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ABSTRACT: The cytoplasmic tail of the amyloid precursor protein (APP) appears to play two important
roles in the cell through participation in intracellular signaling and proteolytic processing of APP. Hence,
knowledge of the structure of the 47 residue cytoplasmic tail of APP is important for understanding the
molecular interactions involved in normal cell function as well as in the pathogenesis of Alzheimer’s
disease. Multidimensional solution NMR spectroscopy has been applied to examine the structural features
of a 49-residue peptide (APP-C) containing two N-terminal residues (GS) and the APP cytoplasmic tail,
over the pH range of 4.2-7.1. Although the peptide does not adopt a stable folded structure, regions of
unstable structure exist over the pH range examined and have been characterized by a combination of HR

chemical shifts, NOE analysis, and3JHNHR coupling constants and by identification of transient hydrogen
bonds between amide protons and titrating carboxylate groups. These studies extend the work of others
[Kroenke et al. (1997) Biochemistry 36, 8145-8152] by identifying an additional nascent helix and a
hydrophobic cluster within the N-terminal 20 amino acid residues and by further characterizing the TPEE
turn as a helix capping box. The transient structure of APP-C provides insight into the importance of
preordering of this cytoplasmic tail in governing specificity and affinity for cytosolic binding partners.

The amyloid precursor protein (APP)1 is an integral
transmembrane glycoprotein that is the precursor to the 39-
43 residue amyloidâ peptide (AâP), the major component
of amyloid plaques that characterize Alzheimer’s disease.
The predominant APP isoform in the brain, APP695, is
composed of a large glycosylated extracellular component,
a single membrane-spanning region, and a short 47 residue
cytoplasmic tail that is highly conserved (Figure 1A). The
cytoplasmic tail participates in the important cellular proc-
esses of intracellular trafficking of APP and signal trans-
duction via interactions with adaptor and signaling proteins,
respectively. Cleavage of APP to yield amyloidogenic AâP
involves a complicated metabolic pathway that is mediated
by intracellular targeting sequences located in the cytoplasmic

tail. Processing of APP takes place in different intracellular
compartments and can result in either cleavage within the
AâP sequence, precluding AâP formation, or cleavage that
yields C-terminal fragments containing the AâP sequence
(for a review, see ref1). Subsequent cleavage of these
C-terminal fragments results in release of the AâP. Knowl-
edge of the intermolecular interactions that govern the
trafficking and processing of APP, the production and
secretion of AâP, and amyloid plaque formation is essential
for understanding the pathogenesis of Alzheimer’s disease.
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FIGURE 1: (A) Schematic diagram of APP695. Main features of the
695 amino acid residue protein include a large extracellular region
(white box), glycosylation sites (CHO), the amyloidâ-peptide (AâP,
black box), and the 47-residue cytoplasmic tail (APPc, gray box).
(B) Amino acid sequence of the 49-residue APP-C peptide
containing the 47-residue APPc and two nonnative N-terminal
residues (italic type) remaining from the thrombin cut site.
Intracellular targeting sequences are highlighted in boldface type.
The Go, Fe65, and X11 binding regions are indicated by heavy
lines. Numbering schemes are indicated relative to either the APP-C
peptide (top) or the full-length APP695 isoform (bottom).
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The cytoplasmic tail of APP (APPc) contains important
signal sequences for intracellular trafficking, which include
signals sufficient for endocytosis, for recycling to the plasma
membrane, and for sorting to the basolateral surface in
polarized cells (2, 3). Deletion of APP residues 682-687,
which contains the widely recognized endocytosis signal
NPXY (Figure 1B), was shown to prevent endocytosis of
APP (2) and to alter AâP production (4, 5). Adjacent to this
signal is the conserved GY motif (Figure 1B), present in
many lysosomal glycoproteins that are endocytosed and
targeted to the lysosomes (6, 7). An additional sequence,
YTSI (APP residues 653-656, Figure 1B), mediated endo-
cytosis when substituted into the cytoplasmic tail of the
transferrin receptor (2). Furthermore, Y653 is required for
sorting of APP to the basolateral membrane surface in
polarized MDCK cells (8). Hence, APPc contains two signal
sequences that govern the trafficking and processing of this
important protein.

Additional regions of APPc are important for interactions
with intracellular factors. The overall organization of full-
length APP displays features similar to cell surface receptors
(9). Apoptosis associated with DNA fragmentation is ob-
served in neuronal cell lines with V642 familial Alzheimer’s
disease (FAD) mutants in an AâP-independent process (10).
This process is believed to be mediated by the 20 amino
acid residue Go binding region of APPc (APP residues 657-
676, Figure 1B) (11, 12). The abnormal function of the APP
FAD mutants appears to result from the constitutive activa-
tion of Go (13). Other cytosolic factors that are known to
interact with the cytoplasmic tail may also be involved in
signal transduction events. A recently discovered APP
binding protein, APP-BP1, may act as an effector molecule
in transducing APP signals into the cell (14). Other neuronal
APP binding proteins, X11, FE65, and the FE65-like protein,
bind in vitro and in vivo through a phosphotyrosine interac-
tion domain (PID) (15-17). However, unlike the well-
characterized homologous PID domain of Shc, FE65 and
X11 binding to target sequences is independent of Tyr
phosphorylation (15). Furthermore, the X-ray crystal structure
of X11 bound to a peptide derived from APPc reveals an
interaction region spanning residues 680-690 (Figure 1B)
(18), and biochemical studies have shown that more than
residues 675-695 are required for interaction with FE65
(Figure 1B) (16). Hence, the structure of the entire APPc
region is of great interest for understanding interactions
between this cytoplasmic tail and intracellular signal trans-
duction machinery.

A single NMR structural study at pH 6.3 and 4°C has
been reported for a 49-residue peptide (APP-C) containing
two N-terminal residues (GS) fused to APPc, which char-
acterized two type Iâ-turns for the sequences TPEE and
NPTY and found nascent helical character primarily in the
C-terminal half and random coil conformations for the
N-terminal 20 amino acid residues (19). We report here
additional NMR studies of APP-C performed at 25°C and
at a range of pH values that reveal transient hydrogen bonds
and considerable structure in the N-terminal half as well.
The HR chemical shifts were used to characterize the structure
of this peptide at three different pH values: 4.2, 5.6, and
7.1. In addition, pH titration in the range of 2.0-6.1 allowed
identification of transient hydrogen bonds between amide
protons and the ionizable side chains of the Glu and Asp

residues in APP-C. Saturation transfer is used to indicate
the level of protection of amide protons from exchange with
solvent. A detailed analysis of NOE cross-peaks and
measurement of3JHNHR coupling constants provided structural
constraints that, along with the hydrogen bond information,
were used to further characterize the transient structure of
APP-C in aqueous solution. Comparison of this solution
structure with the X11-bound form (18) demonstrates how
transiently structured regions in APP-C are either stabilized
or rearranged upon binding. The unbound structure is of great
importance for understanding the biophysical basis for
transient interactions between the APP cytoplasmic tail and
intracellular protein machinery that facilitate intracellular
trafficking and signal transduction.

