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ABSTRACT. The cytoplasmic domain of th@amyloid precursor proteirtB@PP) may play a role in cellular

events that lead to the secretion of thg peptide, the major constituent of amyloid plaques found in the
brains of individuals affected by Alzheimer's disease, by interacting with cellular factors involved in
BAPP function or processing. In order to elucidate the structural basis of cytoplasmic domain activity,
the conformations adopted in solution by a peptide containing the 47-residue C-terminal sequence of
BAPP have been investigated by NMR and CD spectroscopy. The peptide does not have a stable tertiary
structure, but local regions of the polypeptide chain populate defined conformations. In particular, the
amino acid sequences TPEE and NPTY form type | reverse turns. These structured regions correspond
to sequences within the cytoplasmic domain implicated in the biological activiBA&fP.

Cellular processing of th@ amyloid precursor protein extracellular domain cyloplasmic
(BAPPY} generates the A peptide, which is the major
constituent of amyloid plaques found in the brains of
individuals affected by Alzheimer’s disease (Selkoe, 1996).
As shown in Figure 13APP resembles a cell surface receptor
in its overall organization with a large extracellular domain,

a single putative transmembrane region, and a 47-residue AB peptide

cytoplasmic tail (Kang et al., 1987). Proteolytic cleavage FIGURE 1: O_rganiz_ation OBAPP. The two ver_tical lines represent
at sites within the extracellular domain, approximately 28 & phosﬁ’ho“p'_d lb"aYer- The APP-C peptide Confa'”s.tﬁeh 47
residues from the extracellular membrane surface, and at Site%agt;)c;xgﬂ-&:rmma residues @APP and does not overlap with the
within the membrane-spanning region, approximately 14 '

residues from the extracellular membrane surface, results in ghno et al., 1996). Solid state nuclear magnetic resonance
the release of the 3943 residue [ peptide into the | anshury et al., 1995), X-ray scattering (Kirschner et al.,
cereprosplnal fluid or blood stream. Although the t_JloIog|caI 1986), and Fourier transform infrared spectroscopy (Hal-
function of SAPP and the purpose of its extensive post- \eson et al., 1991) indicate that the C-terminal one-third of
translational processing remain obscure, delineation of theA,B is extended in amyloid structures. Currently, intense
relationship between the function and processingA¥PP, efforts are devoted to uncovering the physical basis of

Ap secretion, and amyloid plaque formation is crucial for a conformational changes of\(Lee et al., 1995) and relating

molecula_r etiology of Alzheimer’s disease. To date, str_uc- the conformation adopted by this peptidevizo to amyloid
tural stud|es_oﬁAPP haye focusedion t_he région composing ¢, mation and the onset of Alzheimer's disease (Lansbury
the AB peptide. Solution NMR studies indicate that the 1996) ’

N-terminal two-thirds of 48 folds into ana helical structure ) ) ) )
in aqueous solution (Talafous et al., 1994). Peptides that 1he cytoplasmic tail may play a role j#APP function
contain segments of the C-terminal one-third g8 Aave and pathology because specific sequences can serve as

been shown to be helical in the presence of detergentsi€cognition sites for cytoplasmic factors or signals directing
BAPP to subcellular compartments (Selkoe, 1994). Short

T This work was supported by funds provided by the New York State amine acid sequences that adopt reverse turn_conformatl_ons
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niewski (D.Z.-K.), and R29-NS32874 (L.K.), an American Cancer ;
Society Junior Faculty Research Award (A.G.P.), and an Irma T. Hirschl Trowbridge et al. (1993)]. One class of these sequences are
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;CO'Umbia University. , . mutations in the NPVY sequence derived from the low-

Disa'\llj(ﬁ\iltviezork State Institute for Basic Research in Developmental density lipoprotein (LDL) receptor internalization signal
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peptide; NMR, nuclear magnetic resonance; CD, circular dichroism; ; ; ;
TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser conformations of the Seq!"ence.NPXY observed in proteins
effect spectroscopy; HSQC, heteronuclear single-quantum coherenceOf known structure are biased in favor of solvent-exposed

