
Accelerated Publications

NACP, A Protein Implicated in Alzheimer’s Disease and Learning, Is Natively
Unfolded†
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ABSTRACT: The “non-Aâ component of Alzheimer’s disease amyloid plaque” (NAC) is a minor peptide
component of the insoluble fibrillar core of the Alzheimer’s disease (AD) neuritic plaque. NAC amyloid
fibrils seed the polymerization of Aâ1-40, the major AD amyloid protein. NAC is derived from a 14
kDa precursor protein, designated NACP, a member of a highly conserved family of heat-stable brain-
specific acidic proteins which have been suggested to be involved in synapse formation and/or stabilization.
NACP has also been suggested to play a role in AD. We present herein a conformational analysis of
human NACP. NACP has a much larger Stokes radius (34 Å) but sedimented more slowly (s20,w ) 1.7S)
than globular proteins of similar molecular weight, indicating that the native protein is elongated. Circular
dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR) indicate the absence of significant
amounts of secondary structure in NACP, while CD and ultraviolet spectroscopy suggest the lack of a
hydrophobic core. The conformational properties of NACP were unchanged by boiling and were
independent of concentration, pH, salt, and chemical denaturants. These features indicate that NACP
exists as a mixture of rapidly equilibrating extended conformers and is representative of a class of “natively
unfolded” proteins, many of which potentiate protein-protein interactions.

Alzheimer’s disease (AD)1 brain is characterized by the
presence of insoluble fibrillar proteinaceous deposits known
as amyloid plaque (Selkoe, 1995). The primary protein
constituents of AD amyloid fibrils are variants of theâ
amyloid protein (Aâ). However, a minor fibrillar component
of amyloid plaque, the non-Aâ component of AD amyloid
(NAC), has recently been identified (Ue´da et al., 1993).
NAC, a 35 amino acid peptide which is present atca.10%

of the level of Aâ, forms amyloid fibrils which seedin Vitro
fibril formation byâ1-40 (Han et al., 1995). This behavior
suggests that NAC amyloid may accelerate AD amyloido-
genesis by seedingin ViVo plaque formation (Han et al.,
1995).
NAC is derived from a precursor protein, NACP, which

is a member of a highly conserved family of brain-specific
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acidic proteins found in several species. This family includes
Torpedosynuclein (Maroteaux et al., 1988), rat synucleins
1, 2, and 3 (Maroteaux & Scheller, 1991), rat and bovine
phosphoneuroprotein 14 (PNP-14) (Nakajo et al., 1990, 1993;
Tobe et al., 1992; Shibayama-Imazu et al., 1993), canary
synelfin (George et al., 1995), and humanâ-synuclein (Jakes
et al., 1994). Human NACP (Figure 1) is a heat-stable 140
amino acid protein with a molecular weight of 14 460 (Ue´da
et al., 1993; Jakes et al., 1994). The amino terminal sequence
of NACP, which is highly conserved among all members of
the family, is composed almost entirely of variants of an 11
amino acid consensus motif (XKTKEGVXXXX; the resi-
dues in bold are completely conserved) strongly resembling
that found in the amphipathic helices of the exchangeable
apolipoproteins (Segrest et al., 1992; George et al., 1995).
This local homology suggests a direct interaction of NACP
with membranes, which is consistent with its affinity for
synaptosomes (Maroteaux & Scheller, 1991; George et al.,
1995). The central region, which is excised to produce the
amyloid peptide NAC, is hydrophobic and is partly conserved
in â synuclein/PNP14. Local homology between a sequence
in this region (NACP66-73), the critical C-terminus of the
Aâ protein (Aâ36-42), and a sequence in the prion protein
(PrP117-124) has been noted (Han et al., 1995). The acidic
C-terminal region is not conserved among family members,
and the 103-130 sequence is entirely omitted in one
alternatively spliced form (Ue´da et al., 1994).
NACP is expressed predominantly in brain, especially in