MATERIALS AND METHODS

Plasmid Construction.DNA containing the carboxy-
terminal 47 residues of APP was PCR-amplified from clone
λAm4 (American Type Culture Collection No. 40305). The
5′ primer contained aBamHI cut site along with DNA
encoding an amino terminal 6×His tag, SGSG spacer,
thrombin cut site, and the first 6 residues of APPc. The 3′
primer contained the complementary DNA for the carboxy-
terminal 20 amino acids of APPc, a stop codon, and aSalI
cut site. To convert residue 34 from serine to tyrosine, this
mutation was included in the 3′ primer, along with the
complementary DNA for 6 residues upstream from this
mutation. This was necessary to convert the purchased
sequence (GenBank accession no. M15533) (20) to that
obtained by other researchers for human APP (9, 21).

The PCR-generated DNA was first cloned into the pCRII
vector (Invitrogen) for amplification and purification and
verified by DNA sequencing. After restriction enzyme
digestion, the desired fragment was gel-purified and ligated
into the codigested pTrxFus vector from the ThioFusion
expression system (Invitrogen), resulting in the thioredoxin-
APP-C fusion protein expression vector pTrxAPPc47.

Protein Expression and Purification.The thioredoxin
fusion protein was expressed inEscherichia colistrain GI724
cells. Cells were grown at 30°C in an air bath incubator/
shaker in 1 L of M9 minimal medium containing ampicillin
(100 µg/mL) in a 2.8 L Fernbach flask. Expression was
induced when cells reached an OD600nmof 0.30-0.35 by the
addition of 100 mg ofL-tryptophan. The cells were then
grown for 4 h at 37°C to an OD600nmof 0.7-0.9. The cells
were harvested, washed with PBS (140 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4), and lysed in
a French pressure cell in sonication buffer (50 mM Na2HPO4

and 300 mM NaCl, pH 8.0) containing 10µg/mL each
pepstatin A, aprotinin, and leupeptin. The lysate was
centrifuged at 16000g for 20 min, and the supernatant was
applied to an 8 mL Ni-NTA agarose column (Qiagen)
equilibrated with the same buffer. The column was washed
with 10 column volumes each of sonication buffer, wash
buffer (50 mM Na2HPO4, 300 mM NaCl, and 10% glycerol,
pH 6.0), 5 mM imidazole in wash buffer, and again with
sonication buffer, leaving 8 mL above the column.

The desired peptide was cleaved from the thioredoxin
fusion protein by addition of 2 units of human plasma
thrombin (Boehringer Mannheim) to the Ni-NTA column
while shaking for 10 h at room temperature, yielding two
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fragments: a 49 residue peptide (APP-C) containing the 47
residue APP cytoplasmic tail and two additional amino
terminal residues (GS) that remain from the thrombin cut
site, and the 6×His tagged thioredoxin fragment. APP-C was
then eluted with sonication buffer adjusted to pH 6 and was
further purified on a preparative HPLC Novapac C-18
column, 2.5× 10 cm (Waters Inc.) using an elution gradient
of 0-50% acetonitrile with 0.1% trifluoroacetic acid in water
after first adjusting the pH of the peptide solution to 3.5 and
filtering. Purified APP-C was lyophilized to dryness, yielding
3-4 mg of peptide (>99% pure as judged by analytical
HPLC), and was further characterized by mass spectroscopy
and amino acid analysis, verifying the molecular weight (5.7
kDa) and the amino acid composition of the desired product.
Protein enriched with15N was obtained as described above
by substituting15NH4Cl in the M9 media.

NMR Sample Preparation and Experiments.NMR samples
were prepared from lyophilized APP-C powder by dissolving
in either 50 mM Sorenson’s phosphate buffer at pH 5.6 (63
mM KH2PO4 and 4 mM Na2HPO4) or 50 mM potassium
phosphate buffer with 10% D2O and 5 mM sodium azide.
The pH of the samples was adjusted by adding small amounts
of 0.1 N NaOH or 0.1 N HCl as needed. Protein concentra-
tions ranged from 1 to 3 mM APP-C.

All NMR spectra were recorded at 25°C on a Varian
Inova 600 MHz spectrometer using the States-Haberkorn
hypercomplex method of frequency discrimination (22).
Two-dimensional1H-15N HSQC spectra were recorded with
spectra widths of 2 kHz int1 (512 complex data points) and
8 kHz in t2 (1024 complex data points) and processed with
zero-filling to a final data size of 2048 by 1024 data points.
Two-dimensional total correlation spectroscopy (TOCSY)
(23) and nuclear Overhauser enhancement spectroscopy
(NOESY) (24) spectra were recorded with spectral widths
of 8 kHz in t2 (2048 complex data points) andt1 (1024
complex data points), unless noted otherwise. Two-dimen-
sional TOCSY spectra were acquired with a DIPSI-2 (25)
isotropic mixing period of 50 or 70 ms and processed with
a single zero-fill to a final data size of 2048 by 1024 data
points. Two-dimensional NOESY spectra were processed
with zero-filling to a final data size of 2048 by 2048 data
points. Two-dimensional TOCSY spectra of15N-labeled
APP-C were recorded for the pH titration study with spectral
widths of 8 kHz (1024 complex data points) int2 and 5.1
kHz (668 complex data points) int1 with a DIPSI-2 mixing
time of 70 ms, with a 180° 15N pulse centered on thet1
evolution period to refocus1JHN coupling and with WALTZ-
16 15N decoupling duringt2. These spectra were processed
with zero-filling to a final data size of 2048 by 2048 data
points. Three-dimensional15N-TOCSY-HSQC and15N-
NOESY-HSQC spectra were recorded with spectral widths
of 5.7 kHz (440 complex data points) int1, 1.1 kHz (62
complex data points) int2, and 6 kHz (1024 complex data
points) in t3. Data were processed to a final data size of
2048 by 1024 by 128, using linear prediction to double the
data size in thet2 dimension (15N) and by zero-filling in all
dimensions to the final data size.

The 3JHNHR coupling constants were determined for15N
labeled APP-C at pH 6.0 and 25°C using both the 2D1H-
15N HMQC-J (26) and 3D 15N-separated HN-HR homo-
nuclearJ-correlation experiment, HNHA (27) experiments.
For the 2D1H-15N HMQC-J experiment, spectral widths

were 8 kHz int2 (1024 complex data points) and 1.5 kHz
in t1 (512 complex data points), and the data were processed
with zero-filling to a final data size of 2048 by 2048 data
points. A Lorentz-to-Gaussian window function was applied
to the FIDs in both dimensions prior to zero-filling and
Fourier transformation to remove 12 and 5 Hz (t2 and t1,
respectively) Lorentzian line width (based on the non-
apodized line widths) and to apply a Gaussian apodization
function in each dimension using the same line widths. Peak
splitting in the15N dimension was determined by deconvo-
lution of the Gaussian line shapes using the nonlinear least-
squares spectral line shape modeling program, nlinLS (Frank
Delaglio, NIH/NIDDK). The values obtained in this manner
agreed well with those determined from the 3D HNHA
experiment by use of the diagonal to cross-peak intensity
ratio with a 12.7 ms dephasing and rephasing delay (27).
For the 3D experiment, data were collected and processed
as described for15N-separated TOCSY-HSQC spectra.