TFE, trifluoroethanol; PTB domain, phosphotyrosine binding domain. reverse turns (Collawn et al., 1990). BAPP, the NPXY
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motif is present in the functionally characterized internaliza-
tion signal 6s;GYENPTYss7 [numbering refers to the se-
guence position in thBAPPsgs isoform (Kang et al., 1987)].
Deletion ofss,Y ENPT Yeg7 abolishes internalization giAPP
from the plasma membrane in cell culture (Koo & Squazzo,
1994), while introduction ofes;GYENPTYsg7 into the
cytoplasmic domain of an internalization-deficient mutant
transferrin receptor restores internalization activity (Lai et
al., 1995).

Normal SAPP functioning may require additional activities
of the cytoplasmic domain. Several cytosolic factors that
bind to the cytoplasmic domain BAPP have been identified
(Nishimoto et al., 1993; Fiore et al., 1995; Chow et al., 1996).
In particular, the trimeric GTP-binding proteiny®inds a
peptide corresponding to 20 residues in the N-terminal half
of the BAPP cytoplasmic domain (Nishimoto et al., 1993),
and FE65 putatively recognizes the NPTY motif (Fiore et
al., 1995; Guenette et al., 1996). Although potential physi-
ological ligands for the extracellular domain @APP have
not been reported, the similarity displayed with respect to
other cell surface receptors raises the possibility ffe®P
can transduce extracellular stimuli to the inside of a cell. In
this scenario, interactions between the cytoplasmic domain
and other signaling factors, such ag &d FE65, are an
important part of normaBAPP function.

In order to gain further understanding of the structural basis
for interactions between th#APP cytoplasmic domain and
other macromolecules, nuclear magnetic resonance (NMR)
spectroscopy in agueous solution and circular dichroism (CD)

Kroenke et al.

soluble fraction of the lysate was applied to a glutathiene
Sepharose column equilibrated with phosphate-buffered
saline (pH 7.3) (Sambrook et al., 1989) containing 1% Triton
X-100, and the fusion protein was eluted with 5 or 20 mM
glutathione. The purified fusion protein was cleaved with
thrombin, and the peptide containing the cytoplasmic domain
of BAPP (APP-C) was purified by gel filtration chromatog-
raphy (Sephacryl S-100). The resulting 49-residue APP-C
peptide contains two residues (Gly-Ser) from the thrombin
cleavage site at the N terminus fused to the 47 C-terminal
residues ofSAPP. The peptide was exchanged into 20 mM
sodium phosphate buffer (pH 6.3) and concentrated by
ultrafiltration (Amicon) to final concentrations ranging from
1 to 4 mM. The sequence of APP-C was confirmed by
N-terminal sequencing at the Institute for Basic Research in
Developmental Diseases sequencing facilitiN-enriched
APP-C was prepared by the procedure outlined above except
that BL21 cells were grown on M9 minimal medium
(Sambrook et al., 1989) containifngNH4Cl as the sole
nitrogen source.

NMR SpectroscopyAll NMR spectra were recorded on
a Bruker AMX500 spectrometer using standard pulse
sequences (Cavanagh et al., 1996) and the StateBl
method of frequency discrimination (Marion et al., 1989b).
APP-C samples for NMR spectroscopy were dissolved in
90% HO/10% DO buffer at pH 6.3 (20 mM sodium
phosphate buffer and 0.05% sodium azide). Aside from
spectra used to determine the temperature dependence of the
HN chemical shift, NMR spectra were recorded af@.

spectroscopy in mixed solvents have been used to investigateaMple temperatures were calibrated with a 4%QH

the conformations adopted by a 49-residue peptide, APP-C
that contains two N-terminal residues (Gly-Ser) fused to the
47-residue cytoplasmic domain sequencgAPP. Although

the peptide does not fold into a single stable structure, regions

of the peptide preferentially adopt local conformations.
These regions correspond to sequences within the cytoplas
mic domain implicated in the above studies as internalization
signals and determinants for binding of cytosolic factors.

