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ABSTRACT: Cleavage of amyloid-â precursor protein (APP) by site-specific proteases generates amyloid-â
peptides (Aâs), which are thought to induce Alzheimer’s disease. We have identified an independently
folded extracellular domain of human APP localized proximal to the Aâ sequence, and determined the
three-dimensional structure of this domain by NMR spectroscopy. The domain is composed of four
R-helices, three of which form a tight antiparallel bundle, and constitutes the C-terminal half of the central
extracellular region of APP that has been implicated in the regulation of APP cleavage. Sequence
comparisons demonstrate that the domain is highly conserved among all members of the APP family,
including invertebrate homologues, suggesting an important role for this region in the biological function
of APP. The identification of this domain and the availability of its atomic structure will facilitate analysis
of APP function and of the role of the extracellular region in the regulation of APP cleavage.

Amyloid-â precursor protein (APP)1 is a type 1 membrane
glycoprotein composed of a large extracellular sequence, a
single transmembrane region, and a short intracellular frag-

ment (Figure 1A). It belongs to a group of ubiquitously ex-
pressed cell surface proteins whose heterogeneity arises from
both alternative splicing and posttranslational modifications.
The alternative splicing results in three major APP iso-
forms: APP695, APP751, and APP770. In addition to APP, two
closely related homologues, APLP1 and APLP2, are ex-
pressed in vertebrates (reviewed in refs1 and2). APP and
APLPs are physiologically processed by site-specific pro-
teases calledR-, â-, andγ-secretases (1, 2). APP cleavage
by â- andγ-secretases produces 40-42-residue amyloid-â
peptides (Aâs). Aâs form neurotoxic fibrils that are the prin-
cipal components of the cerebral amyloid plaques charac-
teristic of Alzheimer’s disease (AD). The processing of APP
has been intensely studied because of its implication in AD,
but the precise regulation of cleavage is not well understood.
Furthermore, gene knockout experiments revealed that APP
and APLPs are essential and partially redundant (3, 4), but
their normal physiological functions are unknown.
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The extracellular sequences of APP and APLPs consist
of a string of characteristic domains (Figure 1A). At the
N-terminus, a signal peptide precedes highly conserved N-ter-
minal heparin- and copper-binding domains whose three-
dimensional structures have been determined (5, 6). These
domains are followed by a highly acidic sequence and two
alternatively spliced regions [a Kunitz-type protease inhibitor
domain (7) and an OX-2 homology sequence]. Both the
Kunitz-type protease inhibitor domain and OX-2 sequence
are absent from the major neuronal isoform, APP695. The
subsequent∼200 amino acids of APP represent its largest
conserved region (Figure 2 and Supporting Information
Figure 1). This extracellular sequence, termed CAPPD (8)
(for central APP domain, residues 365-570; the numbering
throughout the paper corresponds to the longest splice
variant, APP770), is localized close to theâ-secretase cleavage
site of APP, suggesting that the CAPPD may be involved in
the regulation of the cleavage. Indeed, a recent study showed
that F-spondin, a secreted neuronal glycoprotein, binds to
the CAPPD and modulates APP cleavage (8). However, no
structural information about the CAPPD is available. In the
study presented here, we have identified an independently
folded domain within CAPPD, which we call CAPPD*, and
determined its three-dimensional structure by multidimen-
sional heteronuclear NMR spectroscopy.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.DNA constructs for
expression of the different fragments of human APP were
generated by PCR with custom-designed primers, subcloned
into pGEX-KG (9) or pGEX-KT (10) vectors, and ex-
pressed in bacteria (Escherichia coliBL21) as GTS fusion
proteins. To generate uniformly15N-labeled or15N- and
13C-labeled samples for NMR studies, bacteria were grown
in minimal medium supplemented with15NH4Cl or with
15NH4Cl and [13C6]glucose (CIL Inc.) as the sole nitrogen
and carbon sources, respectively. Soluble fusion proteins
were affinity-purified on glutathione-Sepharose beads (Phar-

macia), cleaved from the GST moiety with thrombin, and
further purified by ion exchange or size exclusion chroma-
tography. The recombinant protein did not contain any
detectable contaminants as judged by SDS-PAGE, the size
exclusion chromatography profile, and UV and1H-15N
HSQC spectra.