Saturation transfer experiments, which measure the rate
of hydrogen exchange between H2O and amide protons, were
performed on an15N-labeled APP-C sample at pH 6.0. Two
1H-15N HSQC spectra, each with a presaturation pulse either
on- or off-resonance with water, were recorded as described
above. Peak intensities were determined by the peak-picking
routine PIPP, which uses parabolic interpolation in all
dimensions. Intensities from the HSQC spectrum recorded
with the 3 s presaturation pulse at 66 Hz applied on-
resonance with water are denoted byI(t), with t ) 3. Peaks
intensities determined from the HSQC spectrum with the off-
resonance 3 s presaturation pulse are denoted byI(0). The
value T1kex was calculated for the amide proton of each
residue by use of eq 1 (28), whereT1 is the longitudinal
relaxation time constant of the amide proton:

Predicted intrinsic exchange rates,kint, were estimated by
the method described by Bai et al. (29), which takes into
account the intrinsic influence on amide proton lability by
the neighboring side chains. The amide/H2O exchange
parameters at 293 K from Connelly et al. (30) were used in
determination ofkint: kA ) 1.39 min-1, kB ) 9.95 min-1,
and kW ) 0 min-1. Exchange rates at 298 K and pH 6.0
were obtained by correcting for temperature dependence as
described in Bai et al. (29) for the base-catalyzed reaction
(Ea ) 17 kcal mol-1). The protection of an amide proton
from exchange is often described by the protection factor,
P:

An estimate of amide protonT1 values across the APP-C
backbone was obtained by recording HSQC spectra with
recycle delay times oft ) 0.6, 0.7, 0.8, and 1.5 s and fitting
the peak intensity build-up curves to

Protection factors for amide protons in close proximity to
HR protons with resonance frequencies close to water may
be attenuated by NOE effects resulting from saturation of

kex ) {[I(0)/I(t)] - 1}/T1 (1)

P ) kint/kex ) T1kint/{[I(0)/I(t)] - 1} (2)

y ) A[1 - exp(-t/T1)] (3)
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the HR resonances by the presaturation pulse. In this case,
protection factors for these residues would reflect a lower
bound.

The dependence of1H chemical shifts on pH was
determined by recording a series of TOCSY (tmix ) 70 ms)
spectra at seven pH values: 2.0, 3.1, 3.5, 4.1, 4.6, 5.1, and
6.1 as described above. Chemical shifts were obtained for
all observable amide protons, for Asp Hâ protons, for Glu
Hγ protons, and for the HR proton of N47. The dependence
of a given proton chemical shift on pH was fit to the single-
proton titration curve described by eq 4:

whereδHA is the chemical shift at the acidic limit andδA- is
the chemical shift at the basic limit. The pKa value reflected
by a given proton was obtained from the best fit of the
experimental data, and the corresponding error was obtained
by fitting 100 synthetic data sets in whichδ(pH) values are
randomly varied over their range of uncertainty (σ ) 0.01
ppm) to obtain the standard deviation in pKa using a Monte
Carlo approach.

All NMR data were processed and analyzed using the
nmrPipe and nmrDraw software tools (31) and with the
program PIPP (32). Solvent subtraction was obtained by
subtraction of a fourth-order polynomial fit in the time
domain. Typically, the free induction decay (FID) was
multiplied by a 80° shifted squared sine-bell function (1H
dimensions) or a 90° shifted sine-bell function (15N dimen-
sions) before zero-filling and Fourier transformation. Linear
prediction was used to back-predict one point in thet1
dimension of the15N-TOCSY-HSQC experiment prior to
Fourier transformation. Linear baseline correction was ap-
plied in the acquisition dimension of all spectra.

Molecular Modeling of the VTPEER Capping Box.Solu-
tion structures of the19VTPEER24 region (numbering relative
to APP-C, Figure 1B) were calculated by the hybrid distance
geometry/simulated annealing approach (33) implemented
by the program X-PLOR 3.8 (34). The 8-residue fragment
18AVTPEERH25 was used for these calculations to minimize
end effects resulting from the N- and C-termini. By use of
the standard X-PLOR protocol, an extended structure was
generated by thegenerateand thegenerate_templaterou-
tines, followed by embedding using thedg_sub_embed
routine. Structures are generated after application of thedgsa
routine and refinement by therefine routine. The structures
were improved in an iterative process with addition of NOEs
and resolution of stereochemical proton assignments. Final
structures were analyzed by the superposition of the back-
bone atoms of residues20TPEE23 of the turn.

RESULTS

Resonance Assignments.Full proton and15N resonance
assignments were first determined for APP-C at pH 5.6.
These assignments were used for a detailed structural analysis
as well as for evaluating chemical shift changes as a function
of pH. Figure 2 shows the1H-15N HSQC spectrum of
APP-C at pH 5.6, with residue assignments denoted by the
numbering scheme relative to the APP-C peptide (Figure 1B).
Hereafter, this numbering scheme will be employed. The

narrow range of the amide proton chemical shifts (<1 ppm)
is typical of random coil proteins. However, due to the wide
dispersion in the15N dimension only two pairs of peaks,
corresponding to residues Q4/Y5 and V15/R24, overlap within
their line widths at half-height. Peaks are observed for all
backbone amide protons from K1 through N47 (44 peaks),
while those for the first two N-terminal residues (GS) that
remain from the thrombin cut site are not observed due to
rapid amide proton exchange. Essentially complete1H and
15N assignments at pH 5.6 were obtained for residues K1
through N47 using homonuclear TOCSY (tmix ) 70 ms) and
NOESY (tmix ) 200 ms) spectra along with15N-TOCSY-
HSQC (tmix ) 70 ms) and15N-NOESY-HSQC (tmix ) 200
ms) spectra to resolve those spin systems with spectral
overlap in the amide proton dimension (Supporting Informa-
tion).