the olfactory bulb, frontal cortex, striatum, and hippocampus,
regions of the brain which are most affected by AD
neurodegeneration (Iwai et al., 1995). The expression of a
rat NACP homolog, PNP 14, increases linearly during the
first month of life (Shibayama-Imazu et al., 1993), and the
canary homolog, synelfin, is locally upregulated in the song
control circuit during a critical period for song learning,
suggesting a potential role of the protein in developing and
maintaining synaptic contacts (“synaptic plasticity”) (George
et al., 1995). NACP levels are also elevated in the brains
of “mild” AD patients whereas more severe cases show no
difference from age-matched controls, suggesting that the
protein may play a role in “a compensatory mechanism to
the ongoing synaptic damage” (Iwai et al., 1996) which is
characteristic of the degenerating AD brain (Terry et al.,
1994). A polymorphism in the promoter region of the NACP
gene appears to confer protection against risk associated with

the apoE4 allele (Xia et al., 1996), although the effect of
this polymorphism on NACP expression level has not been
determined.
We sought to uncover clues regarding the function of

NACP via structural studies of the recombinant protein. We
report herein a conformational analysis of human NACP,
using several independent spectroscopic and hydrodynamic
techniques. NACP was shown to have the properties of a
“random coil” under physiological conditions, as do a number
of other proteins which may have related general functions.

EXPERIMENTAL PROCEDURES

Peptide Synthesis.NAC was synthesizedVia a published
procedure (Han et al., 1995). NACP19-48 and rat NACP96-
125 were synthesized using standard Fmoc chemistry on the
Rink amide MBHA resin and purified by reversed-phase
HPLC. Each purified peptide eluted from a C18 analytical
reversed-phase HPLC column (Waters) as a single sharp
peak: NACP19-48, 15% CH3CN (0.1% TFA), 2 min,
followed by a linear gradient to 25% (30 min),Rv ) 39 mL;
rat NACP96-125, 10% CH3CN (0.1% TFA), linear gradient
to 18% (10 min), followed by linear gradient to 25% (30
min), Rv ) 48 mL. Amino acid analysis: NACP19-48,
Glx 5.1 (5), Ser 1.0 (1), Gly 5.2 (5), Thr 3.2 (3), Ala 4.0
(4), Tyr 1.0 (1), Val 4.0 (4), Leu 0.9 (1), Lys 6.2 (6); rat
NACP96-125, Asx 3.8 (3), Glx 5.6 (7), Ser 1.9 (2), Gly
4.0 (4), Ala 1.0 (1), Pro 3.0 (3), Tyr 2.9 (2), Val 1.1 (1),
Met 1.8 (2), Ile 0.9 (1), Leu 0.9 (1), Lys 4.8 (3). Laser
desorption mass spectrometry (LDMS): NACP19-48, calcd
for [M + H+] 3064.5, found 3064 ((3.1); rat NACP 96-
125, calcd for [M+ H+] 3329.6, found 3327 ((3.3). The
peptide rat NACP96-125 differs from the analogous human
sequence at the five underlined positions: KKDQMGKGE-
EGYPQEGILEDMPVDPSSEAY. The sequences of NAC
and NACP19-48 are identical in the human and rat proteins.
NACP Expression and Purification.A pRK172 plasmid

containing the human NACP (R-synuclein) sequence (kindly
supplied by R. Jakes and M. Goedert, MRC) was used to
overexpress NACP inEscherichia coli(Jakes et al., 1994;
Gast et al., 1995). NACP was purified by boiling the cell
homogenate, which precipitates most cellular proteins, leav-
ing NACP as the major component of the soluble fraction.
This boiled lysate was loaded onto a size-exclusion column
(2.5× 45 cm, Sephacryl S-300 HR, Pharmacia), and NACP
eluted as a protein of approximately 58 kDa relative to
globular protein standards [bovine serum albumin (BSA),
68 kDa, carbonic anhydrase, 29 kDa, cytochromec, 11.7
kDa]. NACP-containing fractions were loaded onto a DEAE
Sepharose CL-6B column (2.5× 15 cm, Pharmacia) and
eluted with NaCl (0-1 M gradient, NACP eluted at
approximately 200 mM). An alternate purification proce-
dure, which did not require a boiling step, was also
developed: Cell lysate was treated with 47% ammonium
sulfate, and the pellet was resuspended and loaded on a size-
exclusion column (S-300). NACP-containing fractions were
pooled and loaded onto the CL-6B column and eluted with
NaCl. From a 500 mL cell culture, 5-40 mg of purified
NACP was obtained by these methods.
Purified NACP eluted from a C4 analytical reversed-phase

