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N
ine neurodegenerative dis-
eases are caused by expanding
CAG repeats coding for poly-
glutamine (polyGln) (1–4).

These include Huntington’s disease,
dentatorubral and pallidoluysian atro-
phy, several forms of spino-cerebellar
ataxia, and spinal and bulbar muscular
atrophy. Within the central nervous sys-
tem, each disease has a distinctive pat-
tern of degeneration, with considerable
overlap among the diseases (5, 6). The
genes containing CAG repeats show no
homology to each other outside of the
glutamine repeats, and most are genes of
unknown function. Thus, speculation con-
cerning pathogenesis has focused on the
polyGln expansion itself.

For all of these diseases, there is a
threshold of repeat length that causes
disease. This threshold varies somewhat
among the different diseases, but is gen-
erally in the range of 35–45 consecutive
glutamines. In all polyGln diseases, the
age of disease onset is strongly corre-
lated with polyGln length, so that above
the threshold, a longer repeat results in
an earlier age of onset.

A pathological hallmark of these dis-
eases is the aggregation of mutant
polyGln protein, resulting in the forma-
tion of intranuclear inclusion bodies. In
some of the diseases, inclusions have been
observed in the cytoplasm, dendrites, and
axonal processes. The inclusions are gen-
erally seen in affected areas of the brain
(7, 8), though not limited to those neu-
rons most likely to degenerate (9). Thus,
whether inclusions are responsible for
neurotoxicity has been controversial.
Some studies have indicated a correlation
between polyGln-containing inclusions
and disease progression (10). However, in
other studies, inclusion formation was dis-
sociated from cytotoxicity (11, 12). In fact,
inclusion formation may be, in part, a re-
flection of cellular protective mechanisms
(13). Nevertheless, the inclusions are a
useful marker for pathology and may pro-
vide clues to pathogenesis.

Aggregation of mutant polyGln pro-
teins can be observed biochemically us-
ing a filter trap assay (14, 15). Aggrega-
tion in vitro proceeds by means of a
nucleation-dependent process and re-
sults in the accumulation of �-sheet rich
fibrillar structures detected by electron
microscopy. Thus, the polyGln aggrega-
tion pathway appears to resemble that

of A� protein in Alzheimer’s disease
and �-synuclein in Parkinson’s disease,
as well as other amyloidogenic proteins
(16–18). Even if polyGln inclusions are
not the major toxic species, the aggrega-
tion process appears linked to pathogen-
esis. Therefore, it is critical to under-
stand the structure of both normal and
mutant polyGln stretches.

Detailed structural information on
polyGln has been difficult to obtain, be-
cause both long and short stretches of
synthetic polyGln peptides are quite insol-
uble. Nearly a decade ago, Max Perutz
attempted to address this issue by using a
Q15 peptide flanked by basic residues to
improve its solubility. He found this pep-
tide to adopt �-structure, and constructed
an atomic model of poly(L-glutamine)
consisting of antiparallel �-sheets held
together by hydrogen bonds between
main-chain and side-chain amides (Fig.
1a). This structure, described as a ‘‘polar
zipper,’’ has been influential for studies of
polyGln aggregation (14, 19, 20). Com-
puter modeling studies have generated
additional possible structures for ex-
panded polyGln, such as parallel �-sheets
(21), �-hairpins, and highly compact ran-
dom coil (22) or �-sheet structures (Fig. 1
b–e). Based on x-ray diffraction and elec-
tron microscopy data, Perutz and his
group (23, 24) have recently suggested a
polyGln �-helix model with 20 residues
per turn (Fig. 1f).

Biophysical analysis of synthetic or
recombinant polyGln peptides with
stretches containing 5–44 consecutive
glutamines have demonstrated that mo-
nomeric polyGln is unstructured (25–
27). In contrast, expanded polyGln ag-
gregates derived from isolated polyGln
peptides or from recombinant polyGln-
containing proteins adopt �-sheet struc-
ture, as shown by x-ray fiber diffraction
studies, circular dichroism, Fourier
transform infrared spectroscopy, and
other methods (20, 25, 28, 29). Thus, it
is likely that expanded polyGln se-
quences in the aggregated state are
�-sheets, though detailed structural in-
formation is currently not available.

