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In expanded CAG repeat diseases such as Huntington's disease, proteins
containing polyglutamine (poly(Gln)) sequences with repeat lengths of
about 37 residues or more are associated with development of both dis-
ease symptoms and neuronal intranuclear inclusions (NIIs). Disease
physiology in animal and cellular models does not always correlate with
NII formation, however, and the mechanism by which aggregate for-
mation might lead to cytotoxicity is unknown. To help evaluate various
possible mechanisms, we determined the biophysical properties of a
series of simple poly(Gln) peptides. The circular dichroism spectra of
poly(Gln) peptides with repeat lengths of ®ve, 15, 28 and 44 residues are
all nearly identical and are consistent with a high degree of random coil
structure, suggesting that the length-dependence of disease is not related
to a conformational change in the monomeric states of expanded
poly(Gln) sequences. In contrast, there is a dramatic increase in both the
kinetics and the thermodynamic favorability of the spontaneous for-
mation of ordered, amyloid-like aggregates for poly(Gln) peptides with
repeat lengths of greater than 37 residues. At the same time, poly(Gln)
peptides with repeat lengths in the 15-20 residue range, despite their
poor abilities to support spontaneous, self-nucleated aggregation, are
capable of ef®ciently adding to an already-formed aggregate. We also
®nd that morphologically small, ®nely divided aggregates are much
more ef®cient at recruiting poly(Gln) peptides than are large aggregates,
suggesting a possible explanation for why disease pathology does not
always correlate with the observable NII burden. Together, these data are
consistent with a model for disease pathology in which critical cellular
proteins possessing poly(Gln) sequences of modest length become inacti-
vated when they are recruited into aggregates of an expanded poly(Gln)
protein.
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Introduction

Mutational expansion of CAG repeats in speci®c
genes, with commensurate expansion of their
encoded polyglutamine (poly(Gln)) sequences, is
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nzyme-linked
responsible for at least eight neurodegenerative
diseases, including Huntington's disease (HD).1 In
most of these diseases, poly(Gln) sequences with
repeat lengths of up to about 35 residues are
benign, while repeat lengths of 37 residues or
greater are associated with disease.1 Age of onset
decreases, and disease severity and/or penetrance
increases, with further increases in poly(Gln)
length.2 In the past four years, a number of labora-
tories have reported results from animal and cellu-
lar models showing that poly(Gln) transgene-
dependent neurodegeneration is accompanied by
the formation of 1-2 mm neuronal intranuclear
inclusions (NIIs) staining for the expanded
poly(Gln) protein.3 These ®ndings are consistent
with the observation of neuronal inclusions in
# 2001 Academic Press



Figure 1. Circular dichroism spectra of 0.4 mg/ml sol-
ution of freshly disaggregated Q5 (Ð) , D2Q15K2 (± � ±),
Q28 ( � � � � � � ), and Q44 (± ± ±) peptides dissolved in ®l-
tered 10 mM Tris-tri¯uoroacetate (pH 7.0). Spectra were
collected at 37 �C on an OLIS DSM 1000 CD spectropho-
tometer in a 1-mm path-length quartz cuvette. The CD
spectra, expressed in terms of mean residue weight
ellipticity, represent the average of six spectral scans
each. The small apparent difference in spectra at 190 nm
is attributable to noise in the data due to light-absorp-
tion by the buffer in the far-UV region.
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affected cells from HD brains.4 The role of protein
aggregation in HD etiology has been controversial,
however. Although NII appearance is well corre-
lated with disease pathology in some models, in
other experiments workers have observed either
neurotoxicity without NII formation, or NII for-
mation without neurotoxicity.5 Moreover, it is not
clear how poly(Gln) aggregates might contribute to
cell death and disease physiology.

According to one cytotoxicity hypothesis, aggre-
gation of the poly(Gln) disease protein initiates a
process of recruitment and sequestration of other
poly(Gln)-containing cellular proteins into the
growing aggregate, leading to their functional
depletion from the local environment.6,7 Such a
mechanism might be expected to be particularly
effective when it involves proteins that operate in
the cell at low concentrations and under tight regu-
lation. In fact, a signi®cant number of transcription
factors contain poly(Gln) sequences,8 and altera-
tions in transcriptional activity have been observed
in poly(Gln) disease models.9 ± 11 The possibility of
cytotoxic consequences of co-aggregation between
disease-related expanded poly(Gln) proteins like
huntingtin and normal cellular poly(Gln) proteins
introduces the question of the biophysical rules
governing poly(Gln) aggregation and co-aggrega-
tion processes.