To examine the effects of pH on the structure of APP-C,
full 1H assignments were also obtained at pH 4.2 and 7.1
(Supporting Information). Assignments were obtained at pH
4.2 from homonuclear TOCSY (tmix ) 70 ms) and NOESY
(tmix ) 200 ms) spectra and at pH 7.1 from a single TOCSY
(tmix ) 50 ms) spectrum. A comparison of the structure of
APP-C at the three pH values (pH 4.2, 5.6, and 7.1) was
made by comparing the HR chemical shifts of each of the
residues as described below. In addition, the chemical shifts

δ(pH) )
δHA + δA- 10(pH-pKa)

1 + 10(pH-pKa)
(4)

FIGURE 2: 1H-15N HSQC spectrum of APP-C at pH 5.6 and 25
°C. Residue assignments are indicated with numbering relative to
APP-C.
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of all amide protons, the Hâ protons of Asp, Hγ protons of
Glu residues, and the HR proton of the C-terminal Asn were
determined at seven pH values ranging from 2.0 to 7.1 by
homonuclear TOCSY spectra (tmix ) 70 ms). The pH
dependence of these chemical shifts was used to identify
transient hydrogen bonds between titrating carboxylate
groups and amide protons as described in detail below.

pH Dependence of Secondary Structure from HR Chemical
Shifts.The difference between an observed HR chemical shift
and the corresponding random coil value for a particular type
of amino acid residue yields an accurate measure of the
secondary structure of peptides and proteins (35). This
difference, denoted by∆δHR, was determined for APP-C at
three pH values (4.2, 5.6, and 7.1) and the results are plotted
in Figure 3. The largest changes in∆δHR between pH 4.2
and 5.6 are observed for residues that have titrating groups
with pKa values near pH 4. These correspond to the five
Glu residues, the single Asp, and the C-terminal Asn, which
display changes consistent with the intrinsic effect due to
titration. Upon increasing pH from 5.6 to 7.1, large upfield
chemical shifts are observed for His residues (H9, H10, and
H25) that are expected to have pKa values near this range.
Upfield shifts were also observed for residues Gll, V12, L26,
and S27, consistent with intrinsic effects due to titration of
the neighboring His residues. Hence, the largest changes in
HR chemical shift result from intrinsic effects of titration
rather than from conformational changes. For the remaining
residues, the similarity of the HR chemical shifts at the
different pH values indicates that the average backbone
conformation of APP-C is generally invariant to pH. This is
also supported by the invariance of methyl proton frequencies
with pH, which indicates that the level of solvent exposure
of these hydrophobic groups is not altered by titration
(Supporting Information). The stability of structural features
indicates that, unlike the AâP, APP-C does not have a pH-
dependent phase transition in the pH range examined. This
justifies the use of pH titration studies to identify transient
hydrogen bonds, as discussed below.

As was previously found for APP-C at pH 6.3 and 4°C
(19), nascent helix is shown here to be present in this
cytoplasmic tail over a broad range of pH values. Nascent

helix is defined as a series of turnlike structures in equilib-
rium with unfolded states (36). Helical structure, indicated
by a series of∆δHR values less than-0.1 ppm, is observed
for residues 21-24 and 38-45 at pH values of 4.2, 5.6, and
7.1 (Figure 3). In addition, although not all less than-0.1
ppm, sequential negative values are also consistently ob-
served for residues 2-4, 16-18, and 27-35. Values greater
than+0.1 ppm are observed for residues 12-15 at pH 4.2,
indicatingâ-strand conformation for this short segment. This
trend persists at pH 5.6 and 7.1 as indicated by positive
values for these residues. Hence, based solely on HR chemical
shifts, a short extended segment (residues 12-15) and several
helical segments (residues 2-4, 16-18, 21-24, 27-35 and
37-45) are predicted.

â-Turns and Nascent Helix Persist oVer a Range of pH
Values.In agreement with the structure previously character-
ized at pH 6.3 and 4°C (19), â-turns are present at residues
20TPEE23 and 36NPTY39 over the pH range examined. The
TPEE turn contains NOEs consistent with a type Iâ-turn
but also displays features that more fully characterize it as
an N-terminal helix capping box structure. In the standard
nomenclature for N-terminal helix capping box residues, -N′-
Ncap-N1-N2-N3-N4-, the Ncap, N1, N2, and N3 residues
share many structural features with a type Iâ-turn. The
capping box structure is distinguished by a hydrogen bond
between the Ncap side chain and the backbone of N3 and a
reciprocal hydrogen bond between the N3 side chain and
the backbone of Ncap (37, 38). A type Ib capping box
structure also has a hydrophobic interaction between the side
chains of N′ and N4 (39). Reciprocal hydrogen bonding in
TPEE is supported by NOEs observed between the Ncap
side chain (T20 Hγ) and the N3 backbone (E23 HN), between
the N3 side chain (E23 Hâ, Hγ) and the Ncap backbone (T20

HN), and by additional NOEs that further define the Ncap
side-chain position (T20 Hγ to E22 HN and to P21 Hδs). A
N′-N4 hydrophobic interaction is supported by weak NOEs
between the N′ and N4 side chains (V19 Hγ and R24 Hδs,
respectively) and between the N4 side chain (R24 Hδs) and
the Ncap residue (T20 HN). In addition, the small coupling
constant observed (5.8 Hz) for the third residue of this turn,
E22, indicates thatæ for this residue is more helical than the
standard type Iâ-turn. The helical nature of this region is
further supported by observation of weak NOEs between the
N4 backbone (R24 HN) and the Ncap residue (T20 HR, Hâ,
Hγ) as well as adRN(i, i + 3) between R24 HR and S27 HN,
which indicates that helical character is extended beyond the
TPEE region. This is also in agreement with the HR chemical
shifts observed for residues 21-24. Side-chain NOEs
between T20 and P21 (T20 HR to P21 Hδs and T20 Hâ to P21

Hδs) identify the trans conformation of P21. Taken together,
these chemical shift, NOE, and3JHNHR coupling data dem-
onstrate that this turn is more accurately described as an
N-terminal helix capping box (40). This conclusion is further
supported by identification of transient hydrogen bonds
between T20 HN and E23 COO- and between E22 HN and its
own COO- by pH titration studies and by molecular
modeling as described below.

The sequence NPTY also possesses the pattern of local
NOEs that identifies a type Iâ-turn, including the interresidue
side-chain NOEs between N36 and P37 that characterize the
trans Pro. Furthermore, the large coupling constant observed
for T38 (8.2 Hz) is typical for the third residue in a type I

FIGURE 3: Plot of the difference in HR chemical shifts (∆δHR) from
random coil values for APP-C at pH 4.2 (black bars), pH 5.6 (gray
bars), and pH 7.1 (white bars). A series of∆δHR values less than
-0.1 ppm indicates helical structure, and a series of values greater
than 0.1 indicatesâ-strand. Error in HR chemical shift values is
(0.01 ppm.
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â-turn. However, long-range NOEs between residues on
either side of the turn were not observed. Hence, in
comparison, this turn is less stable than the TPEE structure
described above. This is in agreement with the lower
temperature coefficient for E23 as compared with that of Y39,
measured by Kroenke et al. (19).

The identification of nascent helix on each side of the helix
capping box and type Iâ-turn is supported by NOEs, HR

chemical shifts, and3JHNHR coupling constants. NOEs
characteristic of nascent helix [i.e., sequentialdNN(i, i + 1),
and medium-rangedRN(i, i + 2) anddâN(i, i + 2) NOEs (36)],
were observed for many residues from G11 to Q44. Sequential
dNN(i, i + 1) NOEs observed at pH 5.6 (Figure 4A) and pH
4.2 (Figure 4B), and short- and medium-range NOEs to
amide protons observed at pH 5.6 (Figure 5A) clearly
demonstrate that, in addition to the more stable capping box
and type Iâ-turn structures identified for the20TPEE23 and
36NPTY39 sequences, transient turnlike structures (i.e., nas-
cent helix) exist in flanking regions. Good agreement
between these observed NOEs and secondary structure
predictions based on observed HR chemical shifts is obtained
for residues 16-18, 27-35, and 40-45, characterizing these
regions that surround the TPEE capping box and the NPTY
type I â-turn as nascent helix. Furthermore, the3JHNHR

coupling constants obtained from both the 2D HMQC-J and
3D HNHA spectra for almost all residues in these regions
were between 6.5 and 7.5, consistent with nascent helix.

