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Transient Structure of the Amyloid Precursor Protein Cytoplasmic Tail Indicates
Preordering of Structure for Binding to Cytosolic Factors

Theresa A. Ramelot, Lisa N. Gentiland Linda K. Nicholson*
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Receied Naember 8, 1999

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 4:27.1. 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 H
chemical shifts, NOE analysis, afAdlnne 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 368145-8152] 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)s an integral membrane
transmembrane glycoprotein that is the precursor to the 39 A extracellular cc intracellular
43 residue amyloi@ peptide (A6P), the major component 00
of amyloid plaques that characterize Alzheimer's disease. N| C
The predominant APP isoform in the brain, ARP is v V
composed of a large glycosylated extracellular component, ABP

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- 1 10 2|0 Fe65 3!0 4l0 4]7

esses of intracellular trafficking of APP and signal trans- | | 1 ! ‘ '
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duction via interactions with adaptor and signaling proteins,

respectively. Cleavage of APP to yield amyloidogenjgPA 649 658 Co  c6s 678 X g5 695

involves a complicated metabolic pathway that is mediated Fiure 1: (A) Schematic diagram of ARR. Main features of the

by intracellular targeting sequences located in the cytoplasmic695 amino acid residue protein include a large extracellular region
(white box), glycosylation sites (CHO), the amylgiepeptide (AP,
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The cytoplasmic tail of APP (APPc) contains important residues in APP-C. Saturation transfer is used to indicate
signal sequences for intracellular trafficking, which include the level of protection of amide protons from exchange with
signals sufficient for endocytosis, for recycling to the plasma solvent. A detailed analysis of NOE cross-peaks and
membrane, and for sorting to the basolateral surface in measurement Gfynna coupling constants provided structural
polarized cells Z, 3). Deletion of APP residues 685687, constraints that, along with the hydrogen bond information,
which contains the widely recognized endocytosis signal were used to further characterize the transient structure of
NPXY (Figure 1B), was shown to prevent endocytosis of APP-C in aqueous solution. Comparison of this solution
APP @) and to alter AP production 4, 5). Adjacent to this structure with the X11-bound fornl®) demonstrates how
signal is the conserved GY motif (Figure 1B), present in transiently structured regions in APP-C are either stabilized
many lysosomal glycoproteins that are endocytosed andor rearranged upon binding. The unbound structure is of great
targeted to the lysosomes, (7). An additional sequence, importance for understanding the biophysical basis for
YTSI (APP residues 653656, Figure 1B), mediated endo- transient interactions between the APP cytoplasmic tail and
cytosis when substituted into the cytoplasmic tail of the intracellular protein machinery that facilitate intracellular
transferrin receptor?). Furthermore, ¥s3 is required for trafficking and signal transduction.
sorting of APP to the basolateral membrane surface in
polarized MDCK cells ). Hence, APPc contains two signal MATERIALS AND METHODS
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 withgys familial Alzheimer’s
disease (FAD) mutants in argR-independent proceskQd).

This process is believed to be mediated by the 20 amino
acid residue @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 G, (13). Other cytosolic factors that are known to .
interact with the cytoplasmic tail may also be involved in seéquence (GenBank accession no. M15534) ¢o that
signal transduction events. A recently discovered APP obtained by other researchers for_ human AB_’PZQ‘)'

binding protein, APP-BP1, may act as an effector molecule ~ 1he PCR-generated DNA was first cloned into the pCRII
in transducing APP signals into the celj. Other neuronal ~ Vector (Invitrogen) for amplification and purification and
APP binding proteins, X11, FE65, and the FE65-like protein, Verified by DNA sequencing. After restriction enzyme
bind in vitro and in vivo through a phosphotyrosine interac- digestion, the desired fragment was gel-purified and ligated
tion domain (PID) {5-17). However, unlike the well- into the_cod|gested pTerus vector _from the T_hloFusu_)n
characterized homologous PID domain of Shc, FE65 and expressmn_system (Inwtrogen)_, resulting in the thioredoxin-
X11 binding to target sequences is independent of Tyr APP-C fusion protein expression vector pTrxAPPc47.
phosphorylationi5). Furthermore, the X-ray crystal structure Protein Expression and PurificationThe thioredoxin

of X11 bound to a peptide derived from APPc reveals an fusion protein was expressedHscherichia colstrain GI724
interaction region spanning residues 6890 (Figure 1B) cells. Cells were grown at 38C in an air bath incubator/
(18), and biochemical studies have shown that more than shakern 1 L of M9 minimal medium containing ampicillin
residues 675695 are required for interaction with FE65 (100 xg/mL) in a 2.8 L Fernbach flask. Expression was
(Figure 1B) (L6). Hence, the structure of the entire APPc induced when cells reached an €g,of 0.30-0.35 by the
region is of great interest for understanding interactions addition of 100 mg ofi-tryptophan. The cells were then
between this cytoplasmic tail and intracellular signal trans- grown fa 4 h at 37°C to an ORoonm0f 0.7-0.9. The cells
duction machinery. were harvested, washed with PBS (140 mM NacCl, 2.7 mM

A single NMR structural study at pH 6.3 and°€ has  KCI, 10 mM NaHPQ,, and 1.8 mM KHPQy), and lysed in
been reported for a 49-residue peptide (APP-C) containing & French pressure cell in sonication buffer (50 mMHRO,
two N-terminal residues (GS) fused to APPc, which char- and 300 mM NacCl, pH 8.0) containing 1@g/mL each
acterized two type B-turns for the sequences TPEE and Pepstatin A, aprotinin, and leupeptin. The lysate was
NPTY and found nascent helical character primarily in the centrifuged at 160a9for 20 min, and the supernatant was
C-terminal half and random coil conformations for the applied to an 8 mL N+NTA agarose column (Qiagen)
N-terminal 20 amino acid residued9). We report here  equilibrated with the same buffer. The column was washed
additional NMR studies of APP-C performed at 25 and with 10 column volumes each of sonication buffer, wash
at a range of pH values that reveal transient hydrogen bondsbuffer (50 mM NaHPQ;, 300 mM NaCl, and 10% glycerol,
and considerable structure in the N-terminal half as well. PH 6.0), 5 mM imidazole in wash buffer, and again with
The H* chemical shifts were used to characterize the structuresonication buffer, leaving 8 mL above the column.
of this peptide at three different pH values: 4.2, 5.6, and The desired peptide was cleaved from the thioredoxin
7.1. In addition, pH titration in the range of 2:6.1 allowed fusion protein by addition of 2 units of human plasma
identification of transient hydrogen bonds between amide thrombin (Boehringer Mannheim) to the NNTA column
protons and the ionizable side chains of the Glu and Asp while shaking for 10 h at room temperature, yielding two