In contrast to the rapid advances made in cell
and animal studies, we have only a rudimentary
knowledge of many aspects of the fundamental
physical properties of poly(Gln) sequences. Using
recombinant protein fragments containing both
poly(Gln) and other amino acid sequences, Wanker
and colleagues have demonstrated a good corre-
spondence between the length-dependence of
spontaneous aggregation of poly(Gln) sequences
in vitro and the length-dependence of disease
risk.12 In addition, several laboratories have
published qualitative data showing that proteins
containing poly(Gln) sequences of intermediate
length can co-aggregate with poly(Gln) proteins of
pathological length.6,13 ± 18

Here, we provide quantitative in vitro data on
the aggregation of simple, well-de®ned poly(Gln)
peptides lacking extensive additional sequence
elements. The data add support to the recruitment-
sequestration mechanism and better de®ne the bio-
physical rules guiding aggregation and recruitment
that might underlie poly(Gln) pathology. The data
also suggest a reason for the incomplete correlation
in cellular and animal model studies between NII
formation and disease pathology.

Results

Previous efforts to investigate the fundamental
folding behavior of simple, chemically synthesized
poly(Gln) repeat sequences have been foiled by the
high insolubility of peptides with repeat lengths
greater than Q15 to Q20.

19 ± 21 Because of this, the
only information we have on the biophysical beha-
vior of longer poly(Gln) peptides comes from stu-
dies involving transiently soluble proteolytic
fragments of recombinant poly(Gln)-containing
proteins.12,22 Recently, we devised a solvent treat-
ment that renders poly(Gln) peptides up to repeat
lengths of at least Q44 transiently soluble in aqu-
eous buffers.23 This discovery makes it possible to
focus on the intrinsic properties of the poly(Gln)
sequence itself, both in studies of the conformation-
al properties of these sequences in solution, and in
aggregation studies.

Solution structure of poly(Gln) peptides

Figure 1 shows the circular dichroism (CD) spec-
tra of freshly disaggregated poly(Gln) peptides
with repeat lengths of Q5, Q15, Q28, and Q44 at neu-
tral pH. All four spectra resemble the CD spectra
of polypeptides in the random coil state.24 The
large negative molar ellipticities found for these
peptides suggest that they exist in a statistical coil
state under these conditions. The similar values of
their molar ellipticities suggest that all four pep-
tides, whether below or above the pathological cut-
off length of 37 glutamine residues, populate the
random coil conformation to the same extent. The
large absolute values of these molar ellipticities,
compared to the amplitudes typically seen for
model random coil peptides (ÿ10,000 to
ÿ40,00025), suggest that random coil is the pre-
dominant state of these poly(Gln) peptides in
solution. Details of the CD spectrum of the Q5 pep-
tide differ somewhat from those of the other three
peptides. This may be due to a combination of the



Figure 2. Solution phase growth of poly(Gln) aggre-
gates. PolyGln peptides Q15 (&......), Q20 (~Ð), Q25

(*± � ±), Q28 (^Ð Ð Ð), Q32 (& � � � � � � ), Q37 (!- - -),
Q41 (*± � � ±), and Q44 (}- � - � -) were disaggregated and
incubated at 57 mg/ml in PBS at 37 �C. Aggregation was
monitored by light-scattering. In these experiments, we
obtain essentially identical results using both thio¯avin
T and solubility assays based on reversed-phase HPLC
chromatography. We obtained very similar results in a
separate experiment using equal molar (10 mM ) concen-
trations of each peptide. Inset is a blowup of kinetics
curves between zero and 100 hours. Error bars re¯ect
the standard deviation for two independent determi-
nations for each datum point.
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relatively short length (nine residues) of the Q5

peptide, and the fact that in this peptide the Lys
residues added to enhance peptide solubility con-
stitute over 40 % of the length of the peptide.