Limited Proteolysis. The GST-APP recombinant frag-
ment [residues 365-658 of human APP770 produced in the
pGEX-KG bacterial expression vector (9) in 15N-labeled
medium] was attached to glutathione-Sepharose beads,
cleaved with thrombin, and purified by ion exchange chro-
matography. Thrombin cleavage generates the recombinant
protein bearing an additional N-terminal vector-derived
sequence (GSPGISGGGGGILEV) attached to the N-termi-
nus of the APP fragment. Aliquots of the purified recom-
binant protein were incubated for 30 min at room temperature
with different amounts ofL-1-tosylamide-2-phenylethylchlo-
romethyl ketone (TPCK)-treated trypsin (Sigma) at the pro-
tein:enzyme ratios given in Figure 1B. Proteolytic fragments
were separated by SDS-PAGE and identified by N-terminal
sequencing and mass spectrometry. The observed molecular
mass was 27 573 Da for the intermediate trypsin-resistant
fragment and 15 000 Da for the smaller fragment [the cal-
culated molecular mass for the15N-labeled APP(365-585)
with the N-terminal extension is 27 578 Da and for the15N-
labeled APP(461-585) is 15 004 Da].

NMR Spectroscopy.All NMR data were acquired on an
INOVA500 spectrometer at 27°C. Initial 1H-15N HSQC
spectra of the APP(460-576) and APP(460-585) fragments
were acquired at protein concentrations of 50-60 µM in
buffer containing 25 mM sodium phosphate and 150 mM
NaCl. Structure elucidation was performed using 0.85 mM
uniformly 15N-labeled or15N- and 13C-labeled samples of
the APP(460-576) fragment in buffer containing 50 mM
sodium phosphate, 250 mM NaCl, and 300 mM guanidinium
chloride (GdnHCl) with 5%2H2O at pH 6.4. Resonance
assignments, NOEs, and amide protection data for structural
determination were obtained from a series of two-dimen-
sional (2D) and three-dimensional (3D) experiments as
described previously (11). These experiments included 3D
1H-15N TOCSY-HSQC and NOESY-HSQC, HNCO,
HNCACB, CBCA(CO)NH, H(C)(CO)NH-TOCSY (21 ms
mixing time), (H)C(CO)NH-TOCSY (21 ms mixing time),
and HCCH-TOCSY (14 ms mixing time) spectra for reso-
nance assignments (12-15), and 2D NOESY, 3D1H-15N
NOESY-HSQC, and 3D1H-13C NOESY-HSQC spectra (all
with a mixing time of 100 ms) for measuring NOEs for struc-
ture determination. Protection of amide protons from the sol-
vent was assessed from the intensities of exchange cross-
peaks with the water resonance in 3D1H-15N NOESY-
HSQC and TOCSY-HSQC experiments. Stereospecific as-
signments of valine and leucine methyl groups were obtained
from a1H-13C HSQC spectrum acquired on a 0.8 mM sam-
ple of 10%13C-labeled APP(460-576). All data were pro-
cessed with NMRPipe (16) and analyzed with NMRView
(17).

