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Huntington disease results from an expanded polyglutamine
region in the N terminus of the huntingtin protein. HD pathol-
ogy is characterized by neuronal degeneration and protein
inclusions containingN-terminal fragments ofmutant hunting-
tin. Structural information is minimal, though it is believed that
mutant huntingtin polyglutamine adopts � structure upon con-
version to a toxic form.To this end,wedesignedmammalian cell
expression constructs encoding compact � variants of Htt exon
1 N-terminal fragment and tested their ability to aggregate and
induce toxicity in cultured neuronal cells. In parallel, we per-
formed molecular dynamics simulations, which indicate that
constructs with expanded polyglutamine �-strands are stabi-
lized by main-chain hydrogen bonding. Finally, we found a cor-
relation between the reactivity to 3B5H10, an expanded poly-
glutamine antibody that recognizes a compact � rich hairpin
structure, and the ability to induce cell toxicity. These data are
consistent with an important role for a compact � structure in
mutant huntingtin-induced cell toxicity.

Huntington disease (HD)5 is a genetic neurodegenerative
disorder caused by an expanded polyglutamine (polyQ) repeat
in the huntingtin (Htt) protein (1–3). The function of Htt is
poorly understood, but is thought to involve vesicular transport
and recycling, as well as regulation of gene transcription (4).
The Htt protein is more than 3,000 amino acids in length, with

the polyQ stretch located at the extreme N terminus, and
numerous regions predicted to form highly structured HEAT
repeats (5). Normal length polyQ regions vary between 10 and
25 residues, while longer repeats of 36 glutamines or more can
cause HD (6). Clinical studies in HD patients have shown that a
longer repeat results in an earlier age of onset and a more rapid
disease progression (7, 8). Based on more recent work, Htt is
thought to undergo several proteolytic cleavage events, result-
ing in a number ofHtt truncation products (9, 10).One cleavage
product of particular interest is a short N-terminal fragment
similar in size to the product of the first exon of the Htt gene.
Htt exon-1 N-terminal fragment is comprised of the first 90
residues of the protein (numbering is based on 23 glutamine
repeats as in the original published sequence; (3)) and is
believed to be amediator of toxicity in animal models of HD, as
well as in human patients. The crystal structure of an N-termi-
nal fragment of Htt exon-1 fused to the C terminus of maltose-
binding protein shows that the initial 17 amino acids N-termi-
nal to the polyQ stretch can form an �-helix that extends into
the polyQ region (11). However, the structure of mutant Htt
with an expanded polyQ repeat has not yet been determined.
Apathological hallmark ofHD is the presence of intranuclear

inclusions composed largely of aggregated N-terminal frag-
ments of mutant Htt. While inclusions are pathognomonic for
the disease, they are not most enriched in the striatum, the
region of the brain most affected in HD, and are not always
present in those neurons most likely to degenerate (12). Fur-
ther, experiments carried out using neuronal cells in culture
have demonstrated that the formation of inclusions and toxic-
ity are separate events (13). At present, the formation of large
inclusions is, in part, believed to be a cellular protective
response to aggregated proteins (14–16).
While the aggregation pathway ofmutantHtt is complex and

remains poorly understood, it is likely to include a number of
intermediates that may be on- or off-pathway to the formation
of inclusions or to formation of the toxic species. The toxic
species in HD has not been identified, but is believed to be an
abnormally-folded monomer or a small soluble oligomer (17–
19). Intramolecular interactions within the N-terminal 17-res-
idue �-helical region of Htt may initiate the formation of oligo-
meric species (17, 20).
Whereas the conformation of the polyQ expansion in the

toxic form of mutant Htt has not been determined, a variety of
structures have been proposed (21, 22). In a previous study, we
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made alterations in the polyQ stretch to induce �-turn forma-
tion, and found that Htt proteins able to form a compact �
structure comprised of alternating �-strands and �-turns were
also toxic to cultured cells (23). Monoclonal expanded polyQ
antibody 3B5H10 has been shown in a number of recent studies
to detect soluble Htt in situ (24–26). Using computational
methods and small angle x-ray scattering techniques, 3B5H10
was found to best recognize expanded polyQ in a compact,
two-stranded, hairpin conformation with �-rich character.6
Thus, this antibody can be a useful tool in distinguishing com-
pact versus extended � conformations of expanded polyQ.