Previous studies found either random coil20 or
more ordered secondary structure21 in short
poly(Gln) peptides. The results shown in Figure 1
suggest that soluble, monomeric forms of
poly(Gln) do not adopt signi®cant ordered second-
ary structure. It might be argued that, when dis-
solved in aqueous buffer after the organic solvent
disaggregation treatment, these peptides may
become kinetically trapped in a local free-energy
minimum and therefore do not exhibit their most
stable conformation. However, we incubated a
long poly(Gln) peptide at 37 �C and pH 7 for days,
observing a slow transition from random coil to
beta-sheet, which corresponds exactly to the kin-
etics of the monomer to aggregate transition (S. C.
& R. W., unpublished results); we interpret this to
indicate that the random coil state is the state ther-
modynamically favored by the monomer.

The comparison shown in Figure 1 suggests that
there is no large structural difference between pep-
tides shorter and longer than the pathological
repeat length cutoff. Circular dichroism is a low-
resolution technique, however, and it remains
possible that length-dependent structural differ-
ences may exist that are not accompanied by large
changes in the CD spectra.

Nucleation-dependent, homologous
aggregation of poly(Gln) peptides

Figure 2 shows the time-dependent aggregation
of a series of poly(Gln) peptides of different
lengths. In these experiments, we monitored the
aggregation reactions by following Rayleigh light-
scattering increases over time. Similar data, with
similar trends, were obtained using thio¯avin T
(ThT) ¯uorescence26 to monitor aggregation (data
not shown). Since ThT binding and ¯uorescence
has been used to monitor amyloid ®bril
assembly,26 this suggests that poly(Gln) aggregates
may be related to amyloid ®brils at the molecular
level. Such ``amyloid-like'' ®brillar morphology
has been observed in aggregates formed in vitro
from poly(Gln)-containing recombinant proteins,22

as well as simple synthetic peptides (S. C. & R. W.,
unpublished results). However, the degree to
which poly(Gln) aggregates possess all aspects of
classic amyloid structure27 is yet to be established.

The kinetic behavior exhibited by these peptides
is characteristic of a nucleation-dependent aggrega-
tion process, featuring a lag phase associated with
organization of a nucleus and an extension phase
associated with aggregate growth.28 ± 30 Figure 2
shows that a Q15 peptide displays little, if any, ten-
dency to aggregate, exhibiting a lag time of more
than 250 hours (in fact, the Q15 peptide does even-
tually aggregate, but only after incubation for
months at 37 �C; S.C., unpublished results). Pep-
tides containing 25-32 glutamine residues have lag
times in the range of 25-100 hours, and reactions
proceed very slowly once aggregation is initiated.
As poly(Gln) repeat length increases into the
Q37-Q41 range, reactions exhibit lag times of around
20 hours and proceed more aggressively once
initiated. The longest poly(Gln) peptide, with a
repeat length of Q44, experiences a lag phase of
only a few hours (see inset, Figure 2) before it
begins to aggregate very rapidly, with aggregation
nearing completion after four to ®ve days. It is for-
mally possible that Q44 exhibits such a short lag
phase, because our rigorous disaggregation proto-
col (see Materials and Methods) did not completely
remove aggregation seeds from the starting sol-
ution of monomer. At present we have no indepen-
dent way to con®rm the complete absence of
aggregates from these poly(Gln) solutions. How-
ever, we do not think it is likely that Q44 is
uniquely contaminated by residual seeds; the beha-
vior of Q44 is consistent with the general trend in
the data of shorter lag phases for longer poly(Gln)
sequences. Further, an exact repeat of the spon-
taneous aggregation kinetics for the Q37 peptide,
shown in Figure 3 as part of the seeding exper-
iment, gives very similar data to that shown in
Figure 2. The most likely way to achieve reprodu-
cible kinetics would be if in the preparation of
solubilized monomer one obtained reproducible
elimination of seeds, rather than reproducible
retention of a similar residual seed content.