HPLC column (Vydac, Hesperia, CA) as a single sharp peak
[30% CH3CN (0.1% TFA), linear gradient to 40% (20 min),
Rv ) 31 mL]. The molecular weight of the recombinant

FIGURE 1: Amino acid sequence of NACP. (A) Schematic of the
NACP sequence, with the three distinct regions indicated. The 103-
130 sequence (delineated by dashed lines) is removed in an
alternatively spliced form. Human and rat NACP shareca. 95%
sequence homology (Iwai et al., 1995), while canary NACP
(synelfin) (George et al., 1995) isca. 85% homologous to both
sequences. (B) NAC is indicated with bold lettering, and the other
peptides used in this work (NACP19-48 and NACP96-125) are
underlined.
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protein was determined by MALDI-TOF mass spectrom-
etry: calcd for [M+ H+] 14 461.2, found 14 463 ((4.6
experimental error). Amino acid analysis: Asx 10.1 (9), Glx
24.9 (24), Ser 4.6 (4), Gly 18.2 (18), His 1.8 (1), Thr 10.4
(10), Ala 19 (19), Tyr 3.5 (4), Val 15.4 (19), Met 3.6 (4),
Ile 2.4 (2), Leu 4.7 (4), Phe 5.2 (5), Lys 16.6 (15). PDMS
of crude trypsin proteolytic fragments: 688.6 (residues 97-
102), 773.0 (1-6), 830.8 (24-32), 874.0 (13-21), 968.3,
1156.7 (1-10), 1252.2, 1296.9 (46-58), 1523.9 (46-60 and/
or 44-58), 1930.0 (61-80), 2158.1 (59-80). The recom-
binant protein was immunoreactive toward a mouse mono-
clonal antibody to residues 129-143 of canary synelfin
(EMPPEEEYQDYEPEA, differences from the homologous
human NACP sequence are underlined, see Figure 1) (George
et al., 1995).
Polyacrylamide Gel Electrophoresis.SDS and non-

dissociating PAGE were run using an XCell II Mini-Cell
electrophoresis system (Novex, San Diego, CA). SDS-slab
gel electrophoresis of NACP was carried out using 12%
polyacrylamide/bis (29:1) in the presence of 2-mercapto-
ethanol. Non-dissociating gels were prepared and run in the
absence of SDS. Gels were stained with Coomassie Blue
R-250. Apparent molecular weight was determined relative
to the Mark-12 wide-range molecular weight standard
(Novex).
Spectroscopic Methods.Samples for circular dichroism

(CD) spectroscopy were prepared by dissolving lyophilized
protein or peptide in buffer (10 mM Tris, pH 7.5). NACP
concentration was determined spectroscopically, usingε274
) 5600 M-1 cm-1 (estimated based on the tyrosine content
of the protein and consistent with quantitative amino acid
analysis). All spectra were recorded at absorbances below
unity. Spectra were collected on a JASCO J-500C spec-
tropolarimeter using a 0.1 cm cell at room temperature. The
percentages of secondary structural elements were estimated
based on the method of Greenfield and Fasman (1969).
Infrared spectra were recorded on a Perkin Elmer 1600 Series
FTIR instrument using a 0.05 mm CaF2 solution cell at a
concentration of 4 mg of NACP/mL in D2O. UV spectra
were recorded on a HP8452A UV/vis spectrophotometer.
Sucrose Gradient Ultracentrifugation.For sedimentation