Plasmid Construction.DNA containing the carboxy-
terminal 47 residues of APP was PCR-amplified from clone
AAmM4 (American Type Culture Collection No. 40305). The
5 primer contained aBanHI| cut site along with DNA
encoding an amino terminal x@is 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, arghh
cut site. To convert residue 34 from serine to tyrosine, this
mutation was included in the' rimer, along with the
complementary DNA for 6 residues upstream from this
mutation. This was necessary to convert the purchased
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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 & 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, 2.5x 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
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were 8 kHz int2 (1024 complex data points) and 1.5 kHz
int1 (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 H2 andtl,
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 the!>N dimension was determined by deconvo-
lution of the Gaussian line shapes using the nonlinear least-

HPLC), and was further characterized by mass spectroscopysquares spectral line shape modeling program, nlinLS (Frank

and amino acid analysis, verifying the molecular weight (5.7
kDa) and the amino acid composition of the desired product.
Protein enriched with°N was obtained as described above
by substituting'>NH,Cl in the M9 media.

NMR Sample Preparation and ExperimemMN8/R samples
were prepared from lyophilized APP-C powder by dissolving
in either 50 mM Sorenson’s phosphate buffer at pH 5.6 (63
mM KH,PO, and 4 mM NaHPQ,) or 50 mM potassium
phosphate buffer with 10% f and 5 mM sodium azide.

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 de2x). (

For the 3D experiment, data were collected and processed
as described fot®N-separated TOCSYHSQC spectra.

Saturation transfer experiments, which measure the rate
of hydrogen exchange betweep®and amide protons, were
performed on aA®N-labeled APP-C sample at pH 6.0. Two

The pH of the samples was adjusted by adding small amountsiq—15\ HSQC spectra, each with a presaturation pulse either

of 0.1 N NaOH or 0.1 N HCI as needed. Protein concentra-
tions ranged from 1 to 3 mM APP-C.

All NMR spectra were recorded at 2% on a Varian
Inova 600 MHz spectrometer using the Stateberkorn
hypercomplex method of frequency discriminatio?2)(
Two-dimensionatH—N HSQC spectra were recorded with
spectra widths of 2 kHz itill (512 complex data points) and
8 kHz int2 (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)

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 denotedIfty, with t = 3. Peaks
intensities determined from the HSQC spectrum with the off-
resonane 3 s presaturation pulse are denoted (®y. The
value Tikex was calculated for the amide proton of each
residue by use of eq 128), whereT; is the longitudinal

(23) and nuclear Overhauser enhancement spectroscopyelaxation time constant of the amide proton:

(NOESY) (@4) spectra were recorded with spectral widths
of 8 kHz in t2 (2048 complex data points) andl (1024
complex data points), unless noted otherwise. Two-dimen-
sional TOCSY spectra were acquired with a DIPSE3)(
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 &N-labeled
APP-C were recorded for the pH titration study with spectral
widths of 8 kHz (1024 complex data points) i and 5.1
kHz (668 complex data points) id with a DIPSI-2 mixing
time of 70 ms, with a 180N pulse centered on thel
evolution period to refocuslyy coupling and with WALTZ-
16 N decoupling during2. These spectra were processed
with zero-filling to a final data size of 2048 by 2048 data
points. Three-dimensionadPN-TOCSY—HSQC andN-
NOESY—HSQC spectra were recorded with spectral widths
of 5.7 kHz (440 complex data points) id, 1.1 kHz (62
complex data points) it2, and 6 kHz (1024 complex data
points) int3. Data were processed to a final data size of
2048 by 1024 by 128, using linear prediction to double the
data size in th¢2 dimension ¥N) and by zero-filling in all
dimensions to the final data size.

The 3Junna coupling constants were determined 6N
labeled APP-C at pH 6.0 and 2& using both the 2BH—
15N HMQC-J (26) and 3D '*N-separated M—H* homo-
nuclearJ-correlation experiment, HNHA2{7) experiments.
For the 2D'H—'N HMQC-J experiment, spectral widths

kex ={[1(O)1(O] — 1}/T, 1)
Predicted intrinsic exchange ratdgy, were estimated by
the method described by Bai et a9, which takes into
account the intrinsic influence on amide proton lability by
the neighboring side chains. The amidglHexchange
parameters at 293 K from Connelly et @&0{ were used in
determination ok ka = 1.39 mirrl, ks = 9.95 mirr?,
andkw = 0 min~'. Exchange rates at 298 K and pH 6.0
were obtained by correcting for temperature dependence as
described in Bai et al.2Q) for the base-catalyzed reaction
(Ea = 17 kcal mol). The protection of an amide proton
from exchange is often described by the protection factor,

P = Kin/kex = Tikin/{[1O)I(B)] — 1} )

An estimate of amide protom; values across the APP-C

backbone was obtained by recording HSQC spectra with

recycle delay times af= 0.6, 0.7, 0.8, and 1.5 s and fitting

the peak intensity build-up curves to
y=A[1l— exp(-t/Ty)] 3

Protection factors for amide protons in close proximity to

H® protons with resonance frequencies close to water may
be attenuated by NOE effects resulting from saturation of
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the H* resonances by the presaturation pulse. In this case,
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protection factors for these residues would reflect a lower
bound.