Figure 3. Effect of added aggregation seed on lag
time. Seed was prepared by aggregation of the Q37 pep-
tide at ÿ20 �C, followed by concentration to 1.5 mg/ml
by centrifugation at 20,800 g for 30 minutes, and soni-
cation with a probe sonicator for three minutes at 0 �C.
Disaggregated Q37 peptide (57 mg/ml; 10 mM) was incu-
bated in PBS at 37 �C either without (&Ð) or with
(* � � � � � � ) 5 % (w/w) of the Q37 seed. The data were ®t
to sigmoidal curves. Error bars show the standard devi-
ation of two independent measurements.
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Figure 2 suggests that the repeat length-
dependence of disease risk may be related to the
repeat length-dependence of nucleation kinetics.
Similar trends have been observed in an analysis
of proteolytic fragments of recombinant poly(Gln)
proteins.12

Another feature of nucleated growth pathway is
the ability of added aggregates to abort the lag
phase of an aggregation reaction by seeding
growth.30 Figure 3 shows that seeding is observed
in a solution phase aggregation reaction spiked
with preformed aggregates. In the experiment
shown, added poly(Gln) aggregates equivalent to
5 % by weight of the soluble monomer completely
eliminate the lag phase observed in the absense of
added seed. These results are similar to those
observed in Ab ®bril formation reactions.31

Another parameter that characterizes polymeriz-
ation reactions is the critical concentration (Cr). The
Cr is the concentration of monomer remaining
when a polymerization reaction reaches equili-
brium, and is thus related to the equilibrium con-
stant between monomer and aggregate.28,30 Thus,
while the nucleation lag time is a kinetic par-
ameter, the Cr value describes the thermodynamic
favorability of a polymerization reaction and the
likelihood it will occur at a particular monomer
concentration. By measuring residual levels of non-
aggregated peptides in aggregation reactions using
HPLC or other methods (see Materials and
Methods), we determined approximate Cr values
for poly(Gln) aggregation and found that these Cr
values also display a signi®cant repeat length-
dependence. For example, we obtained Cr in the
range of 30 mM for the Q15 peptide, while the Cr

for the Q20 peptide drops about an order of magni-
tude into the 3-4 mM range. The Q44 peptide exhi-
bits a Cr of about 70 nM. These values indicate that
as poly(Gln) repeat length goes up, polymerization
becomes more thermodynamically favorable and
therefore can occur at lower poly(Gln) concen-
trations.

The steady-state cellular levels of soluble
poly(Gln) disease-related proteins are not known.
If the cellular concentration of huntingtin, the
poly(Gln) protein responsible for HD, is normally
less than 1 mM, this would suggest that an expan-
sion of the poly(Gln) sequence from Q20 to Q44

would correspond to a change in the thermodyn-
amics of aggregation from unfavorable to favor-
able. For those proteins containing poly(Gln)
sequences for which aggregation is thermodynami-
cally allowed at cellular protein concentrations, the
length-dependence of nucleation similar to that
shown in Figure 2 presumably controls how
aggressively the protein aggregates. The length-
dependence of the Cr and the nucleation phase
may thus together be responsible for the strong
inverse correlation between repeat length and age-
of-onset2 in these diseases.

Heterologous extension of poly(Gln) peptides

Light-scattering and ThT ¯urorescence are
measures responding to the total mass of an aggre-
gate, and therefore are limited in their ability to
provide detailed quanti®cation of heterologous
aggregation reactions. To explore the recruitment
hypothesis of aggregate cytotoxicity, we wanted to
be able to speci®cally monitor the repeat length-
dependence of heterologous aggregate extension;
that is, the ability of one poly(Gln) peptide to
assemble into an aggregate of another poly(Gln)
peptide. To do this, we devised a microtiter plate
assay in which aggregates of one length of
poly(Gln) are ®xed to the microplate well, then
incubated with another length of poly(Gln) that is
tagged to allow monitoring of its deposition onto
the ®xed aggregates. In the experiments described
here, the tag is a biotin moiety at the N terminus
of the poly(Gln) peptide, which is then monitored
by complexation with europium-streptavidin,
followed by quanti®cation using time-resolved
¯uorescence.32

As shown in Figure 4(a), biotinylated poly(Gln)
peptides of different lengths are readily deposited
onto immobilized Q37 poly(Gln) aggregates. Inter-
estingly, the extension reaction displays two-phase
kinetics, very similar to what is observed in the
homologous extension of Ab amyloid ®brils in a
similar microtiter plate assay.33 Figure 4(a) shows
that both the amplitude and the rate of the initial,
rapid phase of the extension reaction increase with
increasing poly(Gln) repeat length. Peptides with
repeat lengths of Q5-Q10 exhibit only a small