Structure Calculations. NOE cross-peak intensities were
classified as strong, medium, weak, and very weak and
assigned to restraints of 1.8-2.8, 1.8-3.5, 1.8-5.0, and
1.8-6.0 Å, respectively, with appropriate pseudoatom cor-
rections. Backbone torsion angles were derived from chemi-
cal shift analysis using TALOS (18) and employing the

FIGURE 1: Domain structure of the extracellular sequence of human
APP and identification of CAPPD*. (A) Summary of known
structural information of human APP. SP is the signal peptide, HBD
the heparin-binding domain (residues 28-123), CuBD the Cu2+-
binding domain (residues 124-189), KPI the Kunitz-type protease
inhibitor domain (residues 287-344), OX2 the OX2 homology
sequence (residues 345-363), and CAPPD the central APP domain
(residues 365-570). (B) Limited proteolysis with trypsin. The
samples of human APP recombinant fragment (residues 365-658)
incubated for 30 min at room temperature with different amounts
of trypsin were analyzed by SDS-PAGE followed by Coomassie
blue staining. The enzyme:protein ratio is indicated above each lane.
The molecular mass standards are shown at the left.
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standard database provided by the program. Restraints were
set at 1.5 times the standard deviation yielded by TALOS
(22.5° minimum). Hydrogen bond restraints were 1.7-2.5
and 2.7-3.5 Å for H-O and N-O distances, respectively.
Structures were calculated by simulated annealing using tor-
sion angle dynamics with CNS (19). The force constants used
were 75 kcal mol-1 Å-2 and 400 kcal mol-1 rad-2 for dis-
tance and torsion angle restraints, respectively. A total of
1000 structures were calculated with the final set of restraints,
and the 20 structures with the lowest overall energies were
selected.

RESULTS

To structurally characterize the CAPPD, we performed
limited proteolysis experiments with a recombinant fragment
composed of residues 365-658 of human APP. This
fragment, which contains the predicted CAPPD and∼90
additional residues at the C-terminal end, was chosen because
sequence alignments showed that these additional residues
are evolutionarily conserved in APP, but not in APLPs
(Supporting Information Figure 1). We observed an inter-
mediate trypsin-resistant fragment with a molecular mass of
∼30 kDa that was further proteolyzed to a smaller fragment
of ∼15 kDa (Figure 1B). Using mass spectroscopy and
N-terminal sequencing, we found that the intermediate

fragment corresponds to residues 365-585, matching the
CAPPD boundaries predicted by sequence alignments. The
smaller fragment arises from trypsin cleavage at two arginine
residues, R460 and R585, and spans the C-terminal half of the
CAPPD. Its resistance to proteolysis suggests that this
fragment contains a minimal structural unit within the
CAPPD that we termed CAPPD*.

To further characterize CAPPD* and better define its
boundaries, we used NMR spectroscopy. Two recombinant
15N-labeled fragments encompassing CAPPD* (residues
460-585 and 460-576) were analyzed. Both recombinant
proteins were monomeric under physiological conditions and
at protein concentrations of<60 µM, as revealed by their
one-dimensional NMR signal line widths and size exclusion
chromatography profiles (data not shown). In addition, the
excellent dispersion of their1H-15N heteronuclear single-
quantum correlation (HSQC) spectra (Supporting Information
Figure 2) confirmed that the fragments contain an indepen-
dently folded domain. Since the1H-15N HSQC spectra of
both fragments were practically identical and the additional
cross-peaks observed for the longer fragment exhibited
narrow line widths and poor1H chemical shift dispersion
characteristic of unstructured polypeptides, we focused on
the shorter fragment (residues 460-576) for structure de-
termination. The fragment exhibited a strong tendency to