The dependence ofH chemical shifts on pH was
determined by recording a series of TOCS¥i«(= 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 Asg Hrotons, for Glu
H” protons, and for the Hproton of Ny7. The dependence
of a given proton chemical shift on pH was fit to the single-
proton titration curve described by eq 4:

Opa + 0, 10PH7PKS
1+ 10PHPKI

O(pH) = 4)

wheredua is the chemical shift at the acidic limit ard - is

the chemical shift at the basic limit. Th&pvalue 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 whidifpH) values are
randomly varied over their range of uncertainty=€ 0.01
ppm) to obtain the standard deviation iKqusing a Monte
Carlo approach.

All NMR data were processed and analyzed using the
nmrPipe and nmrDraw software tools 1) 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 functiofH
dimensions) or a 90shifted sine-bell function*fN dimen-

sions) before zero-filling and Fourier transformation. Linear
prediction was used to back-predict one point in the
dimension of the">N-TOCSY—HSQC experiment prior to

Fourier transformation. Linear baseline correction was ap- FIGURE 2: H—1N HSQC spectrum of APP-C at pH 5.6 and 25
°C. Residue assignments are indicated with nhumbering relative to

APP-C.

plied in the acquisition dimension of all spectra.
Molecular Modeling of the VTPEER Capping B&olu-
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tion structures of thegVTPEERx region (numbering relative  narrow range of the amide proton chemical shiftd ppm)

to APP-C, Figure 1B) were calculated by the hybrid distance js ypical of random coil proteins. However, due to the wide

geometry/simulated annealing approad3)(implemented
by the program X-PLOR 3.83¢). The 8-residue fragment

dispersion in the®®N dimension only two pairs of peaks,
corresponding to residues¥s and Vis/R,4, overlap within

18AVTPEERH was used for these calculations to minimize  eir line widths at half-height. Peaks are observed for all

end effects resulting from the N- and C-termini. By use of pckbone amide protons from; Khrough Ny (44 peaks),
the standard X-PLOR protocol, an extended structure washile those for the first two N-terminal residues (GS) that

generated by thgenerateand thegenerate _templateou-
tines, followed by embedding using thdg sub_embed
routine. Structures are generated after application odigjsa
routine and refinement by thefine routine. The structures

remain from the thrombin cut site are not observed due to
rapid amide proton exchange. Essentially completend
15N assignments at pH 5.6 were obtained for residues K1
through N47 using homonuclear TOCSt¥,{ = 70 ms) and

were improved in an iterative process with addition of NOEs Nogsy tmix = 200 ms) spectra along witiN-TOCSY—
and resolution of stereochemical proton assignments. FinaIHSQC €mix = 70 ms) and>N-NOESY-HSQC ¢mix = 200
structures were analyzed by the superposition of the back-ms) spectra to resolve those spin systems with spectral

bone atoms of residuegT PEE; of the turn.

RESULTS

Resonance Assignmenfaull proton and!*N resonance

overlap in the amide proton dimension (Supporting Informa-
tion).

To examine the effects of pH on the structure of APP-C,
full *H assignments were also obtained at pH 4.2 and 7.1

assignments were first determined for APP-C at pH 5.6. (Supporting Information). Assignments were obtained at pH
These assignments were used for a detailed structural analysig.2 from homonuclear TOCSx = 70 ms) and NOESY
as well as for evaluating chemical shift changes as a function (tmix = 200 ms) spectra and at pH 7.1 from a single TOCSY

of pH. Figure 2 shows théH—>N HSQC spectrum of

(tmix = 50 ms) spectrum. A comparison of the structure of

APP-C at pH 5.6, with residue assignments denoted by the APP-C at the three pH values (pH 4.2, 5.6, and 7.1) was
numbering scheme relative to the APP-C peptide (Figure 1B). made by comparing the “Hchemical shifts of each of the
Hereafter, this numbering scheme will be employed. The residues as described below. In addition, the chemical shifts
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a-helix

0.3 : : ‘
1 5 20 25

residue
Ficure 3: Plot of the difference in Mchemical shifts Ady,) 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/&,, values less than

Ramelot et al.

helix is defined as a series of turnlike structures in equilib-
rium with unfolded states3@). Helical structure, indicated
by a series ofAdy, values less thar-0.1 ppm, is observed
for residues 2324 and 38-45 at pH values of 4.2, 5.6, and
7.1 (Figure 3). In addition, although not all less thaf.1
ppm, sequential negative values are also consistently ob-
served for residues24, 16-18, and 27 35. Values greater
than+0.1 ppm are observed for residues-115 at pH 4.2,
indicating/5-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’anemical
shifts, a short extended segment (residuesiB) and several
helical segments (residues-2, 16-18, 21-24, 27-35 and
37—45) are predicted.

pB-Turns and Nascent Helix Persister a Range of pH
Values.In agreement with the structure previously character-
ized at pH 6.3 and 4C (19), S-turns are present at residues

—0.1 ppm indicates helical structure, and a series of values greaterzol PEEs and sgNPTYse over the pH range examined. The

than 0.1 indicateg-strand. Error in 14 chemical shift values is
+0.01 ppm.

of all amide protons, the Hprotons of Asp, ¥ protons of
Glu residues, and the%proton of the C-terminal Asn were

TPEE turn contains NOEs consistent with a typg-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

determined at seven pH values ranging from 2.0 to 7.1 by share many structural features with a typg-turn. The

homonuclear TOCSY spectrdng = 70 ms). The pH

capping box structure is distinguished by a hydrogen bond

dependence of these chemical shifts was used to identifypetween the Ncap side chain and the backbone of N3 and a
transient hydrogen bonds between titrating carboxylate reciprocal hydrogen bond between the N3 side chain and

groups and amide protons as described in detail below.