MATERIALS AND METHODS

Expression and Purification of APP-CThe cytoplasmic
domain ofAPP was expressed as a glutathi@teansferase
(GST) fusion protein by subcloning DNA sequences encod-
ing residues 649695 of BAPPsgs (Robakis et al., 1987) into
the pGEX expression vector (Pharmacia). The procedure
for inserting the nucleotide sequence @APP into the
expression vector involved the PCR amplification of the
desired regions of th8APPsgs cDNA using the specific's
and 3 oligonucleotide primers, respectively! TG GGA
TCC AAG AAG AAACAG TACACATCC 3'and 3CTG
GAA TTC TAG ACT AGT TCT GCATCTGCTC 3 A
BanH]I site was introduced into the primer, and arEcoRl
site was introduced into the Brimer to facilitate unidirec-
tional cloning into the pGEX-2T expression vector.
thrombin cleavage site was present betweensthEP and
GST sequences. Dhecells transformed with this plasmid
were grown to log phase, and expression of the GAFPP-C
fusion protein was induced with 0.1 mM IPTG. Three hours
after induction, the bacteria were pelleted by centrifugation
and lysed by sonication in 50 mM Tris buffer (pH 8.0)
containing 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 2
ug/mL leupeptin, and lug/mL pepstatin A. The water

A

96% CD;OD sample and a calibration curve provided by
Bruker Instruments. Two-dimensional homonuclear DQF-
COSY (Rance et al., 1983), TOCSY (Bax & Davis, 1985),
and NOESY (Bodenhausen et al., 1984) spectra were
acquired with spectral widths of 5 kHz (9.8 Hz/point)tin
and 12.5 kHz (1.5 Hz/point) i,. TOCSY experiments
utilized DIPSI-2 isotropic mixing (Shaka et al., 1988) with
mixing times of 80 and 100 ms. The mixing time for the
homonuclear NOESY experiment was 200 ms. Sensitivity-
enhanced three-dimension&N-edited TOCSY and°N-
edited NOESY spectra (Palmer et al., 1992) were acquired
with spectral widths of 7.14 kHz (27.9 Hz/point) in 1.05

kHz (8.2 Hz/point) int;, and 7.81 kHz (3.8 Hz/point) its.
Both of the pulse sequences used the PEP-Z modification
(Akke et al., 1994) to eliminate relaxation differences
between the two coherence transfer pathways. *FNe
edited TOCSY experiment was recorded using the DIPSI-2
isotropic mixing sequence with a mixing time of 80 ms. The
15N-edited NOESY experiment utilized a mixing time of 200
ms. HMQC-NOESY-HMQC spectra (Frenkiel et al.,
1990; Ikura et al., 1990) were acquired with spectral widths
of 1.05 kHz int; andt; (4.1 and 8.2 Hz/point, respectively)
and 7.81 kHz (3.8 Hz/point) its. Mixing times were 100
and 200 ms. To measure the temperature dependence of
the H¥ chemical shift, 14 HSQC (Bodenhausen & Ruben,
1980) experiments were acquired at 4, 6, 8, 10, 12, 14, 16,
18, 20, 22, 24, 26, 28, and 3@ with spectral widths of
1.05 kHz (8.2 Hz/point) int; and 12.5 kHz (6.3 Hz/point)

in t,. Values for resolution in hertz per point are calculated
for spectra following linear prediction, if used, and a single
zero filling. Water suppression was obtained using presatu-
ration for homonuclear experiments and high-power spin lock
purge pulses (Messerle et al., 1989) for heteronuclear



Conformations of the Cytoplasmic Domain APP

experiments. Proton chemical shifts were referenced to
dioxane (3.75 ppm), and nitrogen chemical shifts were
referenced indirectly (Live et al., 1984; Bax & Subramanian,
1986).