In the present study, we have made a series of novel Htt
exon-1 constructs that have varying propensities to form
�-strands within the polyQ region and tested their ability to
aggregate. In parallel, we have carried out molecular dynamics
simulations, which indicate that constructs with expanded
polyQ �-strands are stabilized by main-chain hydrogen bond-
ing. Further, we have found a correlation between 3B5H10
reactivity to eachHtt exon-1 construct and the ability to induce
cell toxicity. Taken together, our data are consistent with an
important role for a compact � structure in mutant Htt exon-
1-mediated cell toxicity.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Preparation of the Htt exon-1 76Q
DNA for expression in Neuro2a (N2a) cells was carried out
using amulti-step process as previously described (23). To gen-
erate all other DNA constructs, synthetic DNA fragments
comprised of a mix of CAG/CAA sequence and encoding for
Q3[PGQ9]6PGQ3 (PGQ9, see Fig. 1), Q3[PGQ4PQ4]4-
PGQ9[PGQ4PQ4]PGQ3 (PGQP), Q3[PGQ4WQ4]4PGQ9[PGQ4-
WQ4]PGQ3 (PGQW), Q3[EDQ9]6EDQ3 (EDQ9), and
Q3[PGQ6PGQ12]3PGQ4 (PGQ6/12) were synthesized and
cloned into a modified pUC vector by Blue Heron Biotechnol-
ogy. These fragments were then subcloned using BseRI and
BsgI restriction sites into a modified Htt exon-1 cDNA
described previously (27). Finally, PGQ9, PGQP, PGQW,
EDQ9, and PGQ6/12 Htt exon-1 constructs were subcloned into
a modified pCMV-2B vector (Stratagene) via SalI and NotI
restriction sites to allow for protein expression.
Antibodies—A mouse anti-FLAG monoclonal antibody was

purchased from Sigma. MW7, a mouse monoclonal IgM spe-
cific for the polyproline-rich regions of Htt, was prepared as
described previously (28). Anti-Htt exon-1, a goat polyclonal
antibody, was generated against anHtt exon-1 internal deletion
mutant as previously described (29). 3B5H10, a mouse mono-
clonal IgG selective for �-hairpin structure in expanded polyQ,
was prepared as described (30).
Cell Culture and Transfection—Mouse N2a cells (American

Type Culture Collection, ATCC) were maintained in N2a
growth medium (50% high glucose Dulbecco’s Modified Eagle
Medium (DMEM; ATCC), 50% Opti-Minimal Essential
Medium (-MEM; ATCC), 5% fetal bovine serum (FBS; Invitro-
gen), and 1% penicillin-streptomycin (Invitrogen). Mouse hip-
pocampal-derived HT22 cells were grown in low glucose
DMEM supplementedwith 10% FBS and 1% penicillin-strepto-

mycin. Cells were grown on coverslips in 6-well plates (Corning
Incorporated Life Sciences) to �50% confluency at the time of
transfection. Transfections were carried out using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol.
Quantification of AggregatedHtt Exon-1 PolyQ andCompact

� PolyQ Proteins in N2a Cells—Cells were fixed and permeabi-
lized using 4% paraformaldehyde (Sigma) and 0.1% Triton
X-100 (Sigma) in phosphate buffered saline (PBS), pH 7.4 at
48 h post-transfection. Fixed cells were stained with MW7
(1:2500)monoclonal antibody, followed by cy3-antimouse IgM
(Jackson ImmunoResearch), and labeledwithHoechst (Invitro-
gen/Molecular Probes) as described (23). Finally, coverslips
were mounted with Vectashield mounting medium (Vector
Laboratories). Indirect immunofluorescence (IIF) staining was
viewed using a Zeiss Axiovert 200 M fluorescence microscope.
For quantification, images were captured from 15 random
selected fields for each coverslip (�150 cell total). Duplicate
coverslips for the transfection of each construct were examined
in each individual experiment. Data presented are an average
(� S.D.) of three separate experiments.
Quantification of 3B5H10 Reactivity in HT22 Cells—Cells

were fixed and permeabilized as described above at 24 h post-
transfection. Fixed cells were co-stained with MW7 (1:2500)
and 3B5H10 (1:5000) monoclonal antibodies, followed by Cy3-
anti mouse IgM (Jackson ImmunoResearch) and FITC-anti-
mouse IgG (Chemicon International), and labeled with
Hoechst (Invitrogen/Molecular Probes) as described (23).
Images were collected on a Zeiss 510 Meta confocal micro-
scope. A reference sample was used periodically throughout
each experiment to confirm that image intensity remained con-
sistent over time. For each experiment, one photomultiplier
tube (PMT) detector was set to a single gain and offset setting
for 3B5H10 fluorescence, one forMW7, and a third forHoechst
staining. PMT gain and offset settings were determined by the
detection range necessary to image, with a single setting across
all Htt exon-1 constructs and across all trials. Images were
acquired using a 63� oil immersion lens, then imported into
and analyzed byVolocityQuantitation software (Perkin Elmer).
Cells with soluble staining were selected using MW7 staining,
without regard for 3B5H10 reactivity. Htt that was included in
the final quantification had to be within a lower and upper
boundary of MW7 fluorescence. The lower boundary repre-
sents the minimum detectable soluble Htt staining, while the
upper boundary prevented inclusion of aggregates in the calcu-
lations. For the Htt in each cell that was between the lower and
upper boundaries of MW7 fluorescence, the corresponding
3B5H10 intensity was then quantified. These data were subse-
quently averaged for each Htt exon-1 compact � construct and
normalized against Htt exon-1 76Q intensity per trial. The final
data represent the average (� S.D.) of three independent trials.
Cell Lysis and Immunoblotting—Protein extracts from