FIGURE 2: Sequence alignment of CAPPD (for an alignment of the full-length sequences of APP/APLP family members, see the Supporting
Information). The sequences labeled with asterisks correspond to the fourR-helices of the CAPPD* . Identical amino acid residues are
shown in white on a blue background, and highly homologous residues (E/D, K/R, N/Q, I/L/V, F/W/Y, and S/T) are highlighted in yellow.
Abbreviations:H.s. APP770, human (Homo sapiens) APP770 (GenBank entry NM_000484);M.m. APP, mouse (Mus musculus) APP (GenBank
entry AY267348);G.g. APP, chicken (Gallus gallus) APP (GenBank entry AF289219);X.l. APP, frog (Xenopus leaVis) APP (GenBank
entry AJ298151);D.r. APP, zebrafish (Danio rerio) APP (GenBank entry AF389401);D.m. APPL, fruit fly (Drosophila melanogaster)
APP (GenBank entry J04516);C.el. APL1,Caenorhabditis elegansAPP (GenBank entry U00240);H.s. APLP1, human (H. sapiens) APLP1
(GenBank entry NM_005166);H.s. APLP2, human (H. sapiens) APLP2 (GenBank entry S60099).
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reversibly aggregate at concentrations of>100µM under a
wide range of conditions that were tested, but became highly
soluble in monomeric form at the concentrations required
for structure elucidation (close to 1 mM) in the presence of
250 mM NaCl and 300 mM GdnHCl. Comparison of the
1H-15N HSQC spectrum of the highly concentrated fragment
(0.85 mM) obtained under these conditions with the spectrum
recorded at physiological salt concentrations and 60µM
protein revealed only minor perturbations (Supporting In-
formation Figure 2), demonstrating unambiguously that the
structure of CAPPD* is not affected by the addition of
GdnHCl.

To determine the three-dimensional structure of CAPPD*
by NMR, we used a set of standard 2D and 3D double- and
triple-resonance experiments as outlined in Experimental
Procedures. All backbone1H, 15N, and 13C resonances of
the fragment and all side chain1H, 15N, and13C resonances
(excluding quaternary carbons and exchangeable protons)
were assigned. Analysis of the observed patterns of nuclear
Overhauser effects (NOEs) and the deviations of the
backbone chemical shifts from random coil values showed
that residues 460-569 are structured, which thus defines the
boundaries of CAPPD*. Restraints derived from NOEs,
chemical shifts, and amide accessibility data were then used
to determine the structure of CAPPD* in solution.

A total of 1613 experimental restraints were used to
generate a final set of 20 conformers of the domain. The
structural statistics are summarized in Table 1, and backbone
superpositions of the structures are shown in Figure 3.
Ribbon diagrams and space filling models of the lowest-
energy structure in two orientations are shown in Fig-
ure 4. The quality of the structures is reflected by small
deviations from the experimental restraints and from ideal-
ized covalent geometry, as well as by the high percentage

of residues in the most favored regions of the Ramachandran
map (Table 1).

The structure of CAPPD* reveals that the domain is
composed of fourR-helices connected by short loops and/
or turns (Figure 4A,B), in agreement with the secondary
structure predicted from the NOE patterns and the backbone
chemical shifts. The three N-terminal helices (HA, HB, and
HC) form a tight elongated up-and-down bundle, while the
fourth helix (HD) “crosses” the top of the bundle. Helix HA
is significantly shorter than the other helices of the bundle,
and as a result, there appears to be some “wobbling” of the
bottom parts of helices HB and HC with respect to the rest
of the domain. This wobbling became apparent when we
superimposed the “top” and “bottom” parts of the CAPPD*
separately (Figure 3A,B). The superpositions resulted in
much lower backbone rms deviations (0.57( 0.18 and 0.47
( 0.15 Å, respectively) compared to the rms deviations
derived from the superpositions of the full structures (0.95
( 0.28 Å, Table 1).2 The apparent gradual bend in helix
HC is presumably dictated by the overall structural arrange-
ment of the three-helix bundle, since there is no obvious local
distortion of this helix as reported by the pattern of the local
NOEs. Helix HC also includes an N-glycosylation site
(N542QS) that is present in all APP-like sequences (Figure
2). Interestingly, in PrPC (the cellular isoform of prion
protein), an N-glycosylation site (N181IT in the human se-
quence) (20) is also localized in the middle of anR-helix.

A DALI search (http://www.ebi.ac.uk/dali) performed with
the final set of CAPPD* coordinates revealed structural
similarities with multiple proteins containing antiparallel
R-helical bundles. These proteins are not apparently related

2 Attempts to measure residual dipolar couplings to better define
the relative orientation of the bottom region of the domain were
hampered by the conditions used for structure determination.