Data sets were processed using Felix 2.30 (MSI) and in-
house FORTRAN programs on a Silicon Graphics Indigo
workstation. HSVD linear prediction (Barkhuijsen et al.,
1987) was used to extend 2-fold the number of data points
recorded irt, of the'>N-edited TOCSY and NOESY spectra
and int; andt, of the HMQC-NOESY—HMQC spectra.
Lorentzian-to-Gaussian window functions were applied in
the acquisition dimension, and Kaiser window functions were
applied in indirectly detected dimensions for all spectra
except the DQF-COSY spectra. A%4shifted sine bell was
applied in the acquisition dimension, and &-3bifted sine
bell was applied in the indirect dimension of the DQF-COSY
spectra. A digital low-pass filter was applied to all spectra
to suppress the residual water signal (Marion et al., 1989a),
and a fifth-order polynomial baseline correction was applied
in the acquisition dimension of all spectra but the DQF-
COSY specitra.

CD Spectroscopy CD spectra were recorded af@ on
a JASCO J-600 spectropolarimeter using a 0.01 cm path
length cuvette (Helma). Samples consisted ofiMLAPP-C
with 0%, 9.7%, 19%, 29%, 48%, and 67% (v/v) triflouro-
ethanol (TFE), dissolved in 20 mM sodium phosphate buffer
(pH 6.3) or 87% TFE (v/v) dissolved in 2 mM sodium
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Ficure 2: H—15N HSQC spectrum of APP-C at°€ and pH 6.3.
All backbone H resonances are found within an approximately 1
ppm region, typical of disordered peptides.

solution and are summarized in Figure 3. The observation
of multiple sequentialdyy NOEs, as well as occasional
dun(i,i+2) anddgn(i,i+2) NOEs and onely(i,i+3) NOE
between sz and Aggq, suggests that APP-C populates helical
conformations. However, the absence of most medium range

phosphate buffer (pH 6.3). Each CD spectrum is an averagey (i i+3) and du(i,i+4) NOEs indicates that stable

of five scans with a 0.1 nm band width, a time constant of
1 s, and a step resolution of 0.1 nm. Concentrations of
APP-C were determined by quantitative amino acid analysis
(Columbia University Protein Chemistry Core Facility) and
the percent helicity was calculated a®]2,7[ 0] max x 100%,
where Plmax= —39500(1— 2.57h) andn is the number of
residues in the peptide (Chen et al., 1974).

RESULTS

Resonance AssignmentsResonance assignments for

APP-C were obtained using the sequential assignment

strategy (Wthrich, 1986). Because severe overlap of

helices are not formed. In addition, all measurég,
coupling constants betweentand H* protons (data not
shown) lie in the range of 6:58 Hz, typical of conforma-
tionally averaged peptides; solvent exchange rates for all
assigned backbone HN protons (data not shown) are within
approximately 1 order of magnitude of the intrinsic rates in
short random coil peptides (Bai et al., 1993), and a network
of long range NOEs is not observed. These data further
indicate that APP-C does not have a compact, stable, tertiary
structure.

Reverse Turns in APP-C The most prominent structural
features of APP-C are two type | reverse turns adopted by

HN chemical shifts hindered resonance assignments usingthe sequencegsT PEEs71 andssdNPTYes7. The conformation

only two-dimensional homonuclear experimenth!-edited

of a type | reverse turn with a proline at position 2 is

NOESY and TOCSY experiments were used to assign mostillustrated in Figure 4. NOEs important for identifying a

of the N and 'H nuclei in APP-C. HMQG-NOESY-
HMQC experiments were used to resolve overlap between
sequential M resonances. Figure 2 illustrates the increased
dispersion of the!>N chemical shifts compared with the
limited dispersion of M chemical shifts. Chemical shifts
are given in the Supporting Informatiort>N, HN, He, HF,

and terminal methyl protons are essentially completely
assigned from residuess;& to Nggs. Overlap prevented the
assignment of methylene protons beyond tHgbkition for
some of the long side chain amino acids. In addition, the
four N-terminal residues could not be unambiguously as-
signed. H and H resonances fordgs were assigned on the
basis of the chemical shift patterns observed for prolines in
a similar structural context (Dyson et al., 1988). Thé H
and H protons in Bse Overlap with E7o side chain protons
and therefore are unassigned.