transfected cells were prepared in m-PER cell lysis buffer
(Pierce) supplemented with a protease inhibitor mixture
containing 4-(2-aminoethyl)benzenesulfonyl fluoride-hy-
drochloric acid, aprotinin, E-64, EDTA, and leupeptin
hemisulfate (CalBiochem). Following a 10 min centrifugation
of the cell lysates at 4 °C and 14,000 � g, detergent-soluble6 J. Miller and S. Finkbeiner, submitted for publication.
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supernatant and detergent-insoluble pellet fractions were col-
lected. Detergent soluble supernatants were prepared for SDS-
PAGE as previously described (23). The insoluble fractions
were solubilized by resuspension in m-PER supplemented with
benzonase nuclease (Novagen), sonication, and centrifugation
for 10 min at 4 °C and 4,000 � g. Protein determination was
carried out on each lysate using a Bradford protein assay (Bio-
Rad). For both soluble and insoluble fractions, identical
amounts of total protein were analyzed by SDS-PAGE and
Western blotting with an anti-Htt exon-1 antibody (1:5000)
and anti-FLAG (1:2000) as previously described (23).
Determination of Cell Viability in N2A Cells using a pSIVA-

based Cell Suspension Toxicity Assay—Cells maintained in
growth medium were transfected as described above and
treated with pSIVA, a membrane polarity-sensitive annexin-
based green fluorescent probe (31), 72 h after transfection using
a pSIVA concentration of 250 ng/ml. Following a 2 h staining
period, cells were harvested and spun at 500 � g for 5 min at
room temperature. Following successive cycles of pelleting and
suspension, cells were fixed and permeabilized using 4% para-
formaldehyde (Sigma) and 0.02%Digitonin (Sigma) in PBSwith
calcium and magnesium. Fixed cells were stained with MW7
(1:2500) followed byCy3-antimouse IgM (Jackson ImmunoRe-
search) and labeled with Hoechst (Invitrogen/Molecular
Probes) as described (23). Following antibody and Hoechst
staining, cells were resuspended in fluoromount (Sigma), added
to a glass coverslip, and mounted. Cells were imaged at 10�
using the MosaiX feature of Axiovision with a Zeiss Axiovert
200 M fluorescence microscope and motorized stage. The
resulting images were imported into and analyzed with Voloc-
ity Quantitation software (Perkin Elmer). A lower threshold
was defined for Htt-positive staining using MW7 fluorescence.
Average pSIVA intensity was found for each Htt positive cell.
Htt toxicity is reported as a ratio between healthy and
unhealthy cells and normalized against Htt exon-1 16Q, the
non-expanded polyQ nontoxic control. Data presented are an
average (� S.D.) of three separate experiments.
Molecular Dynamics Simulations—All models were built

manually with the programs QUANTA (Accelrys, Inc.) and O
(32). PolyQ peptides are interrupted by three turns to form a
four-strand antiparallel �-sheet structure. The turns were
modeled as a �-turn conformation and all the Gln side chains
were aligned to maximize the number of hydrogen bonds
(H-bonds). In the PGQ9 (EDQ9) structures, the turn QQQQ
wasmutated to QPGQ (QEDQ); in PGQP (PGQW), residues 7,
18, 40 were mutated to Pro (Trp) in addition to the turn muta-
tions. All-atom molecular dynamics (MD) simulations were
performed with the program NAMD (33) using CHARMM
22/27 force field. Periodic boundary conditions were used in all
simulations. The electrostatic interactions were calculated
using ParticleMesh Ewald algorithmwith 12Å real space cutoff
distance and grid widths of 0.89–0.95 Å.We used a 12 Å cutoff
radius for the Lennard-Jones interactions. Calculations were
performed in the NPT ensemble. Nose-Hoover Langevin pis-
ton pressure control was used to maintain the system at a con-
stant pressure of 1 atm. A constant temperature of 300K was
controlled by Langevin dynamics with a damping coefficient of
2.5/ps. The system consisted of 23000–25000 atoms, depend-