experiments, 5-20% sucrose gradients (13 mL) in buffer
(10 mM Tris, pH 7.5) were prepared in Beckman UltraClear
tubes (14× 89 mm). Onto each gradient was layered 200
µL of a 5 mg/mL solution of one of the following proteins
(all obtained from Sigma) in buffer: NACP, BSA (4.6S),
chicken egg ovalbumin (3.55S), bovine erythrocyte carbonic
anhydrase (2.85S), chicken egg white lysozyme (2.1S), or
bovine heart cytochromec (1.9S). Samples were centrifuged
in a Beckman L8-M ultracentrifuge equipped with a Beck-
man SW41Ti rotor at 40 000 rpm for 23 h at 4°C. Fractions
(0.45 mL) were collected from the bottom of each tube and
proteins were localized by UV absorption (A280).

RESULTS

Mild Purification Method Permitted Characterization of
NatiVe NACP. A plasmid encoding the humanR-synuclein
sequence (kindly provided by R. Jakes and M. Goedert,
MRC) was used to overexpress NACP inE. coli (Jakes et
al., 1994). The published purification procedure begins with
the boiling of the cell homogenate, which precipitates most
cellular proteins, leaving NACP as the major component of

the soluble fraction (Jakes et al., 1994). In order to preserve
the presumed folded structure, we developed an alternative
purification which circumvented this potentially denaturing
step. In lieu of boiling the cell homogenate, an ammonium
sulfate precipitation step was used for the initial fractionation,
followed by size-exclusion and ion-exchange chromatogra-
phy. Recombinant NACP produced by this method was
chemically and conformationally indistinguishable from
NACP purified via heat-treatment. Recombinant NACP was
characterized by several independent methods, including
MALDI-TOF mass spectrometry, amino acid analysis,
identification of tryptic peptides, and Western blotting with
an anti-NACP monoclonal antibody (George et al., 1995).
NACP Exhibits Properties Characteristic of an Extended

Protein. The exact molecular weight of the NACP used in
this work was found to be [M+ H+] ) 14 463 ((4.6) by
MALDI-TOF mass spectrometry, consistent with the mo-
lecular weight of 14 460 predicted on the basis of the encoded
amino acid sequence. On SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), the protein exhibits an apparent
Mr of approximately 19 000 (Ue´da et al., 1993), which may
be attributable to abnormally low binding of SDS by the
highly acidic NACP C-terminal sequence. A similar abnor-
mal mobility has been demonstrated by other highly charged
proteins (Williams et al., 1986; Yoo & Albanesi, 1990;
Thomas et al., 1991; Gast et al., 1995).
In the course of developing methods for the purification

of NACP, we noted that the protein eluted with an unusually
high mobility from gel filtration columns. Unlike globular
proteins of comparable molecular weight, NACP eluted in
the void volumes of both Bio-Gel P-10 and P-100 columns.
To quantify this observation, the Stokes radius (RST) was
estimated by comparison of the mobility of NACP to that
of a series of standard proteins on a Sephacryl S-300 column
(Figure 2A). RST is sensitive to both the size and the shape
of a particle and can be directly related to molecular weight
when globular proteins are compared (Siegel & Monty,
1966). NACP eluted with an effectiveRST of 34 Å. Boiling
of recombinant NACP prior to chromatography had no effect
on its observed mobility. For a typical globular protein, a
Stokes radius of 34 Å corresponds to a molecular mass of
about 58 kDa, approximately four times higher than that of
NACP (14.4 kDa). Although this behavior has not previ-
ously been noted for NACP,â-synuclein, which also has a
mass of 14 kDa, was reported to have a similar Stokes radius
(corresponding toMr≈ 57 kDa) (Nakajo et al., 1990). There
are two possible explanations for this result: either native
NACP is an oligomer or it has an elongated shape relative
to the globular proteins used as standards.
To distinguish between these two possibilities, alternative