Additional support for the presence of nascent helix
flanking the TPEE capping box and the NPTY type Iâ-turn

is provided by hydrogen exchange measurements. The fast
amide proton exchange rates expected for the transiently
structured APP-C were best studied by saturation transfer
experiments, which can measure rates on the order ofT1,
the longitudinal relaxation time of the amide proton (0.1-
10 s-1) (28). A qualitative measure of the protection from
exchange for amide protons of APP-C,P, was calculated as
described in the Materials and Methods section. The ap-
proximate amide protonT1 values ranged between 494 and
802 ms, with an average value of 633 ms and standard
deviation of 68 ms. A plot of the resultingP values versus
residue is shown in Figure 6. From this plot, it is evident
that amide protons in the nascent helical regions described
above are protected from exchange relative to an unstructured
peptide. Residues G11, V13, and E14 also display elevated
protection values, a region included in a hydrophobic cluster
as discussed below.

The N-Terminal Region Contains a Hydrophobic Cluster.
A hydropathy plot for APP-C was constructed by the method
of Kyte and Doolittle (41) and is shown in Figure 5B. This
plot reveals a single hydrophobic region delineated by
positive hydropathy values that extends from residue H9 to
A17. Residues I8, V12, V13, V15, A17, A18, and V19, which
contain 12 of the 19 methyl groups in APP-C, contribute
significantly to the positive hydropathy values obtained for
this region. Of these 12 methyl groups, only the I8 Hγ and
Hδ resonances are well resolved (0.72 and 0.78 ppm). The
Val methyl groups all fall between 0.88 and 0.90 ppm, and
the Ala methyl groups both resonate at 1.35 ppm. Although
limited in frequency resolution, weak NOE cross-peaks
observed between these methyl groups as well as other
protons reveal transient population of a previously un-
detected hydrophobic cluster within the N-terminal half of
APP-C.

NOEs to side-chain methyl groups from nonsequential
residues along with other amide-side-chain and side-chain-
side-chain NOEs support transient clustering of hydrophobic
side chains. As mentioned previously, this region has several
NOEs characteristic of nascent helical structure. In addition,
several amide proton NOEs denoteddxN(i, i - n), wheren
) 1, 2, 3, or 4 (Figure 5A), are observed. These NOEs could
indicate loops or turn structures in this region. Each of the
resolved I8 methyl groups displayed NOE cross-peak inten-
sity in the Val methyl frequency range, indicating hydro-
phobic clustering of I8 with at least one of the Val residues.
In addition, weak NOE cross-peaks are observed between
V12 HN and both methyl groups of I8 and between V12 HN

and S7 HR, demonstrating close proximity of I8 and V12. The
closeness of these two regions of sequence is further
supported by NOE cross-peaks observed between G11 HR

and the I8 Hγ methyl group, and between the resolved T6 Hγ

methyl group (1.15 ppm) and V13 methyl group (0.88 ppm).
Confirmation of clustering between the four Val side chains
of V12, V13, V15, and V19 would not be observable due to
resonance overlap of the Hγ methyl groups. However, two
NOEs were observed that indicate clustering of Val and Ala
side chains: one between the resolved Hâ of V15 and the
methyl group of either A17 or A18 and the other between a
Val Hγ methyl group and the methyl group of either A17 or
A18. Together, this collection of NOEs suggests that a
hydrophobic cluster extends from I8 through V19, which most
likely represents multiple conformations in dynamic equi-

FIGURE 4: HN-HN region of the homonuclear NOESY spectrum
(tmix ) 200 ms) of APP-C at 25°C and (A) pH 5.6 or (B) pH 4.2.
The positive sign of both the diagonal and cross-peaks indicates
that motions governing cross-relaxation are in the slow-motion limit
(τ . ωo

-1) (65). Cross-peaks are labeled with APP-C residue
number, and arrows indicate sequential connectivities. The slower
amide proton exchange rate at pH 4.2 allowed observation of several
additional weakdNN cross-peaks that were not observed at pH 5.6.
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librium. In this situation, NOE-derived distance constraints
cannot be used to determine one single meaningful structure.

Identification of Transient Hydrogen Bonds.Measurement
of downfield amide proton shifts upon increasing pH is a
sensitive method for detecting transient hydrogen bonds
between amide protons and titrating carboxylate groups (42).
To investigate such interactions in APP-C, pH titration
studies were performed to determine the pKa for each of the
seven carboxylate groups in the protein and apparent pKa

for amide protons that shift in response to titration. Matching
of a carboxylate pKa value with the apparent pKa of a
downfield-shifted amide proton identifies through-space
interactions between the two groups. The chemical shifts of
amide protons, the Hâ protons of Asp, Hγ protons of Glu,
and the HR proton of the C-terminal Asn were obtained from
TOCSY spectra recorded at seven pH values ranging from
2.0 to 6.1. The pKa values were determined by plotting the

chemical shifts of these protons as a function of pH and
fitting this curve to the single proton titration curve (42) as
described in Materials and Methods.

All carboxylate groups in APP-C display pKa values that
are consistent with a solvent-exposed environment (Table
1). The pKa values obtained for the five Glu residues in
APP-C (E14, E22, E23, E35, and E43) range from 4.1 to 4.5
based on titration curves of their Hγ protons. As expected, a
slightly lower pKa value of 3.9 was determined from the
resolved Hâ proton chemical shifts from the single Asp
residue, D16. The calculated pKa of the C-terminus was
determined to be 3.4 by following the titration of the HR

proton of N47. The sigmoidal shape and small standard
deviation of data points from the best-fit theoretical curve

FIGURE 5: (A) Diagram of3JHNHR coupling constant values and short- and medium-range NOE connectivities observed for APP-C at pH
5.6 and 25°C. Coupling constant values are indicated by open circles (3JHNHR < 6 Hz), half circles (6 Hze 3JHNHR e 8 Hz), and solid
circles (3JHNHR > 8 Hz). Stars indicate that thedNN NOE cross-peak was not observable due to spectral overlap. Standard nomenclature for
NOE connectivities is employed, andx denotes any proton of residuei. (B) Hydropathy plot of APP-C. The plot was constructed by the
method of Kyte and Doolittle (41) with a 9-residue scanning window. The average hydropathy value over the 9-residue window is plotted
versus the central residue in the window. Positive values indicate hydrophobic regions.