pH Dependence of Secondary Structure frogCHemical
Shifts.The difference between an observetidiemical shift

the backbone of Ncap3{, 38). A type Ib capping box
structure also has a hydrophobic interaction between the side
chains of N and N4 B9). Reciprocal hydrogen bonding in

and the corresponding random coil value for a particular type TPEE is supported by NOEs observed between the Ncap
of amino acid residue yields an accurate measure of theside chain (% H”) and the N3 backbone ¢gEHV), between

secondary structure of peptides and proteiS).( This
difference, denoted bxdy,, was determined for APP-C at

the N3 side chain (& H?, H”) and the Ncap backbone 4T
HN), and by additional NOEs that further define the Ncap

three pH values (4.2, 5.6, and 7.1) and the results are plottecside-chain position (6 H” to Ex, HN and to B; Hs). A

in Figure 3. The largest changes &dy, between pH 4.2

N'—N4 hydrophobic interaction is supported by weak NOEs

and 5.6 are observed for residues that have titrating groupsbetween the Nand N4 side chains (M H” and R4 H°s,
with pK, values near pH 4. These correspond to the five respectively) and between the N4 side chaip (®’s) and
Glu residues, the single Asp, and the C-terminal Asn, which the Ncap residue @b HV). In addition, the small coupling
display changes consistent with the intrinsic effect due to constant observed (5.8 Hz) for the third residue of this turn,

titration. Upon increasing pH from 5.6 to 7.1, large upfield
chemical shifts are observed for His residues, (Hho, and
Hs) that are expected to hav&pvalues near this range.
Upfield shifts were also observed for residugs @2, Log,
and $7, consistent with intrinsic effects due to titration of

E,,, indicates thaty for this residue is more helical than the
standard type J-turn. The helical nature of this region is
further supported by observation of weak NOEs between the
N4 backbone (& H") and the Ncap residue {gH®, H?,

H”) as well as adon(i, i + 3) between R H* and S7 HN,

the neighboring His residues. Hence, the largest changes inwhich indicates that helical character is extended beyond the

H* chemical shift result from intrinsic effects of titration

TPEE region. This is also in agreement with theddemical

rather than from conformational changes. For the remaining shifts observed for residues 224. Side-chain NOEs

residues, the similarity of the Hchemical shifts at the

between T, and B (Tz H* to Poy HPs and T HP to Py

different pH values indicates that the average backboneH?ds) identify the trans conformation otP Taken together,

conformation of APP-C is generally invariant to pH. This is

these chemical shift, NOE, arfdunna coupling data dem-

also supported by the invariance of methyl proton frequencies onstrate that this turn is more accurately described as an

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 2P, APP-C does not have a pH-

N-terminal helix capping box4Q). This conclusion is further
supported by identification of transient hydrogen bonds
between o HN and B3 COO™ and between & HN and its
own COO by pH titration studies and by molecular

dependent phase transition in the pH range examined. Thismodeling as described below.

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@

The sequence NPTY also possesses the pattern of local
NOEs that identifies a type-turn, including the interresidue
side-chain NOEs betweensNand Ry that characterize the

(19), nascent helix is shown here to be present in this trans Pro. Furthermore, the large coupling constant observed
cytoplasmic tail over a broad range of pH values. Nascent for Tsg (8.2 Hz) is typical for the third residue in a type |
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N

8-

'H (ppm)