Overall Structure Short and medium range interresidue
NOEs (Withrich, 1986) between MHand H* protons define

type | reverse turn (Dyson et al., 1988) are expected for the
HN protons of positions 3 and 4 (2.3 A), the position 8 H
and the proline ¥ protons (1.9 and 3.5 A), and position 4
HN and proline H protons (3.6 and 4.7 A). The distances
between the position 1 Hand side chain protons of the
position 3 and 4 M protons depend on thg andy dihedral
angles of position 1 but are generally within 5 A, as
determined by molecular modeling. Figure 5A shows
experimental NOE data establishing thaf PEEs7; forms

a type | reverse turn: a strong NOE betweemBnd E7;
amide protons, a strong NOE between theyEHN and Reg

H? protons, a weak NOE between thg;£HN and the Rsg

H? protons, and NOESs between thgglside chain H protons
and both the ko and E7; amide protons. Expected cross-
peaks to By H? and H resonances are not discernible due
to spectral overlap. Additional NOEs are observed between
the amide proton of gsand the side chainHand H protons

of Es71. Finally, a long range NOE between thé Hroton

the secondary structure adopted by APP-C in aqueousof Rg7, and the methyl protons of ¢¢d; confirms that the
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Ficure 3: Summary of NMR results for APP-C. SequentidHHN and sequential t4+HN NOEs are designated lolyy andd,, respectively;
HN—HN and H—HN NOEs between residuésandi + 2 are designated bgiyn(i,i+2) anddan(i,i+2), respectively. The presence of an
interresidue NOE cross-peak is indicated by a bar above the appropriate residubg/ltheatios were determined from integrateghy
andd,y cross-peak volumes. Absolute amide proton temperature coefficieNi$/AT, are given in units of parts per billion per kelvin.

Ficure 4: Conformation of a type | reverse turn with a proline at
position 2. Backbone N C*, C’, and O atoms are shown as large
black, dark gray, light gray, and white spheres, respectively. Side

chain carbon atoms are shown as large white spheres. Hydrogen

atoms are shown as small white spheres. Residues are laheted R
R4 on the @ carbon (except for the proline). The dashed line
represents a hydrogen bond between tieaHposition 4 and the
carbonyl oxygen at position 1. The figure was drawn with Molscript
(Kraulis, 1991).

peptide backbone reverses direction within the TPEE se-

quence.

As shown in Figure 5B, an analogous pattern of local
NOEs is observed for the sequengeNPTYgs7: a strong
NOE between the Mprotons of Fgsand Yss7, strong NOES
between the ggs amide proton and dgs H?, H”, and H
protons, weaker NOEs betweengYHN and the Bgs side
chain protons, NOEs betweenrsd HN and Nsg4 H? protons,
and weak NOEs (not readily apparent at the contour level
plotted in Figure 5B) betweengy; HN and Nsg4 H” protons.
Again, medium range NOEs between thgs/\HN proton
and Ysgz H* and H protons provide additional support for

82 81 80
]
T668 HY 0 Q
)
P685 HP |, 0
P685 HY — — oy
P685 HB | &
N684 HPB g N
Y686 HP} &
€
g
P669 HO Pess HO| (@ b T
o
4
vea7 HN B % — ©
£671 HN Tegs HN
E670 HN

T686 HN
veg7 HN

Ficure 5: NOEs defining a type | reverse turn for (A) TPEE and
(B) NPTY. Strips 0.1 ppm wide are taken from &iN-edited
NOESY spectrum with a 200 ms mixing time. Strips containing
cross-peaks to side chain and Hrotons are plotted at a lower
contour level to show cross-peaks between prolif@iht! position

4 amide protons. Assignment ofgeH? and H resonances is based
on the chemical shift patterns observed in Dyson et al. (1988).