In a recent issue of PNAS, Thakur
and Wetzel (30) provide a mutational
analysis to address the question of
polyGln aggregate structure. Previously,
the Wetzel laboratory demonstrated that
polyGln peptides have aggregation prop-
erties similar to exon-1 huntingtin (25).

In the current study, they used an inge-
nious strategy of inducing �-turns in
synthetic peptides with Pro–Gly pairs at
different intervals within a long polyGln
stretch. To enhance the solubility of
their peptides, they incorporated
charged residues at both ends of the
polyGln peptides, as introduced by Max
Perutz and colleagues. Thakur and Wet-
zel investigated the influence of Pro–Gly
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Fig. 1. Schematic representation of proposed
structural models for aggregated mutant polyGln.
�-Sheet is shown as a zig-zag. Expanded polyGln as
an extended antiparallel �-sheet, first described by
Max Perutz as a ‘‘polar zipper’’ (a), or as a parallel
�-sheet (b). (c) An antiparallel �-hairpin comprised
of two �-strands and a single �-turn. A highly com-
pact structure, consisting of four antiparallel ran-
dom coil (d) or �-strand (e) elements. ( f) A parallel
�-helix with 20 residues per turn. For simplicity, two
polyGln molecules are shown each for a and b,
whereas a single polyGln molecule is depicted in
c–f.

www.pnas.org�cgi�doi�10.1073�pnas.0237018100 PNAS � January 7, 2003 � vol. 100 � no. 1 � 1–3

C
O

M
M

E
N

T
A

R
Y



mutations on formation of fibers, as de-
tected by aggregation assays and elec-
tron microscopy, and found that pep-
tides (ranging in total length from 46 to
50 aa) consisting of four Q9 or Q10 ele-
ments interspersed with three Pro–Gly

elements (termed PGQ9 or PGQ10) un-
dergo spontaneous aggregation nearly as
efficiently as Q45. PGQ7 and PGQ8 pep-
tides aggregate much less readily. Fur-
thermore, a sequence containing D-pro-
lines (PDGQ9), which have a stronger
preference for �-turns, aggregates more
efficiently than the same peptide with
L-prolines. By contrast, addition of a P
residue in the center of a Q9 element
blocked the peptide’s ability to
aggregate.

These data are suggestive of a model
comprised of alternating �-strand and
�-turn elements, with an optimum of
seven consecutive glutamines within
each �-strand (shown in Fig. 2). Based
on electron microscopy data, the mor-
phology of fibers generated with the
PGQ9 peptide could be described as
similar (though perhaps not identical) to
that for the Q45 peptide. In addition,
both the PGQ9 and the Q45 peptide
were recognized by an anti-polyGln an-
tibody selective for aggregates. Further,
both peptides supported heterologous
seeding (incorporation of normal length
polyGln peptides into the expanded
polyGln aggregate) in a similar manner.
Thus, this study provides the first exper-
imental data on the structure of aggre-
gated polyGln, and is compatible with a
model comprised of alternating
�-strands and turns.

To further investigate the pathway of
fiber assembly, Wetzel and colleagues
recently conducted a kinetic analysis of
polyGln aggregation at different concen-
trations of synthetic peptide (28). Their
results, along with results of the present
study, are summarized in Fig. 2. From
their kinetic data, they conclude that
aggregation of polyGln is initiated by a
monomer that functions as the critical
nucleus. They suggest that fibril forma-
tion proceeds via linear additions of sin-
gle polyGln molecules, after nucleation
events consisting of a random coil to
�-sheet transition within an individual
monomer. However, this analysis is indi-

rect. An alternative pathway involving
oligomeric intermediates has been sug-
gested by biochemical and morphologi-
cal studies of polyGln aggregation in
the context of huntingtin exon-1 pro-
tein (29).