Figure 4. Extension of poly(Gln) aggregates by tagged monomeric poly(Gln) peptides. (a) Q37 aggregates of type of
the type shown in Figure 5(b) were ®xed to the plate and biotinyl-poly(Gln) peptides of various lengths incubated as
described. The different lengths of peptides used were (±^±) Q5, (±}±) Q10, (±*±) Q15, (±*±) Q20, (±&±) Q25, (±
&±) Q28, ( � �^ � � ) Q35, ( � �}� � ) Q39, ( � �* � � ) Q44 and ( � �* � � ) Q49. (b) Biotinyl-Q28 (10 nM) was incubated in micro-
plate wells with 80 ng of Q37 aggregates growth at 37 �C ( � �}� � ) and sonicated ( � �& � � ) and ®ltered ( � �* � � ) or Q37

aggregates formed by incubation at ÿ20 �C (±^±) and sonicated (±&±) and ®ltered (±*±).
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degree of binding/extension under these con-
ditions. In contrast, peptides with repeat lengths of
Q15 or Q20 can readily add to pre-existing aggre-
gates under these conditions. As the poly(Gln)
repeat length further increases up to Q39, the ability
to be recruited also increases. Further length
increases, represented by the Q44 and Q49 peptides,
do not add measurably to the rate of extension.
These data suggest that, while poly(Gln) repeat
length also contributes to extension activity, length
constraints are less severe for aggregate extension
than for spontaneous nucleation. In particular,
these data show that peptide elements as short as
Q15 are suf®cient to support the recruitment of a
poly(Gln)-containing protein by a pre-existing
aggregate.

Dependence of recruitment on poly(Gln)
aggregate morphology

Our ability to exert some control over poly(Gln)
solubility and aggregate growth also provides an
opportunity to study the properties of poly(Gln)
aggregates. A number of aggregate morphologies
from in vitro assembly of poly(Gln) proteins and
peptides have been reported, including small cur-
vilinear ®laments,19 broad ribbons,22 and amyloid-
like ®brils.12 Figure 5 shows the morphologies of
two aggregated states we produced in vitro from
the same synthetic poly(Gln) Q37 peptide. The
broad ribbon morphology shown in Figure 5(a) is
similar to structures observed in the aggregation of
proteolytic fragments of the N-terminal domain of
huntingtin containing a Q51 repeat.22 These broad
ribbons of about 50 nm in width and 500 nm or
more in length appear in the electron microscope
to consist of a sub-structure of aligned, straight
®laments. The thin ®laments shown in Figure 5(b)
resemble previously observed small aggregates of
a Q15 peptide,19 and are similar to the proto®brillar
intermediates in Ab aggregation in vitro.34 These
®laments, 3-4 nm in diameter and about 50 nm in
length, appear similar in diameter to the ®lamen-
tous components of the ribbons shown in
Figure 5(a).

Figure 4(b) shows that different aggregated
states of the same poly(Gln) sequence exhibit dra-
matically different abilities to serve as templates
for heterologous extension by other poly(Gln) pep-
tides. We prepared six different versions of aggre-
gates of the Q37 peptide. One series was prepared
by incubating peptide at 37 �C to generate the
large, ordered aggregates shown in Figure 5(a).
The other series was prepared from aggregates
assembled in a reaction at ÿ20 �C, like those
shown in Figure 5(b). In both cases, sub-popu-
lations of aggregates were also prepared, by soni-
cation either with or without a following
membrane ®ltration step. For each of the six result-
ing aggregate preparations, the weight concen-
tration of aggregates was determined and equal
weights of aggregates were ®xed to the wells of
microtiter plates.

Figure 4(b) shows that these aggregates, all
derived from the same Q37 peptide, vary consider-
ably in their weight-normalized abilities to support
heterologous extension by a biotinylated Q28 pep-
tide. Two trends are readily apparent. First, ®la-
mentous ÿ20 �C aggregates are more ef®cient in
supporting extension than are the broad ribbons
generated at 37 �C. Secondly, within each of these
two series, smaller particles are more ef®cient
at supporting extension than are larger ones (sonic-
ated � ®ltered > sonicated > non-sonicated). The
results suggest that the ability of an aggregate to
support extension may depend, in part, on its