A is provided by hydrogen exchange measurements. The fast
i o W © v = amide proton exchange rates expected for the transiently
X e = e structured APP-C were best studied by saturation transfer
AL T eyl experiments, which can measure rates on the orddh,of
wis Iy I the longitudinal relaxation time of the amide proton (0.1
QQ_T‘ZS; o, A 35 10 s'1) (28). A qualitative measure of the protection from
L3 s 02 . exchange for amide protons of APP4&,was calculated as
o described in the Materials and Methods section. The ap-
/ o TR | se proximate amide protof; values ranged between 494 and
& - ) 802 ms, with an average value of 633 ms and standard
L deviation of 68 ms. A plot of the resulting values versus
H (ppm) 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 g Vi3, and B4 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 residgecoH
33 82 ) ! . ) A1z Residuesgl, V12, V13, V15, A17, Agg, and VMo, which
1H (ppm) contain 12 of the 19 methyl groups in APP-C, contribute
FiURe 4: HN—HN region of the homonuclear NOESY spectrum significa_mtly to the positive hydropathy values obtained for
(tmx = 200 ms) of APP-C at 25C and (A) pH 5.6 or (B) pH 4.2.  this region. Of these 12 methyl groups, only tigeHl" and
The positive sign of both the diagonal and cross-peaks indicatesH® resonances are well resolved (0.72 and 0.78 ppm). The
that motions governing cross-relaxation are in the slow-motion limit \/a| methyl groups all fall between 0.88 and 0.90 ppm, and
(r > wo) (69). Cross-peaks are labeled with APP-C residue o Aja methyl groups both resonate at 1.35 ppm. Although
number, and arrows indicate sequential connectivities. The slower . . . -
amide proton exchange rate at pH 4.2 allowed observation of severalliMitéd in frequency resolution, weak NOE cross-peaks
additional wealdyy cross-peaks that were not observed at pH 5.6. Observed between these methyl groups as well as other
protons reveal transient population of a previously un-
p-turn. However, long-range NOEs between residues on detected hydrophobic cluster within the N-terminal half of
either side of the turn were not observed. Hence, in APP-C.
comparison, this turn is less stable than the TPEE structure NOEs to side-chain methyl groups from nonsequential
described above. This is in agreement with the lower residues along with other amiglside-chain and side-chain
temperature coefficient forgas compared with that of 3¥, side-chain NOEs support transient clustering of hydrophobic
measured by Kroenke et.4[L9). side chains. As mentioned previously, this region has several
The identification of nascent helix on each side of the helix VOES characterlstlc of nascent helical structure. In addition,
capping box and type f-turn is supported by NOEs, H s_e\lle;algammllle E_roton g‘f Es degom(é' ITF n), Vll’fg)eée” Id
chemical shifts, and®Jynpe coupling constants. NOEs . <™ or 4 (Figure 5A), are o served. These s cou
characteristic of nascent helix [i.e., sequendial(i, i + 1), indicate loops or turn struqtures in this region. Each .of the
and medium-rangeu(i, i + 2) anddax(i, i + 2) NOES @6)], r‘?so."’e?]é metlhy' Ay displayed NOE ?rg.ss"?ea';'rge”'
were observed for many residues from @ Q4. Sequential S'rt]y n t Ie Va' metf y 'rhequ?ncy rangef, 'r? |ca}|ng nydro-
dhn(i, i + 1) NOEs observed at pH 5.6 (Figure 4A) and pH p oblc_(_: ustering ofd with at least one of the Val residues.
NN . ddition, weak NOE cross-peaks are observed between
4.2 (Figure 4B), and short- and medium-range NOEs to In a X P
- ’ : V12 HN and both methyl groups of land between Y HN
amide protons opserve_d. at pH 5.6 (Figure 5A) glearly and S H%, demonstrating close proximity of &and Vi, The
demonstrate that, in adqun to t.hfa more stable capping bOXclosenes,s of these two regions of sequence is further
and type Ip-turn structures identified for the TPEE; and supported by NOE cross-peaks observed betwegrHS
3sNPTY39 Sequences, transient turnlike structures (i.e., nas- and the § H” methyl group, and between the resolvedHF
cent helix) exist in flanking regions. Good agreement methyl group (1.15 ppm) éndlymethyl group (0.88 ppm).
betwee_n these observed NOEs apd Se'con.dary SUUCHUrg o hfirmation of clustering between the four Val side chains
predictions based on observed ¢hemical shifts is obtained V1o, Vi, Vis and Vie would not be observable due to
for (esidues 1618, 2735, and 46-45, (_:haracterizing these resonémce, ove,rlap of the”Hinethyl groups. However, two
regions that surround the TPEE capping box and the NPTY N s were observed that indicate clustering of Val and Ala
type | f-turn as nascent helix. Furthermore, thkma side chains: one between the resolvetidfl Vs and the
coupling constants obtained from both the 2D HMQ@&nd methyl group of either & or A and the other between a
3D HNHA spectra for almost all residues in these regions \/5| H» methyl group and the methyl group of either-r
were between 6.5 and 7.5, consistent with nascent helix. A Together, this collection of NOEs suggests that a
Additional support for the presence of nascent helix hydrophobic cluster extends frogithrough \ie, which most
flanking the TPEE capping box and the NPTY typ&iurn likely represents multiple conformations in dynamic equi-
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B.

Hydropathy 3
Value D)

FiGUrRE 5: (A) Diagram of3Jynne 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 ciréd&si(. < 6 Hz), half circles (6 Hz< 3Junne < 8 Hz), and solid

circles €Junno > 8 Hz). Stars indicate that thidgn NOE cross-peak was not observable due to spectral overlap. Standard nomenclature for
NOE connectivities is employed, axddenotes any proton of residie(B) Hydropathy plot of APP-C. The plot was constructed by the
method of Kyte and Doolittle41) 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.

4 Table 1: K, and Ao Values of APP-C Amide Protons, Asp and
Glu Residues, and C-Terminus
s residue protoh pK + error AoPe
E14 H's 43+ 0.1 -0.17
D16 HN 42+0.1 —0.16
o o D16 Hs 3.9+0.1 —0.22
b [ 4.0+0.1 —0.23
Al18 HN 3.8+£0.1 0.12
T20 HN 45+ 0.1 0.19
1 L E22 HY 4.0+0.1 0.24
E22 H's 4,1+ 0.1 -0.21
E23 HY 44+ 0.1 0.11
E23 H's 43+ 0.1 —0.22
0 E35 HY 43401 0.22
KKKQYTS IHHGVVEVDAAVTPEERHLSKMQQNGYENPTYKFFEQMQN E35 H's 45+ 0.1 —0.14
residue E43 HY 44+ 0.1 0.14
FiGURE 6: P/Ty versus residue for amide protons of APP-C E43 H's 45+0.1 —-0.15
calculated from saturation transfer experiments at pH 6.0 at 298 N47 HN 34+£01 —0.28
K. Missing values correspond to overlapped peaks {Q, Vs, N47 H* 3.4+01 —0.24
and Rd), peaks too weak to characterize,gtand Hs), or Pro a Apparent [, values are given for thosexHor which |56 —
residues (& and Ry). OnnP29 > 0.10.° Obtained from nonlinear least-squares fit of the data

to the single proton titration curv&The net titration shiftAd = (da-
librium. In this situation, NOE-derived distance constraints — oua), whereda- anddua are the chemical shifts corresponding to
cannot be used to determine one single meaningful structure the fully deprotonated and fully protonated states, respectively.

Identification of Transient Hydrogen Bonddeasurement
of downfield amide proton shifts upon increasing pH is a chemical shifts of these protons as a function of pH and
sensitive method for detecting transient hydrogen bondsfitting this curve to the single proton titration curv42j as
between amide protons and titrating carboxylate grod@s ( described in Materials and Methods.
To investigate such interactions in APP-C, pH titration  All carboxylate groups in APP-C displayKp values that
studies were performed to determine th& for each of the are consistent with a solvent-exposed environment (Table
seven carboxylate groups in the protein and apparat p 1). The K, values obtained for the five Glu residues in
for amide protons that shift in response to titration. Matching APP-C (B4, Ez,, Ezs, Ess, and Eg) range from 4.1 to 4.5
of a carboxylate K, value with the apparentiy of a based on titration curves of their'lgrotons. As expected, a
downfield-shifted amide proton identifies through-space slightly lower K, value of 3.9 was determined from the
interactions between the two groups. The chemical shifts of resolved M proton chemical shifts from the single Asp
amide protons, the Hprotons of Asp, K protons of Glu, residue, Qe The calculated g, of the C-terminus was
and the H proton of the C-terminal Asn were obtained from determined to be 3.4 by following the titration of the* H
TOCSY spectra recorded at seven pH values ranging fromproton of Ny;. The sigmoidal shape and small standard
2.0 to 6.1. The K, values were determined by plotting the deviation of data points from the best-fit theoretical curve
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A, 03 l ‘ * : \ I 4.2+ 0.1 is not within experimental error of th&pvalue
downfield of 3.9 &+ 0.1 determined for its own side chain (Table 1).
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Furthermore, the Hof D titrates with a K, 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 fg The K, of the sequentially
nearest Glu residue (j is 4.3 and is a likely candidate for
imparting possible indirect effects on the conformation of
D16 The correlated titration curves for theNtdf D, and