The present study provides the first
experimental interventional data on the
structure of polyGln within aggregates.
It strongly supports a compact �-struc-
ture, rather than an extended strand
model. Importantly, this structure is
compatible with the polar zipper model,
as hydrogen bonds are between main
chains atoms and do not involve the side
chains. A computer-generated drawing
of the compact �-structure, with Pro–
Gly residues at each �-turn, is depicted
in Fig. 3. The strategy of using prolines
for the introduction of �-turns is likely
to be useful in future studies. This
model provides testable hypotheses that
can be addressed using other biophysical
techniques, such as atomic force micros-
copy, NMR spectroscopy, electron para-
magnetic resonance, and Raman spec-
troscopy. However, one limitation of the
present study is that all data were de-
rived from synthetic polyGln. Similar

Fig. 2. Model of polyGln aggregate initiation and
elongation as proposed by Thakur and Wetzel (30).
Before the conformational change that initiates
disease pathogenesis, mutant polyGln lacks sec-
ondary structure. A polyGln monomer undergoes a
structural transition to a four-stranded antiparallel
�-sheet, with an optimum of seven glutamine res-
idues per �-strand (extended chain). This struc-
tured monomer serves as a nucleus for binding of a
second unstructured monomer. Binding of the dis-
ordered monomer to the ordered nucleus results in
acquisition of �-structure in the newly added
monomer, providing a new elongation site, and is
referred to as template-assisted or ‘‘dock-and-
lock’’ elongation. Adapted from Chen et al. (28).

Fig. 3. Computer-generated drawing of PGQ9 as a four-stranded antiparallel �-sheet. Only main-chain–
main-chain hydrogen bonds were built into the model. The stretches containing nine glutamine residues
were built as antiparallel �-strands and the Pro–Gly pairs were built as turns. Atoms are colored as follows:
carbons, red; nitrogens, blue; oxygens, red.

Fig. 4. Hypothetical pathway of polyGln-mediated
aggregation and inclusion formation. Unstruc-
tured polyGln monomer undergoes a structural
conversion to �-sheet, resulting in the formation of
protofibrillar intermediates. This step may proceed
through a linear growth mechanism or through
assembly of oligomeric intermediates. Protofibril
assembly is followed by fibril formation, resulting
in the characteristic inclusions observed in polyGln
diseases and other amyloid-like diseases.
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studies will need to be carried out with
exon-1 huntingtin and constructs encod-
ing fragments or full-length versions of
other polyGln proteins.

At present, the mechanism of
polyGln-mediated toxicity is not well
understood. Mutant polyGln may as-
sume an abnormal conformation, allow-
ing it to associate with short polyGln
stretches in other critical cellular pro-
teins, rendering them inactive. Biochem-
ical data from the Wetzel laboratory
support this possibility (25). The tran-
scription factor CREB binding protein
has been proposed as a target (31–33),
as has the normal allele of huntingtin
itself (34). Alternatively, abnormal inter-
actions with transcription factors could
occur by mechanisms not directly involv-
ing the expanded polyGln region (35–
38). Another interesting possible mecha-

nism of toxicity is inhibition of the
proteasome by the aggregated form of
mutant polyGln protein (39, 40).

A key issue is the relationship between
polyGln aggregation and cellular toxicity.
As described above, the role of aggrega-
tion in toxicity has been controversial.
Recent studies from the Wetzel labora-
tory have indicated that delivery of aggre-
gated polyGln into cell nuclei is toxic (41).
However, the exact nature of the material
in the cells is uncertain. For delivery into
cells, the aggregates were first sonicated
and filtered. Thus, the toxic material
could potentially be soluble monomer, an
intermediate in the aggregation pathway,
such as a monomeric nucleus as proposed
by Thakur and Wetzel (30), or an oligo-
meric intermediate (29), as well as a small
aggregate.

The pathway of polyGln-mediated
aggregation is beginning to emerge, but

is still poorly understood (Fig. 4). It is
unclear whether aggregation proceeds
via linear addition of single molecules or
whether there are oligomeric intermedi-
ates. In addition, the stage in the aggre-
gation pathway that causes cell death is
unknown. Whatever the mechanism, a
critical first step to understanding the
pathogenesis associated with polyGln-
based neurodegenerative diseases is elu-
cidating the structural basis of polyGln
aggregation. Mutational analysis can
now be used to answer some of these
questions. PolyGln aggregation has al-
ready been used as a target for thera-
peutic development (42–47). A better
structural understanding aggregation of
polyGln, as well as aggregation of other
proteins, may lead to development of
rational therapeutics for polyGln dis-
eases and for other neurodegenerative
and protein aggregation diseases (48).
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