Amide—carbonyl hydrogen bond formation shields the
amide proton from exchange with solvent molecules and
reduces amide proton temperature coefficient&d/AT, for
HN protons participating in intramolecular hydrogen bonds
compared to those for Hprotons hydrogen bonded to
solvent. The random coilttemperature coefficients depend
on the amino acid type but are generally larger than 6.5

a reverse turn structure. In contrast to TPEE, long range ppb/K (Merutka et al., 1995). The absoluté témperature
NOEs between residues flanking the sequence NPTY arecoefficients are shown in Figure 3 for APP-C residues where
absent. However, NOEs are observed between the side chaithe chemical shift is linearly related to the temperature and

amide protons of B4 and the backbone amide proton of
Yes7. A cross-peak is also observed between thg BN
proton and one of the §§, side chain amide protons. These
NOEs would not be expected if the conformation of NPTY
was extended or random coil.

the line width monotonically decreases as the temperature
increases. The data are normalized to the temperature
coefficients observed for random coil values and are plotted
in Figure 6. As shown in Figure 4, theNtproton of the

fourth residue in a type | reverse turn forms a hydrogen bond
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Ficure 6: Normalized H temperature coefficients. The temper- ¢ e 7: He secondary chemical shifts for APP-C. The differ-
ature coefficients (taken from Figure 3) are normalized to the on.os A, between the observed chemical shifts,and the
intrinsic temperature dependence for each amino acid in a random,,44m coil chemical shifts,, are given as a function of sequence
coil conformation at pH 5 (Merutka et al., 1995) and graphed versus qition “Consistent runs of sequential secondary shifts provide
residue number. The two reverse turns are underlined in the pept'deevidence for secondary structure (Wishart et al., 1992).
sequence, and the position 4 amide protons are plotted as open

circles. tions, and if the correlation times for cross relaxation are
to the carbonyl oxygen of the first residue. Consequently, identica.l in helical qnd extended cpnform{;\tions, the fractional
the H' protons of B and Yssr are expected to form populatlon ofa helical conformatlonsf_a_, is related to the
hydrogen bonds in the reverse turns. The normalized 'ali0, R = Inn/lan, Of the NOE intensitiesyn andlan by
temperature coefficient for ¢ is significantly reduced (Bradley etal., 1990)

compared to those of neighboring residues. Thg &mide 6 6

proton temperature coefficient is smaller than those of most f = (Aran)p = R on)g

amide protons in APP-C, although the neighboring amide R[(l/ruNG)a — (1/raN6)ﬂ] + (1/rNN6)ﬂ — (1/rNN6)a
proton temperature coefficients are similarly reduced. Ty-

rosine has the largest value 6AS/AT observed for amino  wherery, is the distance between protoasaindb in an
acids in random coil peptides, and the aromatic side chainshelical or an extendes strand, as indexed outside of the
of Yeso and Ysgz may perturb temperature coefficients for parentheses. The sequentid}-+HN and H—HN distances
flanking residues (Merutka et al., 1995). The general are 2.8 and 3.5 A for an ideal helix, respectively, and 4.3

tendency of reduced normalized temperature coefficientsand 2.2 A for an idealp strand (Withrich, 1986). The
from residues M7 to Fsgo may reflect the presence of average values obtained figrandf; (=1 — f,) are 0.57 and

(1)

additional ordered structure and is discussed below. 0.43 for residues Kgo—Es70 and 0.70 and 0.30 for residues
The difference in the normalized temperature coefficients Eg;5—Negs, respectively.
indicates that the hydrogen bond is stronger ingtgEPEE;7, The average Msecondary chemical shift, shown in Figure

reverse turn than iRgNPTYgsz. The lack of long range 7, provides a second sequence specific measurement of

NOEs between residues flankiggNPT Yss7 in combination helical content. The average*ldecondary chemical shift,

with the decreased intensity of many of the medium range Ad, for amino acid residues in am helix (Ad,) is —0.39