methods for molecular weight determination were employed.
Polyacrylamide gel electrophoresis in the absence of SDS
separates on the basis of both size and charge (Hames, 1990).
Multiple acrylamide concentrations can be used to control
for the effect of charge and to estimate “native” molecular
weight (Ferguson, 1964). Analysis of NACP by this method
(Figure 2B) led to the estimation of a molecular weight of
20 kDa ((3 kDa) for NACP, indicating that NACP is not
an oligomer. Addition of saturating concentrations of urea
to samples prior to native gel electrophoresis had no effect
on the mobility of NACP.
The sedimentation coefficient, a measure of the velocity

of a particle in a centrifugal field, also provides information
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about the size and shape of a particle (Martin & Ames, 1961).
For example, if one compares two particles of the same
general shape (i.e., two globular proteins), the one with the
higher mass will sediment more quickly. On the other hand,

if one compares particles of identical mass but very different
shapes (i.e., an elongated fibrous protein with a globular
protein), a more compact particle will sediment more quickly
than an extended one. To determine the sedimentation
coefficient (s20,w) for NACP, sucrose gradient ultracentrifu-
gation experiments were performed (Figure 2C). The
mobility of NACP on a 5-20% sucrose gradient was
determined, ands20,w was determined by comparison to
standard proteins (Martin & Ames, 1961). By this method,
s20,w for NACP was found to be 1.7S, a value which
corresponds to a globular protein of less than 10 kDa. This
result indicates that native NACP is not an oligomer. The
observation that NACP sediments more slowly than globular
standards of comparable molecular weight is consistent with
it having an elongated solution structure.
Assuming that NACP is a monomer, as suggested by non-

dissociating gel electrophoresis and sedimentation analysis,
the Stokes radius can be used to calculate the frictional ratio
(f/fo) of NACP, a measure of the departure of the molecule
from spherical shape (Siegel & Monty, 1966).2 Typical
globular proteins have frictional ratios close to 1 [e.g., 1.09
for cytochromec and 1.35 for BSA (Siegel & Monty, 1966)]
whereas, for extended structures [e.g., fibrinogen,f/fo ) 2.34
(Siegel & Monty, 1966)] and denatured proteins [e.g., BSA
in 6 M GdnHCl,f/fo ) 2.6 (Horiike et al., 1983)], the ratios
are significantly higher. The frictional ratio of NACP was
calculated to be 2.09, consistent with an extended conforma-
tion. None of these experiments, which measure hydrody-
namic properties, can distinguish between a single, ordered,
extended structure, such as that found in a fibrous protein,
and a family of rapidly interconverting unstructured confor-
mations, such as that found in a denatured protein.
CD, UV, and FTIR Spectroscopy Indicate NACP Has a

“Random Coil” Conformation.The CD spectrum of NACP
in buffer (10 mM Tris, pH 7.5) is shown in Figure 3A. The
maximum negative ellipticity atca. 200 nm is characteristic
of random coil or denatured proteins (Greenfield & Fasman,
1969). The CD spectra of NACP before and after boiling
were indistinguishable, indicating that heat-treatment has no
effect on the conformation. The more convenient published
purification procedure (Jakes et al., 1994) was therefore used
throughout. Analysis of the CD spectrum using the method
of Greenfield and Fasman (1969) indicates 68% random coil
and less than 2% helical content (the remainder is calculated
to be â-sheet, although it is difficult to quantifyâ-sheet
structure by CD). The CD spectrum is independent of
concentration over a range of 10-600 µM, strongly sug-
gesting that NACP is monomeric over this concentration
range. Altering the pH (from 4.5 to 10) also had no effect
on the spectrum, nor did the addition of NaCl (2 M final
concentration), MgCl2 (2 M), CaCl2 (10 mM), or ATP (0.1
mM), indicating that the conformation of NACP is not
stabilized by ionic interactions. The CD spectrum was
devoid of any significant ellipticity between 250 and 400
nm at concentrations up to 100µM, indicating the absence

2 The frictional ratio (f /fo) was calculated according to the following
equation (Siegel & Monty, 1966):

(f /fo) ) R /(3υM
4πN)

1/3

whereM ) molecular weight,R ) Stokes radius,υ ) partial
specific volume (0.721 mL/g for NACP, calculated from the amino
acid sequence), andN ) Avogadro’s number.