FIGURE 6: P/T1 versus residue for amide protons of APP-C
calculated from saturation transfer experiments at pH 6.0 at 298
K. Missing values correspond to overlapped peaks (Q4, Y5, V15,
and R24), peaks too weak to characterize (H10 and H25), or Pro
residues (P21 and P37).

Table 1: pKa and∆δ Values of APP-C Amide Protons, Asp and
Glu Residues, and C-Terminus

residue protona pKa
b ( error ∆δb,c

E14 Hγs 4.3( 0.1 -0.17
D16 HN 4.2( 0.1 -0.16
D16 Hâs 3.9( 0.1 -0.22

4.0( 0.1 -0.23
A18 HN 3.8( 0.1 0.12
T20 HN 4.5( 0.1 0.19
E22 HN 4.0( 0.1 0.24
E22 Hγs 4.1( 0.1 -0.21
E23 HN 4.4( 0.1 0.11
E23 Hγs 4.3( 0.1 -0.22
E35 HN 4.3( 0.1 0.22
E35 Hγs 4.5( 0.1 -0.14
E43 HN 4.4( 0.1 0.14
E43 Hγs 4.5( 0.1 -0.15
N47 HN 3.4( 0.1 -0.28
N47 HR 3.4( 0.1 -0.24

a Apparent pKa values are given for those HN for which |δHN
pH5.6 -

δHN
pH2.0| > 0.10.b Obtained from nonlinear least-squares fit of the data

to the single proton titration curve.c The net titration shift,∆δ ) (δA-

- δHA), whereδA- andδHA are the chemical shifts corresponding to
the fully deprotonated and fully protonated states, respectively.
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for each carboxylate group demonstrate that the data is fit
well by a single proton titration.

The change in APP-C amide proton chemical shifts
between pH 2.0 and 5.6 are shown in Figure 7A. This pH
range allows identification of amide protons whose chemical
environments are affected by deprotonation of Glu, Asp, or
C-terminal carboxylate groups. Intrinsic effects cause an
amide proton of a residue containing a titrating carboxylate
group to shift upfield upon deprotonation (43, 44), whereas
a downfield shift of an amide proton upon increasing pH is
an indication of a hydrogen-bond interaction between the
amide proton and a titrating carboxylate group. As illustrated
in Figure 7A, several residues display significant changes
in amide proton chemical shift (g(0.1 ppm) over this pH
range.

Upfield shifts for the D16 and N47 amide protons are
observed, indicating that these N-H groups are not involved
in hydrogen bonds with titrating groups. The large upfield
shift of N47 HN is as expected due to intrinsic effects, and
the resulting pK value correlates well with that obtained from
N47 HR. The net upfield shift of D16 HN is also as expected
due to intrinsic effects. However, the resulting pKa value of

4.2 ( 0.1 is not within experimental error of the pKa value
of 3.9 ( 0.1 determined for its own side chain (Table 1).
Furthermore, the HR of D16 titrates with a pKa value of 4.4
( 0.1, indicating that a conformational change in response
to titration of a Glu residue occurs that influences the
backbone conformation of D16. The pKa of the sequentially
nearest Glu residue (E14) is 4.3 and is a likely candidate for
imparting possible indirect effects on the conformation of
D16. The correlated titration curves for the HN of D16 and
the Hγ protons of E14 are shown in Figure 7B.

For Glu residues, upfield shifts are observed in highly
structured proteins due to intrinsic effects (45). However,
downfield shifts are observed for Glu residues in flexible
regions of proteins due to the formation of a transient cyclic
intraresidue hydrogen bond between the amide proton and
the side-chain carboxylate group (43). The downfield amide
proton chemical shifts of E22, E23, E35, and E43 indicate that
transient intraresidue hydrogen-bond interactions are present
for these residues. The amide proton of E14 does not show
a significant dependence on pH (Figure 7A), with a total
change in chemical shift of 0.04 ppm across the full pH range
examined. An estimate of the extent of intraresidue hydrogen
bonding in Glu residues can be approximated from the
magnitude of the downfield HN shift upon increasing pH (42).
A magnitude of 0.41 ppm was estimated as the net downfield
shift for an amide proton in a stable hydrogen bond with a
titrating carboxylate group (42). With this as an approximate
standard for 100% occupancy of the intraresidue hydrogen
bond, the largest net downfield shift of 0.24 ppm observed
for E22 HN indicates that this cyclic intraresidue hydrogen
bond is approximately 58% populated. Similarly, intraresidue
hydrogen-bond populations are estimated as 10% for E14,
27% for E23, 54% for E35, and 34% for E43. Hence, the amide
protons of E22 and E35 are less likely to be involved in
interresidue hydrogen bonding, while E14, E23, and E43 are
more likely to participate in such a structural hydrogen bond
through either their amide proton or carboxylate group. For
E23 and E43, reduced occupancy of the intraresidue hydrogen
bond is consistent with the capping box and nascent helix
characterized for these regions, respectively. The reduced
occupancy of the E14 intraresidue hydrogen bond could be
accounted for by interresidue hydrogen bonding between
either its amide proton or carboxylate group and polar
group(s) of another side chain.

Other than titrating residues, the only additional amide
protons that have significant (>0.10 ppm) downfield chemi-
cal shifts upon increasing pH are those of A18 and T20.
Correlation of an amide proton to its hydrogen-bonding
partner is obtained by comparing its apparent pKa value to
the pKa values of titrating side chains (43). The amide proton
of A18 has a low pKa value of 3.8, which clearly matches
with the pKa value of the carboxylate of D16 (Figure 7B).
The hydrogen bond between the amide proton of A18 and
the carboxylate of D16 presents a distance constraint which
is very similar to adxN(i, i + 2) NOE, wherex is a proton
in the side chain of residuei. This type of NOE is often
found in nascent helical structures and is consistent with the
∆δHR values observed for residues D16, A17, and A18.
Additional support for this hydrogen bond is provided by
saturation transfer measurements in which A18 showed the
highest protection from exchange (Figure 6). The T20 amide
proton has an apparent pKa value of 4.5, which indicates

FIGURE 7: (A) Plot of the amide proton chemical shift differences
observed for APP-C between pH 5.6 and 2.0,∆δ HN ) δHN

pH5.6 -
δHN

pH2.0(ppm), for each amide proton in APP-C. (B) Representative
plots of chemical shift vs pH for APP-C protons. Plots are shown
for the HΝ protons of A18, T20, and D16, along with the Hâ protons
of D16 and the Hγ protons of E23 and E14. Curve fits were obtained
by a nonlinear least-squares fit of the single proton titration curve.
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that it is hydrogen-bonded to the carboxylate of a Glu residue
(either E14, E23, E35, or E43). The high protection factor for
amide proton exchange observed for T20 (Figure 6) supports
hydrogen bonding of this amide NH group. On the basis of
numerous NOE contacts observed across the TPEE turn and
the reduced population of the E23 intraresidue hydrogen bond,
the carboxylate of E23 is assigned as the acceptor for the T20

HN hydrogen-bond interaction. The corresponding titration
curves are shown in Figure 7B. A Thr residue in the Ncap
position of the N-terminal helix capping box structure is
stabilized by such a hydrogen bond as well as by the
reciprocal hydrogen bond between the Thr side chain and
the HN of the N3 residue, E23 in the case of APP-C (46).
The T20 Oγ-E23 HN reciprocal hydrogen bond is supported
by NOEs, and is consistent with the low-temperature
coefficient for E23 observed by Kroenke et al. (19). Together,
these reciprocal hydrogen bonds can explain the disruption
of the E23 cyclic intraresidue hydrogen bond observed.