ing on the specific run and including �7800 water molecules.
MD runs used an integration step of 2 fs with SHAKE algo-
rithm. Before all MD runs, the manually built structures were
subjected to 5000 steps of energy minimization with the conju-
gate gradients algorithm used by NAMD. The models were
then solvated in a rectangular box with TIP3 water molecules.
The whole system (polypeptide with solvent) was again mini-
mized and then brought to 300K in 10,000 steps. Finally, MD
simulationswere performed to study the conformational stabil-
ity of the proposedmodels for 10 ns (20 ns for PGQ6/12) in NPT
ensemble. Model figures were generated with the program
VMD (34).

RESULTS

A Compact � Model of Mutant Htt poly Q Structure—To
investigate the relevance of the compact�model onmutantHtt
polyQ aggregation and toxicity, five novel Htt exon-1 cDNAs
(designed based on their propensity to form a compact � struc-
ture) were prepared for expression in mammalian cells (Fig.
1A). The first two constructs, Htt exon-1 PGQ9, a putative
�-turn former (Fig. 1B) and PGQP, a putative �-strand breaker
(Fig. 1B), weremodified from constructs originally described in
(23). Htt exon-1 PGQW (Fig. 1A), a PGQP variant, and Htt
exon-1 EDQ9 (Fig. 1A), a PGQ9 variant, were designed to inves-
tigate the influence of different amino acid substitutions at the
central putative �-strand residue or at the �-turn positions.
The prediction was that both of these constructs would form a
compact� structure (Fig. 1B) and, therefore, be prone to aggre-
gate, albeit for different reasons. Compact � structure within
Htt exon-1 PGQW could be stabilized by hydrophobic inter-
actions between Trp side chains within the �-strand. Htt
exon-1 EDQ9 was predicted to form a compact � structure
because Glu/Asp is the second most probable �-turn-induc-
ing pair (following Pro/Gly) at the i, i�1 �-turn positions
within �-strands of known proteins (35). The final Htt
exon-1 construct, PGQ6/12, was designed with alternating
PGQ6/PGQ12 elements (Fig. 1, A and B) to determine the
effect of altering polyQ length within putative �-strands of
the same peptide. We reasoned that this design would pre-
vent �-strands from aligning for maximum hydrogen bond-
ing, rendering the putative compact � structure less stable
and therefore less prone to aggregate.
Aggregation Propensity of Htt Exon-1 PolyQ and Compact �

PolyQ Variants in N2a Cells—Previous studies demonstrated
that placement of a single Pro residue, a known �-strand
breaker, within the center of three out of four PGQ9 elements
effectively blocked aggregation of Htt exon-1 in mammalian
cells (23). This observation was confirmed in the present stud-
ies using a modified Htt exon-1 protein in which five out of six
PGQ9 elements contained a central Pro (PGQP, Figs. 1,A andB,
and 2A). To determine whether this effect is specific for Pro, or
could be observed with a different amino acid not typically
associated with �-strand breaks, the central Pro residue was
replacedwith a Trp residue (PGQW, Fig. 1,A andB). Following
expression in N2a cells, Htt exon-1 PGQW formed numerous
cellular aggregates that were indistinguishable from those
formed by Htt exon-1 PGQ9 or 76Q proteins (Fig. 2A). Quan-
titative analysis of these data (Fig. 2B) demonstrated that 79% of
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Htt exon-1 PGQ9-expressing cells and 90% of PGQW-express-
ing cells contained visible aggregates, while only 4% of PGQP-
expressing cells had detectable aggregates. Western blot analy-
sis of N2a cell extracts showed a slightly faster migration rate
for PGQWcompared with other expanded polyQ and compact
� polyQ Htt exon-1 mutants (Fig. 2C, left panel). This observa-
tion could result from a higher affinity of the hydrophobic Trp
residue to SDS, rendering PGQW with a greater negative
charge and faster mobility on SDS-PAGE. In addition, analysis
of detergent-solubilized extracts prepared from Htt exon-1
76Q-, PGQ9-, and PGQW-expressing cells demonstrated that
while 76Q and PGQ9-derived aggregates were completely sta-
ble in SDS, PGQW-derived aggregates were only partially
resistant to denaturation in SDS (Fig. 2C, right panel). These
data suggest that the PGQW polyQ region may be conforma-
tionally different compared with 76Q and PGQ9.