NOEs when compared to the analogous cross-peaks in theppm, and that for g strand (dy) is 0.37 (Wishart et al.,

sssT PEEs71 turn, also suggest that ti@TPER7ireverse turn -~ 1991). The average secondary shift for APP-Eptotons

is more stable than that @§NPTYes:. from Keag t0 Eg70 (Adobg is 0.03 ppm, whereas this value
Sequence Dependence of Helical ConformatioS$ort (Adob9 drops to—0.12 ppm for residues dm—Neggs.  As-

range NOEs typical of helical conformations are observed suming the backbone dihedral angles populate only ideal

for backbone protons throughout the APP-C sequence. Aextended o helical conformations, an estimationfgfand

large Inn/lan cross-peak volume ratio indicates preferential f; is provided by the relation

population of helical conformations, although quantitative

interpretation of the ratios is difficult in a highly dynamic _ Adgps— Aéﬂ >

peptide with potentially complex relaxation properties, such a Ad, — Aéﬁ (2)

as APP-C. In particular, the averai line width measured

from a'H—N HSQC spectrum, which represents the mean which yields anf, of 0.45 and arfs of 0.55 for residues

of the relaxation rate constants for in-phase and anti-phaseKgsg—Es7o, and anf, of 0.64 and arfz of 0.36 for residues

5N magnetization (Bax et al., 1990), is 4.6 Hz in the Ego—Neos Estimation off, using eq 2 does not require

C-terminal half of APP-C (residuessis—Nsgos), compared assumptions about local correlation times; however, the

to 3.6 Hz for the N-terminal half (residues—Es7g). The chemical shifts of protons are very sensitive to other effects,

average value of thign/l o cross-peak volume ratio increases such as ring current shifts, that do not depend on backbone

from 0.3 for residues ko—Egs7o to 0.5 for residues &o— dihedral conformations.

Negs. Although the value of this ratio is predicted to be larger A third experimental parameter sensitive to secondary

than 0.5 in an idead helix, the relative increase of this ratio  structure formation is the Hemperature coefficient (Figure

in the C-terminal half of APP-C indicates that helical 6). The average normalized values-oAd/AT are 0.92 for

conformations are more highly populated in this region of the N-terminal half of APP-C and 0.69 for the C-terminal

the peptide. If peptide backbone dihedral angles exchangehalf of APP-C. The lowered temperature coefficients in the

only between ideal extended and ideahelical conforma- C-terminal half are consistent with transient intramolecular
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populations of helical conformations are transient, but higher
for the C-terminal half of the peptide, residuegd=Neos,
than for the N-terminal half, residuessdé—Es7o.

Estimates of the population of helical conformations

o ::;2‘:%;33?‘ ] derived from NOE and chemical shift data are in agreement.
b “ﬁ?ﬁg, T The average results afg= 0.51 in the N-terminal half of

Foucos A APP-C, consistent with random coil conformations, &nd

[ ™ ] = 0.67 in the C-terminal region, suggesting a population
190 200 210 220 230 240 250 excess of helical conformations. Of course, ¢aBIPT Ygs,

A (nm) sequence precludes formation of a contiguadeelix in the

C-terminal half of APP-C, at least when the reverse turn

conformation is populated. The low estimate of percent helix
in agueous solution obtained by CD spectroscopy agrees with
the general absence of medium and long range NOEs
characteristic of stable helices. Thus, the populations of
helical conformations detected by sequential backbone NOEs
and H* chemical shifts most likely reflects the random
population of helical conformations by individual residues,
rather than cooperative transitions to canonieahelical
structures. CD spectroscopy suggests that these helical
conformations are stabilized by TFE.

The sequence GYENPTY may play a direct rolggikPP
metabolism by facilitating internalization of this protein from
the cell surface (Koo & Squazzo, 1994; Lai et al., 1995).
NMR spectroscopy demonstrates that the NPTY sequence
, within the APP-C peptide forms a significantly populated
hydrogen bond formation that must accompany the prefer-yyne | reverse turn in solution. The sequence NPXY
ential population of helical conformations; however, quan- frequently is present in the cytoplasmic domains of presump-
titative analysis of the temperature coefficients is not tye cell surface receptors with single transmembrane do-
possible. , _ o mains (Chen et al., 1990) and forms type | reverse turns in