Molecular Modeling Confirms the VTPEER Capping Box.
Residues displaying characteristics consistent with an N-
terminal helix capping box structure,19VTPEER24, were
modeled with X-PLOR 3.8 (34) as described in Materials
and Methods. The three-dimensional structure of this region
was calculated with 28 NOE restraints, three dihedral angle
restraints, and two hydrogen-bond distance restraints. NOEs
obtained from 2D and 3D NOESY experiments at pH 5.6
were classified as strong (1.8-2.7 Å), medium (1.8-3.3 Å),
weak (1.8-4.3 Å), and very weak (1.8-5.0 Å) (47). The
strong short-rangedRN, dâN, anddxN(i, i + 1) NOEs were
omitted from the analysis since these arise from unfolded
states that are in equilibrium with the capping box structure.
Torsion angle constraints for theæ angles of V19 and E22

were derived from measured3JHNHR values to be-120° (
40° for V19 (3JHNHR > 8 Hz) and-65° ( 30° for E22 (3JHNHR

< 6 Hz). Theω torsional angle for P21 was constrained to
-180° ( 20° to specify the trans conformation. Two
hydrogen bonds identified from the pH titration experiment
were constrained (1.8-2.5 Å): the HN of T20 to the
carboxylate of E23 and the intraresidue hydrogen bond
between the HN and carboxylate of E22. As described in
Materials and Methods, an ensemble of 20 structures was
generated in which no dihedral, NOE, or hydrogen-bond
distance violations exist that are greater than 5°, 0.3 Å, or
0.3 Å, respectively. These structures had low energies (total
X-PLOR energy< 30 kcal/mol). The backbone atomic
RMSD of residues20TPEE23 for the 20 calculated structures
was less than 0.80 Å, indicating that the structure is well-
defined. As a control, an ensemble of 20 structures was
calculated with no constraints, which yielded a significantly
higher average backbone atomic RMSD of 1.55 Å.

A representative structure is displayed in Figure 8,
illustrating the characteristic features of the N-terminal helix
capping box structure. The defined capping box hydrogen
bond between the HN of the Ncap residue, T20, and the side
chain of the N3 residue, E23, was observed, along with the
reciprocal hydrogen bond between the N3 side chain and
the Ncap HN. These reciprocal hydrogen bonds, along with
two backbone hydrogen bonds between the carbonyl oxygen
of T20 and the HN of E23 and R24, are observed in all the
calculated structures. These additional hydrogen bonds would
not have been directly detected in our NMR measurements
but are supported by NOE contacts discussed previously for

the capping box. All structures displayed the hydrophobic
interaction between the side chains of V19 and R24, which
classifies this capping box as type Ib as defined by Aurora
and Rose (39). A striking sequence similarity with the helix
capping box composed of residues43LTPDER48 in the Trp
repressor (40, 48) was identified through investigation of
other characterized helix capping box structures. The main
difference between the two structures is the degree of helicity
of residues N4 and N5. While the capping box of the Trp
repressor is followed by a stableR-helix, the APP-C capping
box is followed by nascent helix, which results in larger
3JHNHR and a lack ofi, i + 3 and i, i + 4 NOE contacts
between these and subsequent residues. Hence, the APP-C
capping box structure is less stable than an N-terminal helix
capping box in the context of a stable folded protein.

DISCUSSION

The Cytoplasmic Tail of APP Possesses Transient Struc-
ture oVer a Broad pH Range.The present study has shown
that although APP-C does not have a stable folded structure
over the pH range examined, regions of transient structure
exist and have been characterized by a combination of HR

chemical shifts, NOE analysis,3JHNHR coupling constants,
saturation transfer, and identification of hydrogen bonds
between amide protons and titrating carboxylate groups. The
transient structural features of APP-C are summarized in
Figure 9. These features include a hydrophobic cluster
involving residues I8 through V19, an N-terminal helix
capping box formed by residues19VTPEER24, a type Iâ-turn
at 36NPXY39, and nascent helix for residues16DAA18,

FIGURE 8: Representative structure of19VTPEER24 N-terminal
capping box calculated by X-PLOR 3.8. Backbone and side-chain
O atoms are black, HN atoms and T20 side-chain hydroxyl Hδ atom
are white, and C and N atoms are gray. Hydrogen bonds are
indicated by dashed lines. The figure was generated by use of
insightII (MSI) and Adobe Illustrator.

FIGURE 9: Schematic diagram of the transient structural features
determined for APP-C. Hydrogen bonds between backbone N-H
and side-chain carboxylate groups are depicted as dashed lines.
Shown are the hydrophobic cluster (light gray), nascent helical
regions (darker gray), the N-terminal helix capping box (hatched),
and the type Iâ-turn (black).
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27SKMQQNGYE35, and40KFFEQM45. Transient hydrogen
bonds were identified between the amide proton of A18 and
the carboxylate of D16 and between the amide proton of T20

and the carboxylate of E23, in good agreement with the
nascent helix and capping box structures determined for these
regions, respectively.

A key question is whether the transient structural features
characterized here for the APP-C peptide in aqueous solution
accurately represent this region in the context of native full-
length APP. In its native environment, the APP cytoplasmic
tail is juxtaposed to the membrane. Hence, it is possible that
the local environment of the membrane surface alters its
conformation. In addition, since it is easier to continue a
helix than to initiate one, it is also possible that the putative
transmembrane helix could extend into the cytoplasmic tail
of native APP. However, APP-C and several peptide frag-
ments derived from it have displayed function, indicating
that neither the adjacent transmembrane segment nor the
membrane is required for interactions with cytosolic binding
partners. The 32-residue D16-N47 fragment efficiently com-
petes for binding of GST-Fe65 to all three APP isoforms in
PC12 cell extracts (16). Similarly, the 20-residue H9-K28

fragment shows specific Go-activating function and prevents
anti-APP antibody coimmunoprecipitation of native APP and
Go from bovine brain membranes (11). In addition, affinity
chromatography employing an immobilized peptide compris-
ing the APP cytoplasmic tail preceded by four residues from
the transmembrane region was used to identify a 127-kDa
APP-binding protein in rat brain cytosol, and this binding
protein coimmunoprecipitated with full-length APP in PC12
cells (49). Hence, the retention of native function by peptide
fragments derived from the cytoplasmic tail of APP suggests
that the transient structural features described here for APP-C
are likely to be adopted by the corresponding regions in
native APP.

