhibition attenuates endogenous cholesterol
production (9), reinforcing the transcriptional activity of AICD. Overall, both exogenous and
endogenous sources of cholesterol are downregulated as a consequence of APP processing,
which is initially stimulated by cholesterol—APP interaction.
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