the H protons of E14 are shown in Figure 7B.

For Glu residues, upfield shifts are observed in highly
structured proteins due to intrinsic effecb). 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 grous3j. The downfield amide
proton chemical shifts of &, Ez3, Ess, and B3 indicate that
transient intraresidue hydrogen-bond interactions are present
for these residues. The amide proton qf Boes 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

g bonding in Glu residues can be approximated from the
T magnitude of the downfield Mshift upon increasing pHi@).

] 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 groupd@). 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 Ex; HN indicates that this cyclic intraresidue hydrogen
bond is approximately 58% populated. Similarly, intraresidue
hydrogen-bond populations are estimated as 10% far E
27% for B3, 54% for Bs, and 34% for &s. Hence, the amide
FIGURE 7: (A) Plot of the amide proton chemical shift differences Protons of b, and Es are less likely to be involved in
observed for APP-C between pH 5.6 and 20,4y = OunP56 — interresidue hydrogen bonding, whileEEs, and B3 are
dunPH20 (ppm), for each amide proton in APP-C. (B) Representative more likely to participate in such a structural hydrogen bond
plots of chemical shift vs pH for APP-C protons. Plots are shown through either their amide proton or carboxylate group. For

for the HY protons of Ag, T.o, and D, along with the M protons . .
of Dig and the H protons of ks and B4 Curve fits were obtained Ezs and B, reduced occupancy of the intraresidue hydrogen

by a nonlinear least-squares fit of the single proton titration curve. 0ONd is consistent with the capping box and nascent helix
characterized for these regions, respectively. The reduced

for each carboxylate group demonstrate that the data is fitoccupancy of the f intraresidue hydrogen bond could be
well by a single proton titration. accounted for by interresidue hydrogen bonding between
The change in APP-C amide proton chemical shifts either its amide proton or carboxylate group and polar
between pH 2.0 and 5.6 are shown in Figure 7A. This pH group(s) of another side chain.
range allows identification of amide protons whose chemical Other than titrating residues, the only additional amide
environments are affected by deprotonation of Glu, Asp, or protons that have significant-(0.10 ppm) downfield chemi-
C-terminal carboxylate groups. Intrinsic effects cause an cal shifts upon increasing pH are those ofsAand T.
amide proton of a residue containing a titrating carboxylate Correlation of an amide proton to its hydrogen-bonding
group to shift upfield upon deprotonatioa3, 44), whereas partner is obtained by comparing its appareiit palue to
a downfield shift of an amide proton upon increasing pH is the K, values of titrating side chaing®). The amide proton
an indication of a hydrogen-bond interaction between the of A;g has a low K, value of 3.8, which clearly matches
amide proton and a titrating carboxylate group. As illustrated with the K, value of the carboxylate of g (Figure 7B).
in Figure 7A, several residues display significant changes The hydrogen bond between the amide proton gf @&d
in amide proton chemical shiftx(0.1 ppm) over this pH  the carboxylate of & presents a distance constraint which
range. is very similar to adw(i, i + 2) NOE, wherex is a proton
Upfield shifts for the Qs and Niy amide protons are in the side chain of residue This type of NOE is often
observed, indicating that theseIdl groups are notinvolved  found in nascent helical structures and is consistent with the
in hydrogen bonds with titrating groups. The large upfield Adn, values observed for residues;dD A1z, and As.
shift of N4z HN is as expected due to intrinsic effects, and Additional support for this hydrogen bond is provided by
the resulting K value correlates well with that obtained from  saturation transfer measurements in whicfs ghowed the
N4z H®. The net upfield shift of [ HN is also as expected highest protection from exchange (Figure 6). Thgdmide
due to intrinsic effects. However, the resulting.pvalue of proton has an apparenkKpvalue of 4.5, which indicates
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that it is hydrogen-bonded to the carboxylate of a Glu residue
(either B4, Ezs, Ess, Or Es3). The high protection factor for
amide proton exchange observed fgg (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 thefintraresidue hydrogen bond,
the carboxylate of iz is assigned as the acceptor forthg T
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 H' of the N3 residue, & in the case of APP-C4p).
The T,0 O"—E,3 HN reciprocal hydrogen bond is supported
by NOEs, and is consistent with the low-temperature
coefficient for B3 observed by Kroenke et all9). Together, FiGUrRe 8: Representative structure @§VTPEER,; N-terminal
these reciprocal hydrogen bonds can explain the disruptioncapping box calculated by X-PLOR 3.8. Backbone and side-chain
of the B3 cyclic intraresidue hydrogen bond observed. atoms are black, Matoms and %, side-chain hydroxyl Fiatom
. ) . are white, and C and N atoms are gray. Hydrogen bonds are