Figure 5. Aggregates of the Q37 peptide prepared as described were ®xed to mica grids and negatively stained
with a 0.25 % (w/v) potassium phosphotungstate solution, and analyzed by transmission electron microscopy on a
Hitachi H-600 electron microscope. (a) Aggregates grown at 37 �C. (b) Aggregates formed by incubation at ÿ20 �C.
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``extension-competent'' surface area. The results
also suggest, however, that ®ne structure within
the aggregate, as manifested by the ®lamentous
versus ribbon morphology in the electron micro-
cope, may also impart some differences in the
intrinsic extension ef®ciencies of different forms.
The data shown in Figure 4(b) correspond to a 20-
fold difference in initial extension rate between the
smallest (sonicated and ®ltered, ÿ20 �C aggregate)
and the largest (non-sonicated, 37 �C aggregate)
aggregates tested, showing that aggregate size and
morphology together have a signi®cant in¯uence
on extension ef®ciency.

Discussion

Deposition of protein aggregates is an aspect of
the pathology of a growing number of neurode-
generative diseases, including Alzheimer's disease,
Parkinson's disease, prion diseases, amyotrophic
lateral sclerosis, and expanded CAG repeat dis-
eases like HD.35 Several systemic amyloidoses also
sometimes manifest as peripheral neuropathies.36

The mechanisms by which these protein aggregates
disrupt normal cell function and ultimately lead to
cell death and tissue atrophy are unknown. One
mechanism that has received relatively little atten-
tion is the recruitment/sequestration model, in
which molecules carrying out important functions
at low concentration are drawn into growing pro-
tein aggregates, thereby depriving the local cellular
environment of their function and inducing cellular
stress. In addition to the expanded poly(Gln)
repeat diseases, mechanisms of cytotoxicity related
to this heterologous recruitment-sequestration
mechanism have been considered in discussions of
Alzheimer's disease,37,38 Parkinson's disease,39 and
amyotrophic lateral sclerosis.40 In addition, ef®cient
homologous recruitment of certain proteins into
inactive aggregates is the basis for the loss of func-
tion phenotypes at the core of the yeast prion phe-
nomenon.41

The recruitment/sequestration model is particu-
larly attractive in the case of the expanded
poly(Gln) diseases. In these diseases, there is a
clear, structurally attractive molecular mechanism
that might potentially endow the recruitment pro-
cess with a degree of speci®city, the shared
poly(Gln) sequences of the proteins involved.
Many of the poly(Gln) proteins found in the gen-
ome database are transcription factors of one kind
or another, acting in the nucleus at low, tightly
regulated concentrations. Most (but not all)
poly(Gln) inclusions are observed to reside in cell
nuclei, and transcription dysfunction is a common
attribute of poly(Gln) pathology.11 Two of the pro-
teins for which expansion of a poly(Gln) track is
associated with neurodegeneration, TBP42 and the
androgen receptor,43 are themselves transcription
factors.

That two poly(Gln)-containing proteins might be
capable of co-aggregating in vivo was suggested by
the observation of recruitment of full-length ataxin-
3 (AT-3) into aggregates of an AT-3 fragment con-
taining an expanded CAG repeat.13 Normal, wild-
type poly(Gln)-containing proteins that are not
known to aggregate independently in vivo have
been shown to co-localize to aggregates of
expanded poly(Gln) proteins in various disease
models.6,14 ± 18 Particularly striking are recent exper-
iments showing the interactions between aggre-
gates of expanded poly(Gln) proteins and the
transcription factor CREB-binding protein (CBP).
Transfected cells containing cytotoxic NIIs formed
from expanded poly(Gln) repeat proteins exhibit
both co-localization of CBP to nuclear
aggregates16 ± 18 and loss of CBP protein17 and CBP-
related transcriptional activity18 from the soluble
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fraction. In contrast, neither a Q19-deleted form of
CBP, nor P300, a CBP homolog containing only a
Q6 repeat, are recruited into NIIs.18 While
expression of expanded poly(Gln) protein is toxic
to these cells, cytotoxicity is reversed by overex-
pression of various forms of CBP.17,18