FIGURE 2: Hydrodynamic properties of NACP. (A) Determination
of the Stokes radius of NACP by gel filtration chromatography on
a Sephacryl S-300 column. NACP (indicated with an arrow) eluted
with a Stokes radius of 34 Å, corresponding to a molecular weight
of ca. 58 kDa for a globular protein. (B) Molecular weight
determination using non-dissociating PAGE. NACP and standard
proteins were run on 6%, 10%, and 14% non-dissociating poly-
acrylamide gels. For each protein,Kr was calculated as the slope
of a plot of logRf vs % acrylamide (Ferguson plot). A plot ofKr
vs MW was used to estimate an approximateMr of 20 kDa for
NACP. (C) Determination of the sedimentation coefficient of NACP
by sucrose density gradient ultracentrifugation. NACP (indicated
with an arrow) sedimented at 1.7S. The protein standards used were
as follows: 1, BSA (68 kDa);2, ovalbumin (43 kDa);3, pepsin
(35 kDa);4, carbonic anhydrase (29 kDa);5, lysozyme (14 kDa);
6, cytochromec (11.7 kDa); and7, insulin (5.7 kDa).
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of oriented aromatic residues, such as those typically found
in the hydrophobic cores of globular proteins.

Helical conformations of NACP could be stabilized by
the addition of either hexafluoro-2-propanol (HFIP) (Figure
3A) or trifluoroethanol (TFE) (data not shown). The
maximal helical content was reached in 10% HFIP or 50%
TFE, leading to 52% and 39% helix, respectively. The
addition of SDS micelles (10 mM) also led to the induction
of helical structure (27%, Figure 3A), suggesting an interac-
tion of NACP with micelles. This interaction may involve
the proposed amphipathic helix motif at the N-terminus of
the protein (George et al., 1995).

The CD spectra of synthetic peptides corresponding to
portions of the NACP sequence were also measured (Figure
3B). In aqueous buffer (pH 7.5), NACP19-48, which
contains the 11 amino acid amphipathic helix motif, exhibited
random coil structure comparable to NACP. As with the
full-length protein, a helical conformation could be induced
by the addition of HFIP [20% (v/v) gives 64%R] or SDS
(15 mM gives 23%R) (data not shown). A random coil
CD spectrum was also measured in aqueous buffer for rat
NACP96-125, a model for the acidic C-terminal region.
Even in the presence of 50% TFE, this peptide exhibited
little tendency toward secondary structure formation (6%R),
possibly due to its high charge density. In contrast to the
spectra of the other two peptides, the CD spectrum of a
saturated solution (11µM) of the NAC peptide (NACP61-
95) in aqueous buffer indicated a significant degree ofâ-sheet
structure (ca.35%â, Figure 3B). Similar CD spectra have
been measured for aqueous solutions of Aâ amyloid peptides
(Barrow & Zagorski, 1991).

FTIR spectroscopy confirmed that native NACP is un-
structured. The position of the amide I infrared absorbtion
band of proteins is indicative of the constituent secondary
structure (Krimm & Bandekar, 1982; Bowler et al., 1994).
The FTIR spectrum of NACP (Figure 3C) showed a broad
amide I absorbtion band centered at 1642 cm-1. This band
is characteristic of a denatured or “random coil” protein, and
the breadth of the peak is probably due to the existence of
small amounts of defined secondary structures with nano-
second lifetimes. The bandwidth-deconvoluted spectrum
revealed minor peaks at 1612, 1619, 1688, and 1694 cm-1,
indicating small amounts of antiparallelâ-sheet, and at 1673
and 1667 cm-1, which may arise fromâ-turn structure.
These minor bands suggest that an ordered conformer is
populated to a slight extent or, more likely, that many
conformers contain a small amount of secondary structure.