Table 1: Structural Statistics and Atomic rms Deviations for the 20
Simulated Annealing Structures of CAPPD* with the Lowest
Overall Energiesa

Average rms Deviations from Experimental Restraints (1613 total)
NOE distance restraints (Å)

all (1266) 0.008( 0.0004
intraresidue (337) 0.007( 0.0011
sequential (|i - j| ) 1) (356) 0.009( 0.0008
short-range (|i - j| ) 2-4) (434) 0.009( 0.0005
long-range (|i - j| > 4) (139) 0.008( 0.0014
hydrogen bonds (Å) (162) 0.008( 0.0008

dihedral angles (deg) (185) 0.039( 0.017

Average rms Deviations from Idealized Covalent Geometry
bonds (Å) 0.0015( 0.00003
angles (deg) 0.35( 0.004
impropers (deg) 0.20( 0.009

Ramachandran Plot Statistics (%)b

residues in most favored regions 95.1
residues in additionally allowed regions 3.9
residues in generously allowed regions 1.00
residues in nonallowed regions 0.00

Average rms Deviations of Atomic Coordinates (Å)
backbone residues 460-569 0.95( 0.28
heavy atom residues 460-569 1.67( 0.34
backbone secondary structurec 0.40( 0.14
heavy atom secondary structurec 1.24( 0.3

a None of the structures have distance violations of>0.1 Å or
dihedral angle violations of>0.5°. b Determined by PROCHECK (24).
c FourR-helices (residues 461-482, 487-518, 526-549, and 552-566).

FIGURE 3: Backbone superpositions of the 20 structures of human
CAPPD* with the lowest overall energies. Since helix HA of the
three-helix bundle is significantly shorter than the other two helices,
the relative orientation of the bottom of helices HB and HC with
respect to the rest of the domain is poorly defined. Thus, two
different backbone superpositions were generated. In panel A, the
top part of the domain (residues 463-504 and 537-566) was
superimposed, yielding a backbone rms deviation of 0.57( 0.18
Å. In panel B, residues constituting the bottom part of the domain
(504-537) was superimposed, resulting in a backbone rms deviation
of 0.47 ( 0.15 Å.
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by a common biological function. The top three candidates
exhibiting the lowest rmsd (from 2.6 to 3.9 Å) and aZ-factor
of >7.5 were the N-terminal fragment of neuronal syntaxin
1a (PDB entry 1dn1), ribosome recycling factor (PDB entry
1dd5), andR-1 catenin (PDB entry 1h6g).

The sequence of CAPPD* is highly conserved through
evolution and within the APP/APLP family (Figure 2; see
Supporting Information Figure 1 for an alignment of the full-
length proteins). Mapping the most conserved residues on
the three-dimensional structure of CAPPD* shows that a
large number of these residues are exposed around the sur-
face of the domain (Figure 4C,D), suggesting that CAPPD*
may be involved in physiologically important inter- and/or
intramolecular interactions that are conserved in the APP/
APLPs family. Such interactions could include F-spondin
binding (8) and/or interaction of the domain with the rest of
the CAPPD sequence. Indeed, the limited proteolysis data
(Figure 1B) suggest that the entire CAPPD that was initially
defined solely on the basis of sequence homology (8) may
represent a structurally defined unit. Thus, in conjunction
with previous studies (5-7), our results demonstrate that the
extracellular sequence of APP is composed of a series of
independently folded domains, consistent with the notion that
APP may function as a putative cell surface receptor.