Molecular Modeling Confirms the VTPEER Capping BoX. ingicated by dashed lines. The figure was generated by use of
Residues displaying characteristics consistent with an N- insightll (MSI) and Adobe lllustrator.
terminal helix capping box structurggVTPEER., were

modeled with X-PLOR 3.834) as described in Materials coo- 579
and Methods. The three-dimensional structure of this region N\ N

was calculated with 28 NOE restraints, three dihedral angle , 10 N|H2'O
restraints, and two hydrogen-bond distance restraints. NOES xkRQvTSIHH GVVEVD

obtained from 2D and 3D NOESY experiments at pH 5.6 ———————
were classified as strong (8.7 A), medium (1.8-3.3 A), FiIGUrRe 9: Schematic diagram of the transient structural features

weak (1.8-4.3 A) and very weak (1:85.0 A) @47). The determined for APP-C. Hydrogen bonds between backbonkl N
t h t. ’d d ddun(i ; +.1 NOE ) and side-chain carboxylate groups are depicted as dashed lines.
strong short-rang€lu, dsn, and din(i, | ) S were Shown are the hydrophobic cluster (light gray), nascent helical

omitted from the analysis since these arise from unfolded regions (darker gray), the N-terminal helix capping box (hatched),
states that are in equilibrium with the capping box structure. and the type |3-turn (black).

Torsion angle constraints for the angles of \{g and E» ) ) )
were derived from measuréd.y, values to be-120° + Fhe capping box. All struqtures d!splayed the hydro_phoblc
40° for V1o (Junne > 8 Hz) and—65° + 30° for Ez» (Cdinta interaction t_)etween the side chains ofg\and_R_m, which
< 6 Hz). Thew torsional angle for R was constrained to  classifies this capping box as type Ib as defined by Aurora
—180° + 20° to specify the trans conformation. Two and Rosei{Q).Astrlklng sequence similarity Wlth the helix
hydrogen bonds identified from the pH titration experiment Capping box compose(_j of r_e_SIduLQBTPDE_R@ in _the_Trp
were constrained (1:82.5 A): the H' of Ty to the repressor 40, 42_3) was |p|ent|f|e_d through investigation of_
carboxylate of B and the intraresidue hydrogen bond o.ther characterized helix capping box structures. The main
between the M and carboxylate of & As described in dlffere.nce between the two structures is the degree of helicity
Materials and Methods, an ensemble of 20 structures wasOf residues N4 and N5. While the capping box of the Trp
generated in which no dihedral, NOE, or hydrogen-bond repressor is followed by a stahiehelix, the APP-C capping
distance violations exist that are greater than®3 A, or box is followed by nascent helix, which results in larger
0.3 A, respectively. These structures had low energies (total JinHe @nd a lack ofi, i + 3 andi, i + 4 NOE contacts
X-PLOR energy < 30 kcal/mol). The backbone atomic betwgen these and sqbsequent residues. Hence, Fhe APP—C
RMSD of residuessTPERs; for the 20 calculated structures  ¢aPPINg box §tructure is less stable than an N-termmal helix
was less than 0.80 A, indicating that the structure is well- €@PPing box in the context of a stable folded protein.
defined. As a control, an ensemble of 20 structures was
calculated with no constraints, which yielded a significantly DISCUSSION
higher average backbone atomic RMSD of 1.55 A. The Cytoplasmic Tail of APP Possesses Transient Struc-
A representative structure is displayed in Figure 8, ture aver a Broad pH RangeThe present study has shown
illustrating the characteristic features of the N-terminal helix that although APP-C does not have a stable folded structure
capping box structure. The defined capping box hydrogen over the pH range examined, regions of transient structure
bond between the ™Hof the Ncap residue, z5, and the side  exist and have been characterized by a combination®f H
chain of the N3 residue, 5 was observed, along with the chemical shifts, NOE analysi€Janne coOupling constants,
reciprocal hydrogen bond between the N3 side chain andsaturation transfer, and identification of hydrogen bonds
the Ncap H. These reciprocal hydrogen bonds, along with between amide protons and titrating carboxylate groups. The
two backbone hydrogen bonds between the carbonyl oxygentransient structural features of APP-C are summarized in
of Ty and the K of Exz and Ry, are observed in all the  Figure 9. These features include a hydrophobic cluster
calculated structures. These additional hydrogen bonds wouldinvolving residues d through Vig, an N-terminal helix
not have been directly detected in our NMR measurementscapping box formed by residues/ TPEER4, a type I5-turn
but are supported by NOE contacts discussed previously forat 3gNPXY3, and nascent helix for residuegDAA s,



APP Cytoplasmic Tail Structure Biochemistry, Vol. 39, No. 10, 2002723

27 SKMQONGYE;s, and 40KFFEQMys. Transient hydrogen  backbone and side-chain conformational entropy is lost upon
bonds were identified between the amide proton gf ad binding. However, this loss is offset by favorable electrostatic
the carboxylate of i3 and between the amide proton ol T  and hydrophobic interactions involving these four residues
and the carboxylate of & in good agreement with the in the bound complex, which contribute significantly to the
nascent helix and capping box structures determined for thesehigh affinity and specificity of binding(8).
regions, respectively. The type I5-turn and 3, helix of the X11-bound APP