The analysis of poly(Gln) aggregation reported
here is consistent with a number of the details of
the recruitment/sequestration mechanism. First,
we observe little apparent secondary structure
difference between short and long poly(Gln) pep-
tides in their circular dichroism spectra, arguing
against mechanisms of cytotoxicity based on
length-dependent conformational changes at the
level of the soluble monomer. Second, we observe
a strong length-dependence to the critical concen-
trations and aggregation lag times of simple
poly(Gln) peptides in their nucleation-dependent
aggregation, suggesting that the poly(Gln) length-
dependence of disease risk may be linked to
nucleated aggregation within the cell. Third, we
®nd that, once aggregation is initiated by a longer
poly(Gln) sequence, poly(Gln) peptides in the Q15-
Q20 range are recruited into the growing aggregate
ef®ciently, while Q5 or Q10 peptides are recruited
much less ef®ciently (Figure 4(a)). These results are
consistent with the observation that a Q19 protein,
CBP, is recruited into cellular poly(Gln)
aggregates,16 ± 18 while its Q6 homolog, P300, is
not.18

Finally, our observation of an inverse relation-
ship between the size and recruitment activity
(Figure 4(b)) of different forms of aggregates may
help to explain the inability of some animal and
cellular models to demonstrate good correlations
between NII formation and cytotoxicity. In many
of these experiments, diffuse nuclear staining as
detected by ¯uorescence microscopy is often equa-
ted with a ``soluble'' state of the poly(Gln) protein,
while the formation of large (>1 mm) NIIs is con-
sidered to be an accurate reporter of the transition
to an ``aggregated'' state. In contrast, when (higher
resolution) electron microscopy is used to analyze
the substructures of NIIs from HD patients4 and
from mouse models,22 it reveals within the NII a
series of punctate and ®lamentous aggregates
whose sizes are more in the range of the in vitro
®laments shown in Figure 4(b). Importantly, small
immunostaining ®laments can also be seen on the
periphery of the NIIs in the electron micro-
graphs,4,44 suggesting the possibility of the inde-
pendent existence of small poly(Gln) aggregates
within the cell. The results shown in Figure 4(b)
suggest that the recruitment-associated activity of
poly(Gln) aggregates in the cell may also decrease
as their size (and hence their visibility in ¯uor-
escence light microscopy) increases. The impli-
cation that not all poly(Gln) aggregates are equally
important is reminiscent of data assigning special
biological signi®cance to small aggregated forms of
Ab45 ± 49 as well as theoretical treatments of the
importance of aggregate size on prion infectivity.50

Together with the present report, these recent con-
tributions reaf®rm the importance of recognizing
the existence of multiple protein aggregated states
in modeling protein-folding diseases.51

The in vivo relevance of the morphological forms
reported here for aggregates of chemically syn-
thesized poly(Gln) peptides is not known. As dis-
cussed above, both ribbons and ®brils have been
described for in vitro aggregates of poly(Gln)-con-
taining disease-related proteins, and both isolated
and clumped ®lamentous aggregates are observed
in cells. Whether or not the in vitro ®laments
reported here are relevant to poly(Gln) pathology,
the inverse correlation we observe here between
aggregate size and recruitment activity is likely to
be germane to whatever poly(Gln) aggregates are
formed in the cell.

The data reported here suggest that, while
poly(Gln) sequences must reach a repeat length of
about Q37 or higher to promote ef®cient nuclea-
tion-dependent aggregation, proteins with
poly(Gln) repeats as low as Q15-Q20 should be sus-
ceptible to being recruited into aggregates once the
process is initiated. Our in vitro observation of a
class of small, ordered aggregates capable of pro-
moting aggressive poly(Gln) recruitment suggests
that surveys limited to large, easily detectable
aggregates may not give an accurate picture of
poly(Gln)-related cytotoxic activity within a cell. A
better measure of the disease-related impact of the
aggregate burden of a cell or tissue may be the
recruitment activity associated with those aggre-
gates. Derivative versions of the microplate assay
utilized here should prove valuable both in quanti-
fying this recruitment activity in biological samples
and in screening compound libraries for potential
inhibitors of poly(Gln) aggregation and/or aggre-
gate extension.