To further characterize helix formation in APP-C, CD  gqjytion when incorporated into short peptides (Bansal &
spectra of the peptide were recorded at concentrations OfGierasch, 1991: Backer et al., 1992). The sequence NPVY
aqueous TFE ranging from 0 to 87% (v/v). At 0% TFE, mediates internalization of the LDL receptor (Chen et al.,
the spectrum is characteristic of a random coil, with a very 1990). Therefore, the present results suggest that the reverse
low excess helical population of 6% (Figure 8A). As the i formed by NPTY in APP-C is important for biological
TFE concentration increases, the decreasing molar ellipticity 5ctivities mediated by GYENPTY iRAPP.
at 222 nm, @222, is consistent with induction of increasing A region of FE65 that is homologous to the phospho-
levels of helipal structure in APP-C (Eigure_SB). At 87% tyrosine binding (PTB) domain of Shc (Fiore et al., 1995:
TFE, approximately 31% of APP-C is helical. The CD Gyenette et al., 1996) has been suggested to recognize the
spectrum at 87% TFE exhibits features characteristio. of 6sNPTYes7 motif of BAPP. Binding assays (Zhou et al.,
helices, including r)(.agativg gllipticities at 206 and 222 nm 1996), screening of peptide libraries (Songyang et al., 1995),
and a band of positive ellipticity below 200 nm; however, anq yeast two-hybrid screens (He et al., 1995) have identified
qualltatlve dlfferences also exist from the CD spectrum of the sequence NPXpY (pY designates phosphotyrosine) and
an ideala helix, such as the absence of a Iogql maximum peighboring residues as being important for binding of
between 206 and 222 nm. Thus, TFE stabilizefielix various peptides to the PTB domains of Shc and IRS-1. Shc
formation in the APP-C peptide, but other secondary ptg domain binds with high affinity to phosphopeptides
structures may be stabilized as well. This resultis consistentcontaining a hydrophobic residue five residues N-terminal
with the NMR results in that helix formation is favorable 5 the phosphotyrosine (p¥- 5), while the IRS-1 PTB
for only certain segments of the peptide. Indeed, stabilization 4omain binds preferentially to phosphopeptides with hydro-
of the ggd/NPTYeg; reverse turn may limit the extent of helix phobic residues at positions at pY6 through pY— 8 (Wolf
formation in TFE. et al., 1995). InBAPP, the presence of the hydrophobic
tyrosine residue at position 682, as well as the hydrophilic
DISCUSSION glutamine residue at position 679, is consistent yi&PP

This report describes the conformations adopted by arecognition by Shc-related PTB domains, such as FEG65.
peptide containing thggAPP cytoplasmic C-terminal se- However, evidence thatgysis phosphorylateth vivo does
quence kg—Ngos. NMR and CD spectroscopy demonstrate not exist, and recent reports suggest phosphorylatiorsgf Y
that the peptide lacks stable tertiary structure in aqueousis not required for binding to FE65 (Zambrano et al., 1997).
solution; however, networks of medium and long range If the SAPP cytoplasmic tail is bound by a PTB domain in
NOEs are observed that constrain two sequences in thea manner similar to that of the reported high-resolution NMR
peptide,sssT PEE7: and sdNPTYes7, to type | reverse turn  structure of Shc complexed with a phosphopeptide derived
conformations. Three NMR observables, the ratio of se- from TrkA (Zhou et al., 1995), then the conformation adopted
quential backbone NOE intensities, thé ehemical shift, by the cytoplasmic tail would be different than the APP-C
and the H temperature coefficients, indicate that the peptide free in solution. APP-C contains the requisite tight

[6] * (103deg cm2/dmol)

40 — T T T T T T T

% o helix

% TFE

Ficure 8: (A) CD spectra of APP-C. The TFE concentration is
0% (W), 9.7% (), 19% (@), 29% ©), 47% ), 67% @), and
87% @). (B) Percentt helix calculated as described in Materials
and Methods.
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turn at the sequence NPTY, even in the absence of phos-dikz (IBR) for technical assistance.

phorylated tyrosine; however, the tendency of residues

immediately N-terminal to NPTY to populate helical con- SUPPORTING INFORMATION AVAILABLE

formations in APP-C does not reflect the extended structure 5.4 (aple containing chemical shift assignments (2 pages).

of the analogous residues in the peptide bound t0 SRC. 5 gering information is given on any current masthead page.
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