DISCUSSION

APP has been the subject of particularly intense studies
because of its involvement in Alzheimer’s disease (AD), one
of the most common forms of progressive cognitive failure
in humans. Elucidating the function of APP imposes a great
scientific challenge. Despite extensive experimentation that
spans techniques ranging from exhaustive biochemistry to
genetic studies, the normal physiological function of APP
is still elusive. Furthermore, the precise mechanism and
regulation of APP cleavage, which produces amyloidogenic
Aâs, are not well understood. A search for potential
physiological ligands of APP that may affect APP processing

constitutes a promising approach not only for understanding
the biological function of APP but also for developing future
therapeutics for AD. In this context, the identification of
properly folded fragments corresponding to individual do-
mains of APP and insights into their structures provide an
essential basis for reliable biochemistry and, thus, will
undoubtedly help us better understand this enigmatic protein.
The structures of several N-terminal domains of APP have
been previously reported (5-7), but there was no structural
information about CAPPD.

CAPPD constitutes the largest conserved sequence of APP
and is an invariant component of all APP isoforms (Figure
2). Its strategic localization next to the points of secretase
action (Figure 1A) suggests that CAPPD could be centrally
involved in the proteolytic processing of APP and APLPs.
APLP1 and APLP2 do not yield amyloidogenic peptides
upon cleavage due to substantial amino acid differences with
APP in the region corresponding to Aâ sequences, but they
are also physiologically processed by the same type of
secretases (21-23). The notion that CAPPD may regulate
cleavage of APP and APLPs has recently been supported
by the finding that a putative APP ligand, F-spondin, alters
APP processing by binding to CAPPD (8). Our current
results provide the first three-dimensional structural informa-
tion about this interesting region of APP.

Using limited proteolysis of a recombinant fragment of
human APP, we have demonstrated that the C-terminal half
of the CAPPD, which is closest to the secretase cleavage
sites, constitutes an independently folded domain (Figure
1B). This domain, designated CAPPD*, forms a tightly
packed, almost exclusively helical structure with a large
number of highly conserved residues exposed around its
entire surface (Figure 4). The high degree of conservation
of the CAPPD* sequence through evolution (Figure 2)
suggests that this structure is also conserved among APP/
APLP family members and, thus, may perform an important
biological function, although further biochemical and func-

FIGURE 4: Three-dimensional structure of CAPPD*. (A and B) Ribbon diagrams of the domain in two different orientations (180° rotation
along the vertical axis). The four helices are labeled: blue for HA, red for HB, green for HC, and yellow for HD. N and C denote the N-
and C-terminal ends of the domain, respectively. (C and D) Space filling models of the CAPPD* in the same orientations as in panels A
and B, demonstrating the high degree of evolutionary conservation of the domain. Residues shown in orange are identical in all members
of the APP/APLP family, whereas residues shown in yellow are highly conserved (E/D, K/R, N/Q, I/L/V, F/W/Y, and T/S) and occur in
a majority (eight of nine) of APP/APLP sequences (Figure 2). The asterisk indicates the position of the N-glycosylation site (N542).
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tional studies will be required to determine whether CAPPD*
is directly involved in F-spondin binding and/or APP pro-
cessing. The atomic structure of CAPPD* described here pro-
vides an initial framework for understanding the function of
this domain. It will also be important for uncovering the
molecular mechanisms of ligand binding to this region and
for the analysis of the potential effects of such interactions
on APP processing. The fact that the functionally redundant
APP homologues, APLP1 and APLP2, also bind F-spondin
(8) suggests that it may be feasible to search for chemical
agents that interact with the CAPPD and differentially affect
APP/APLPs cleavage. This could potentially lead to a new
approach for developing inhibitors of Aâ production without
interfering with the essential biological function(s) of these
proteins. The atomic structure of the CAPPD* may prove
to be instrumental in discovering such agents.
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SUPPORTING INFORMATION AVAILABLE

A full-length sequence alignment of multiple members of
the APP/APLP family (Supporting Information Figure 1) and
a superposition of1H-15N HSQC spectra of CAPPD* in
the presence or absence of 300 mM GdnHCl and higher NaCl
concentrations (Supporting Information Figure 2). This
material is available free of charge via the Internet at
http://pubs.acs.org.
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