The ultraviolet absorption of aromatic residues in proteins
depends on the environment of the chromophore (Wetlaufer,
1962). Upon protein denaturation, the aromatic amino acids
which are buried within the hydrophobic core of the molecule
become solvent-exposed, leading to a shift inλmax to a lower
wavelength. NACP contains four tyrosine residues (at
positions 39, 125, 133, and 136), three of which are in the
acidic C-terminus of the protein. The absorption spectrum
of NACP in the aromatic region was unchanged in the
presence of 6 M guanidine hydrochloride (data not shown),
indicating that the tyrosine residues are completely solvent-
exposed in the native state. This result was consistent with
the CD spectrum of NACP, which showed no significant
ellipticity in the near-UV region; both results are inconsistent
with the existence of a hydrophobic core.

FIGURE 3: Spectroscopic analysis of NACP. (A) CD spectra of
recombinant human NACP under various conditions. Percent
secondary structures (Greenfield & Fasman, 1969): NACP (20µM,
solid line), 2%R, 30% â, 68% rc; NACP with 10% (v/v) HFIP
(20 µM, dotted line), 52%R, 1% â, 47% rc; NACP with 10 mM
SDS (20µM, dashed line), 27%R, 13%â, 60% rc (R ) R-helix,
â ) â-sheet, rc) random coil). (B) CD spectra of NACP-based
peptides (note difference in low-wavelength cutoff as compared to
panel A). Percent secondary structures (Greenfield & Fasman,
1969): NACP19-48 (38µM, solid line), 5%R, 23%â, 72% rc;
NAC (11µM, dotted line), 6%R, 60%â, 34% rc; and NACP96-
125 (49µM, dashed line), 6%R, 17%â, 77% rc. (C) FTIR spectrum
of NACP. The lower curve is the band-width-deconvoluted
spectrum. The most intense amide I absorption band is centered at
1642 cm-1, consistent with a random coil conformation. The smaller
amide I bands at 1612, 1619, 1667, 1673, 1688, and 1694 cm-1

may represent minor amounts of ordered structure. The band at
1580 cm-1 derives from the amide II absorption.
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DISCUSSION

NACP Is a “NatiVely Unfolded” Protein. The results
presented herein provide evidence that, in solution, NACP
exists as a mixture of rapidly equilibrating monomeric
conformers which, on average, contain little secondary
structure and no hydrophobic core. This conclusion is based
on spectroscopic and hydrodynamic probes of protein
structure, as well as the behavior of the protein in the
presence of additives and cosolvents. The microtubule-
associated protein tau, which has similar properties, has been
termed “natively denatured” by Mandelkow and co-workers
(Schweers et al., 1994). The use of the word denatured is
confusing, since it is operationally defined: we prefer the
alternative designation “natively unfolded”.
A typical globular protein folds into a single, minimum

energy structure stabilized by packing of a hydrophobic core.
When partially unfoldedin Vitro, or incompletely foldedin
ViVo, the exposed hydrophobic patches tend to associate
intermolecularly, leading to aggregation. NACP, in contrast,
is apparently energetically minimized as an extended, non-
compact mixture of disordered conformers. It is interesting
to speculate as to why these unfolded conformers do not
aggregatein Vitro and are not recognized and degraded in
the cytoplasm. A cursory inspection of the NACP amino
acid composition does not indicate anything unusual, that
is, the ratio of hydrophobic residues to total residues seems
to be normal. The unusual properties of NACP may derive
from the concentration of hydrophobic residues in the central
(NAC) region of the sequence and/or the the role of the
anionic C-terminal domain in preventing aggregation. It may
be significant that NACP is over 100-fold more soluble than
the NAC peptide (Han et al., 1995). Thus proteolysis may
play an important role in AD pathogenesis.
Conformational Properties Define a Family of “NatiVely