Materials and Methods

Materials and basic methods

Peptides were obtained by custom solid-phase syn-
thesis from the Keck Biotechnology Center at Yale
University. Synthetic peptides had a common sequence
context of a poly(Gln) sequence ¯anked by pairs of
lysine residues: K2QnK2. The Lys residues are added to
confer a net positive charge on the peptides at pH 7 to
enhance solubility; in fact, a Q37 peptide lacking the
¯anking Lys residues and subjected to the standard dis-
aggregation protocol (see below) exhibits instantaneous
aggregation at both pH 3 and pH 7 (S. C., unpublished
results). For the microplate extension assay, peptides
were obtained in which a biotin group was appended to
the a-amino group of the N-terminal Lys residue of the
completed peptide product. Light-scattering measure-
ments were conducted on aliquots of aggregation reac-
tions transferred to a ¯uorescence cuvet and read as
apparent ¯uorescence in a Perkin-Elmer LS50B ¯uorom-
eter with emission and excitation wavelengths both set
at 450 nm, and with the emission and excitation slit-
widths both set at 2 nm. Approximate critical concen-
tration values were obtained by allowing an aggregation
reaction to reach equilibrium, then quantifying the
amount of unpolymerized material by either the A220
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absorbance peak in reverse phase HPLC (compared to a
poly(Gln) peptide standard characterized by amino acid
composition analysis; Commonwealth Biotechnologies,
Inc.) or the ¯uorescence of a ¯uorescein-tagged version
of the peptide (also obtained from the Keck Center).

Disaggregation of poly(Gln) peptides

Details of the solubilization protocol, which is derived
from a method previously described for disaggregation
of the Alzheimer's peptide Ab,52 are as described.23

Brie¯y, lyophilized synthetic peptides were suspended
in a mixture of tri¯uoroacetic acid (TFA) and hexa¯uor-
oisopropanol (HFIP) and incubated at room temperature
to insure complete dissolution. The volatile solvent mix-
ture was removed under a stream of argon, the peptide
residue dissolved in water adjusted to pH 3 with TFA,
and the resulting solution further disaggregated by ultra-
centrifugation. Aggregation reactions were initiated by
addition of a phosphate-buffered saline (PBS) buffer con-
centrate.

Growth of aggregates in solution phase

Peptides were disaggregated as described above. Dis-
aggregated peptides were adjusted to a concentration of
57 mg/ml in PBS and incubated at 37 �C to produce the
kinetics shown in Figure 2. The aggregates shown in
Figure 5(a) were grown at 37 �C at a poly(Gln) concen-
tration of 10 mM. For the assay summarized in
Figure 4(a), and for the aggregates shown in Figure 5(b),
peptides were incubated in PBS at 37 �C, then snap fro-
zen and further incubated at ÿ20 �C. For the kinetic data
shown in Figure 4(b), some aggregates were further pro-
cessed by sonication with a probe sonicator (two minutes
at 0 �C) followed by ®ltration through a 1.22 mm mem-
brane ®lter. The mechanism by which aggregation
conditions control aggregate morphology is at present
unknown. A description of the factors in¯uencing
aggregation at ÿ20 �C will be described elsewhere
(B. Hamilton and R. W., unpublished results).

Microtiter plate extension reaction

Aggregates (80 ng per well) prepared as described
above, were ®xed to activated enzyme-linked immuno-
sorbent assay (ELISA) microtiter plates by overnight
incubation followed by washing with assay buffer con-
sisting of 0.01 % (w/v) Tween-20 and 0.05 % (w/v)
sodium azide in PBS. In the experiment shown in
Figure 4(b), quantitative attachment of the aggregates to
the microplate wells was con®rmed by recovery of the
supernatant from the wells after the ®xation step, cen-
trifugation to recover any non-®xed aggregate, addition
of TFA to solubilize any non-®xed aggregate, and injec-
tion of the diluted TFA extract onto the high perform-
ance liquid chromatography (HPLC). Essentially no
poly(Gln) was recovered, in contrast to standard suspen-
sions of aggregate treated similarly.

Solutions (10 nM) of disaggregated biotinyl-poly(Gln)
peptides were incubated at 37 � C for various times in
aggregate-containing wells. These supernatants were
then discarded and the wells washed and incubated at
room temperature with a solution of a europium com-
plex of streptavidin (EG&G Wallac). Wells were washed
and the deposited europium released into solution with
a complexation buffer (EG&G Wallac Enhancement
Buffer), then counted by time-resolved ¯uorescence in a
Victor 2 1420 multilabel counter (EG&G Wallac). Details
of the assay reported elsewhere are.53,54
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