Binding of APP-C to X11 Requires Little Conformational
Rearrangement.Recent crystal structures of the PID domain
of the neuronal protein X11 bound to each of two peptide
fragments derived from APP-C (10 and 14 residues long,
respectively, and each spanning the NPTY sequence) show
a highly specific interaction involving approximately 11
residues of APP-C (18). Although the function of X11 is
currently not known, the high specificity and affinity of this
protein in vivo with the known endocytosis target sequence
of APP suggests a possible role in the processing of APP
(15). In fact, binding of X11 to the cytoplasmic tail of APP
has been shown to reduce cellular processing of APP in
transfected cells (50).

It is informative to compare the free and bound conforma-
tions of this region of APP-C in order to gain insight into
the energetics of the APP/X11 interaction. In the bound state,
three structural motifs are found in the APP peptide:
â-strand, type Iâ-turn, and 310 helix. Theâ-strand is formed
by four residues (32NGYE35) N-terminal to the NPTY turn
that are incorportated into aâ-sheet of the X11 PID domain,
where the peptide backbone participates in antiparallel
â-sheet hydrogen bonding and side chains participate in
electrostatic and hydrophobic interactions with the X11
binding surface. As presented above, these four residues are
characterized as nascent helix in free APP-C. Hence, binding
to X11 requires a conformational rearrangement for these
four residues. Since nascent helix is a transient structure,

backbone and side-chain conformational entropy is lost upon
binding. However, this loss is offset by favorable electrostatic
and hydrophobic interactions involving these four residues
in the bound complex, which contribute significantly to the
high affinity and specificity of binding (18).

The type Iâ-turn and 310 helix of the X11-bound APP
peptide are stabilized forms of structural features found in
free APP-C. The36NPTY39 sequence binds as a type Iâ-turn,
retaining and stabilizing the conformation found for these
residues in APP-C free in solution. Preordering of these
residues into the conformation required for binding is
entropically favorable, and additional hydrophobic and
enthalpic interactions are gained upon binding. Similarly,
three residues C-terminal to the turn (40KFF42) form a 310

helix in the bound state, again retaining and stabilizing the
helical nature of these residues observed in APP-C free in
solution. Although binding would result in loss of entropy
of this region since sampling of turnlike conformations would
no longer be transient, hydrophobic interactions between the
APP-C Phe side chains and a hydrophobic pocket in the X11
binding surface are gained, supported by the fact that these
C-terminal residues contribute positively to binding affinity
(18). Residues after theâ-turn endocytosis signals in the low-
density lipoprotein receptor and lysosomal acid phosphatase
contribute to the endocytosis rate of these two proteins (51,
52), indicating the importance of these residues in interactions
with the endocytosis machinery. These residues in the low-
density lipoprotein receptor are also nascent helix and have
been suggested as part of the internalization motif for this
protein (53). For the case of APP binding to X11, the native
type I â-turn and a short segment of nascent helix are
stabilized in the bound state, while a short segment of nascent
helix is rearranged intoâ-strand upon binding.

Helix Capping Box May Play an Important Role in APP-C
Interactions with Go and Fe65.Other neuronal proteins that
APP-C interacts with include the heterotrimeric protein Go

and one of the PID domains of the adapter protein Fe65.
However, the regions of APP-C recognized by these proteins
differ from the 11 residues recognized by X11. Unlike X11,
the C-terminal PID domain of Fe65 does not bind to a short
peptide containing the YENPTY sequence (a 20-residue
peptide comprising APP-C residues S27 through Q46) but does
bind with high affinity to a peptide containing both the helix
capping box and theâ-turn (residues D16 through N47) (16).
Similarly, Go binds to a 20-residue APP peptide comprising
residues H9-K28 (54), an interaction that activates Go

function in vivo (55). The two N-terminal His residues and
the BBXXB (where B is a basic residue and X is any residue)
sequence at the C-terminus of this peptide are essential for
Go binding (11). This region includes the capping box but
not the NPTY â-turn important in recognition by X11.
Hence, Go and the PID domain of FE65 are expected to bind
to APP-C in a manner different from X11, and it is
reasonable to expect that the capping box structure and
flanking nascent helix regions play important roles in
recognition.

Transient Structure of APP-C Is Analogous to an Early
Folding State.The functional relevance of the transient
structure observed in APP-C is an important question to
consider. The nascent helix, capping box, type Iâ-turn, and
hydrophobic cluster characterized here for regions within
APP-C are relatively unstable structures in rapid equilibrium
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with unfolded states. This description of transient structure
shares many characteristics used to describe early states in
the protein folding process (56, 57). Cytoplasmic domains
of other membrane-spanning proteins have been shown to
possess unstable structure in physiologically compatible
buffers (58-61). Hence, transient structure appears to be
common in cytoplasmic domains. In APP-C, no tertiary
contacts occur, secondary structural elements are transiently
populated, and a cluster of hydrophobic side chains is
observed. As demonstrated by studies of the folding kinetics
of barnase (62) and lysozyme (63), helix capping can be an
early folding event. Similarly, relatively unstable nascent
helix andâ-turns characterized in peptide fragments of larger
proteins have been proposed as important features of protein
folding initiation states, since these transient structures would
prevent the trapping of incorrectly folded conformations (36,
64). The striking similarity between protein folding initiation
states and the transient structure of APP-C suggests that
binding of cytoplasmic tails to their intracellular binding
partners resembles the final step(s) of protein folding, in
which some structural features of the folding initiation state
(unbound state) are retained and stabilized in the folded
(bound) state and others are rearranged into different
conformations upon folding (binding) without large energetic
cost. However, the bound state must not be too stable, since
this interaction must be transient. For APP-C and other
cytoplasmic tails that lack stable folded structure, the higher
entropy of the unliganded state would weaken binding
interactions by lowering the free energy of the unbound state,
while local preordering of regions into transient structure
may govern specificity of binding to cellular factors.

In conclusion, the results presented here have revealed
specific structural features of APP-C free in solution, known
to contain regions recognized by adapter and signaling
proteins. Interactions between APP-C and these proteins are
required for processing of APP and for intracellular signaling.
Alteration of these interactions may lead to abnormal
processing or targeting that would contribute to the patho-
genesis of Alzheimer’s disease or to abnormal signaling that
can result in apoptosis. Knowledge of the structure of APP-C
in both free and bound conformations is required to
understand the energetics of binding, and for gaining insight
on the transient interactions that facilitate normal cellular
function. The present study shows that APP-C resembles a
partially folded protein and possesses structural features free
in solution that are present when bound to the PID domain
of the neuronal protein X11. Hence, it is likely that the
transient structure of the APP cytoplasmic tail plays an
important role in guiding recognition by intracellular ma-
chinery. This type of preordering of the unbound structure
has important implications for our understanding of the
mechanisms and energetics of formation of multiple-protein
complexes involved in intracellular trafficking and signaling.
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SUPPORTING INFORMATION AVAILABLE

Three tables containing chemical shift assignments for
APP-C at pH 4.2, 5.6, and 7.1. This material is available
free of charge via the Internet at http://pubs.acs.org.
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