Unfolded” Proteins. While the unusual conformational
properties of NACP do not directly suggest a function,
examination of proteins with similar properties may provide
clues. Table 1 lists several such natively unfolded proteins,
which share one or more of the following diagnostic

properties: (1) stability to heat denaturation; (2) a highly
charged (often acidic) amino acid sequence; (3) “random
coil” structure as demonstrated by CD; (4) an abnormally
high Stokes radius; and (5) abnormal SDS binding leading
to unusual mobility on SDS-PAGE. The charged regions
of these proteins may interfere with SDS binding (affecting
SDS-PAGE calibration), and may strongly disfavor in-
tramolecular interactions, rendering them “unfoldable” and,
by definition, resistant to thermal denaturation.

Several natively unfolded proteins bind and regulate the
assembly of cytoskeletal proteins such as tubulin and actin
[e.g., MAP-2 (Hernandez et al., 1986) and tau (Schweers et
al., 1994)]; some bind Ca2+ and/or calmodulin [e.g., chro-
mogranin A (Yoo & Albanesi, 1990) and caldesmon (Lynch
et al., 1987)], and still others are phosphatase inhibitors [e.g.,
DARPP-32 (Hemmings et al., 1984)]. In each case, their
disordered nature may be critical to facilitate protein-protein
interactions. Tau, for example, binds to and stabilizes
microtubules and is only ordered in the context of this
complex. Unstructured domains can increase association
rates for macromolecules by allowing rapid formation of
nonspecific “encounter complexes” (Pontius, 1993), similar
to those between some DNA-binding proteins and DNA
(Earnshaw, 1987).

NatiVely Unfolded Conformation Suggests a Functional
Role of NACP.The conformational similarity of NACP to
the proteins in Table 1 suggests that it too may function to
facilitate protein-protein interactions. The NACP C-ter-
minus may bind a cationic target, while the N-terminus may
be involved in weak interactions with a membrane cytoplas-
mic surface. Thus, NACP may serve to carry a cationic
target protein to the inner surface of the neuronal membrane
or to the outer surface of a vesicle [members of the NACP
family have affinity for synaptosomes (Maroteaux & Scheller,
1991; George et al., 1995)]. How such a multicomponent
structure could relate to synaptic plasticity, learning, and
Alzheimer’s disease will be the subject of future investiga-
tions.

Table 1: Representative “Natively Unfolded” Proteins

molecular weight (kDa)

proteina
heat
stable?

CD indicates
random coil? pIb calcdc

SDS-
PAGE

gel
filtration reference

NACP YES YES 6.1 14 19 58 this work

â-synuclein YES NA 5.5 14 19 56 Nakajo et al. (1990)

tubulin/actin binders
tau YES YES 10.4 ∼50 ∼50 600 Schweers et al. (1994)
MAP2 YES YES 5.0 199 300 NA Hernandez et al. (1986)
Op18/stathmin YES NA 6.0 17 18 45 Belmont and Mitchison (1996)

Ca2+/calmodulin binders
chromogranin A YES YES 5.0 48 75 300 Yoo and Albanesi (1990)
chromogranin B YES YES <5 71 110 200 Yoo (1995)
caldesmon YES YES 5.7 93 140 >500 Lynch et al. (1987)

phosphatase/kinase inhibitors
DARPP-32 YES YES 4.7 22 32 59 Hemmings et al. (1984)
PP1 inhibitor YES NA <5 18.7 26 NA Nimmo and Cohen (1978)
PKI YES YES 5.3 7.8 16.9 22 Thomas et al. (1991)

other
prothymosinR YES YES 3.6 11.9 20.6 59 Gast et al. (1995)

a Abbreviations: MAP2, microtubule-associated protein 2; Op18, oncoprotein 18; DARPP-32, dopamine and adenosine 3′:5′-monophosphate-
regulated phosphoprotein; PP1, protein phosphatase 1; PKI, CAMP-dependent protein kinase inhibitor.b Some pI’s estimated from amino acid
composition; others determined experimentally.cCalculated from amino acid sequence data or determined by mass spectrometry.
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