A key question is whether the transient structural features peptide are stabilized forms of structural features found in
characterized here for the APP-C peptide in aqueous solutionfree APP-C. ThgeNPTY3 Sequence binds as a typg-turn,
accurately represent this region in the context of native full- retaining and stabilizing the conformation found for these
length APP. In its native environment, the APP cytoplasmic residues in APP-C free in solution. Preordering of these
tail is juxtaposed to the membrane. Hence, it is possible thatresidues into the conformation required for binding is
the local environment of the membrane surface alters its entropically favorable, and additional hydrophobic and
conformation. In addition, since it is easier to continue a enthalpic interactions are gained upon binding. Similarly,
helix than to initiate one, it is also possible that the putative three residues C-terminal to the tumKFF,,) form a 3,
transmembrane helix could extend into the cytoplasmic tail helix in the bound state, again retaining and stabilizing the
of native APP. However, APP-C and several peptide frag- helical nature of these residues observed in APP-C free in
ments derived from it have displayed function, indicating solution. Although binding would result in loss of entropy
that neither the adjacent transmembrane segment nor theof this region since sampling of turnlike conformations would
membrane is required for interactions with cytosolic binding no longer be transient, hydrophobic interactions between the
partners. The 32-residue §-Ny7 fragment efficiently com- ~ APP-C Phe side chains and a hydrophobic pocket in the X11
petes for binding of GST-Fe65 to all three APP isoforms in binding surface are gained, supported by the fact that these
PC12 cell extracts1). Similarly, the 20-residue §+Kog C-terminal residues contribute positively to binding affinity
fragment shows specificdactivating function and prevents  (18). Residues after the-turn endocytosis signals in the low-
anti-APP antibody coimmunoprecipitation of native APP and density lipoprotein receptor and lysosomal acid phosphatase
G, from bovine brain membrane4]). In addition, affinity contribute to the endocytosis rate of these two protedis (
chromatography employing an immobilized peptide compris- 52), indicating the importance of these residues in interactions
ing the APP cytoplasmic tail preceded by four residues from with the endocytosis machinery. These residues in the low-
the transmembrane region was used to identify a 127-kDadensity lipoprotein receptor are also nascent helix and have
APP-binding protein in rat brain cytosol, and this binding been suggested as part of the internalization motif for this
protein coimmunoprecipitated with full-length APP in PC12 protein 63). For the case of APP binding to X11, the native
cells @9). Hence, the retention of native function by peptide type | g-turn and a short segment of nascent helix are
fragments derived from the cytoplasmic tail of APP suggests stabilized in the bound state, while a short segment of nascent
that the transient structural features described here for APP-Chelix is rearranged int@-strand upon binding.
are likely to be adopted by the corresponding regions in  Helix Capping Box May Play an Important Role in APP-C
native APP. Interactions with G and Fe65Other neuronal proteins that

Binding of APP-C to X11 Requires Little Conformational APP-C interacts with include the heterotrimeric protein G
RearrangemenRecent crystal structures of the PID domain and one of the PID domains of the adapter protein Fe65.
of the neuronal protein X11 bound to each of two peptide However, the regions of APP-C recognized by these proteins
fragments derived from APP-C (10 and 14 residues long, differ from the 11 residues recognized by X11. Unlike X11,
respectively, and each spanning the NPTY sequence) showthe C-terminal PID domain of Fe65 does not bind to a short
a highly specific interaction involving approximately 11 peptide containing the YENPTY sequence (a 20-residue
residues of APP-C1@). Although the function of X11 is  peptide comprising APP-C residues through Qg) but does
currently not known, the high specificity and affinity of this  bind with high affinity to a peptide containing both the helix
protein in vivo with the known endocytosis target sequence capping box and thg-turn (residues B through N) (16).
of APP suggests a possible role in the processing of APP Similarly, G, binds to a 20-residue APP peptide comprising
(15). In fact, binding of X11 to the cytoplasmic tail of APP  residues B—Kyg (54), an interaction that activates G
has been shown to reduce cellular processing of APP infunction in vivo 65). The two N-terminal His residues and
transfected cells50). the BBXXB (where B is a basic residue and X is any residue)

It is informative to compare the free and bound conforma- sequence at the C-terminus of this peptide are essential for
tions of this region of APP-C in order to gain insight into G, binding (L1). This region includes the capping box but
the energetics of the APP/X11 interaction. In the bound state,not the NPTY S-turn important in recognition by X11.
three structural motifs are found in the APP peptide: Hence, Gand the PID domain of FE65 are expected to bind
p-strand, type -turn, and 3o helix. TheS-strand is formed  to APP-C in a manner different from X11, and it is
by four residuesz(NGYEss) N-terminal to the NPTY turn reasonable to expect that the capping box structure and
that are incorportated intof&sheet of the X11 PID domain, flanking nascent helix regions play important roles in
where the peptide backbone participates in antiparallel recognition.
fB-sheet hydrogen bonding and side chains participate in Transient Structure of APP-C Is Analogous to an Early
electrostatic and hydrophobic interactions with the X11 Folding State.The functional relevance of the transient
binding surface. As presented above, these four residues arstructure observed in APP-C is an important question to
characterized as nascent helix in free APP-C. Hence, bindingconsider. The nascent helix, capping box, tygeturn, and
to X11 requires a conformational rearrangement for these hydrophobic cluster characterized here for regions within
four residues. Since nascent helix is a transient structure, APP-C are relatively unstable structures in rapid equilibrium
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with unfolded states. This description of transient structure SUPPORTING INFORMATION AVAILABLE
shares many characteristics used to describe early states in
the protein folding proces$6, 57). Cytoplasmic domains
of other membrane-spanning proteins have been shown t
possess unstable structure in physiologically compatible
buffers 68—61). Hence, transient structure appears to be REFERENCES
common in cytoplasmic domains. In APP-C, no tertiary
contacts occur, secondary structural elements are transiently 1. geﬁoe+D-lJ-, nggzaki,J.HCitroné NHQF;%O)”E\W’ :Vl I?-#00,
opulated, and a cluster of hydrophobic side chains is - A, Teplow, . B., and Raas, L. nais of the
gbgerved. As demonstrated by s¥udieps of the folding kinetics New York Academy of Scienq@§urtman, R. J., Corkin, S.,
. ) Growdon, J. H., and Nitsch, R. M., Eds.) pp-564, New York
of barnase&2) and lysozyme3), helix capping can be an Academy of Sciences, New York.
early folding event. Similarly, relatively unstable nascent 2. Lai, A., Sisodia, S. S., and Trowbridge, I. S. (1995Biol.
helix andg-turns characterized in peptide fragments of larger Chem. 2703565-3573.
proteins have been proposed as important features of protein 3. Lai, A., Gibson, A., Hopkins, C. R., and Trowbridge, I. S.
folding initiation states, since these transient structures would ~, (1998)J. Biol. Chem. 2733732-3739.
. ; - 4. De Strooper, B., Umans, L., Van Leuven, F., and Van Den
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