In the next set of experiments designed to investigate the
effect of an amino acid pair other than Pro/Gly at the �-turn
position, N2a cells were transfected with the Glu/Asp-contain-
ing-EDQ9 construct (Fig. 1, A and B). Following expression in
N2a cells, Htt exon-1 EDQ9 remained completely soluble (Fig.
2A), with only 3% of transfected cells showing aggregates (Fig.
2B). This result was comparable to that of non-expanded Htt
exon-1 16Q protein (6% of cells with aggregates, Fig. 2B), and
was confirmed by Western blotting analysis (Fig. 2C). Taken
together, these data demonstrated that in contrast to Htt
exon-1 PGQ9 and despite similar levels of overexpressed pro-
tein (data not shown),Glu/Asp at the�-turn position prevented
expanded Htt exon-1 polyQ from forming visible aggregates in
cells.

To determine the effect of altering polyQ length within puta-
tive �-strands of the same peptide, N2a cells were transfected
with Htt exon-1 PGQ6/12. In contrast to 76Q and PGQ9 pro-
teins, Htt exon-1 PGQ6/12 formed aggregates in only 18% of
transfected cells (Fig. 2, A and B). Western blot analysis con-
firmed this result (Fig. 2C), indicating that a polyQ region com-
prised of PGQ elements of different length diminished the abil-
ity of Htt exon-1 to form the visible aggregates observed for Htt
exon-1 76Q, PGQ9, and PGQW proteins.
Monoclonal Antibody 3B5H10 Recognizes an Epitope in Htt

Exon-1 PolyQ and Selective Compact� PolyQ Proteins—Recent
studies have demonstrated that 3B5H10 monoclonal antibody
recognizes a compact, two-stranded �-rich hairpin structure
formed by polyQ.6 To probe for 3B5H10-reactiveHtt species in
the present studies, HT22 cells were transfected with Htt
exon-1 polyQ and compact � polyQ constructs and processed
for immunocytochemistry 24 h following transfection. As
expected, 3B5H10 strongly stained cells containing diffuse Htt
exon-1 76Q (Fig. 3A). In addition, Htt exon-1 PGQ6/12 and
PGQ9 proteins were also recognized by 3B5H10 (Fig. 3A), sug-
gesting that both of these Htt exon-1 mutants have compact �
hairpin structure in their polyQ region. In contrast, 3B5H10
staining was not detected for Htt exon-1 PGQP, PGQW, or
EDQ9 proteins, despite strong staining with monoclonal anti-
body MW7 (Fig. 3A), which recognizes a broad array of Htt
species. The levels of 3B5H10-reactive Htt species were quan-
tified, relative to MW7 staining, and are presented in Fig. 3B.
Relative to Htt exon-1 76Q (set to a ratio of 1.0), the ratio of
3B5H10:MW7 reactivity was 0.65 for PGQ6/12 and 0.39 for
PGQ9. Thus, the compact, hairpin structure of polyQ recog-

FIGURE 1. Htt exon-1 polyQ and compact � polyQ proteins used for mammalian cell culture transfection experiments. A, domain structure of Htt exon-1
fragment, indicating polyQ region (red). Also shown are two Pro-repeat regions (yellow) and the P/Q-rich region (purple). An N-terminal FLAG tag (green) and
a C-terminal His6 tag (blue) were engineered into each construct. The primary structure for each polyQ region is shown. B, predicted secondary structure of
polyQ region in the expressed protein.
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nized by 3B5H10 is preferentially found in only a subset of our
Htt constructs (Htt exon-1 76Q�PGQ6/12�PGQ9 PGQP,
PGQW, EDQ9).
Expanded Htt Exon-1 PolyQ and Select Compact � PolyQ

Proteins Are Toxic in Mammalian Cells—Previous studies car-
ried out in N2a cells and in primary cortical neurons have dem-

onstrated that the Htt exon-1 compact � construct PGQ9, a
putative �-turn former, is as toxic as the uninterrupted 76Q
protein, while Htt exon-1 PGQP, a putative �-strand breaker,
has a toxicity comparable to the non-expandedHtt exon-1 16Q
protein (23). To test for polyQ-mediated toxicity of all compact
� Htt exon-1 constructs outlined in Fig. 1, we have developed a

FIGURE 2. Aggregation propensities of Htt exon-1 polyQ and compact � polyQ proteins in transiently transfected N2a cells. A, immunofluorescence
images of transfected N2a cells showing MW7 staining (red, left panels) 48 h after transfection. Arrows indicate Htt exon-1 76Q, PGQ9, and PGQW cytoplasmic
and perinuclear aggregates, while arrowheads show diffuse cytoplasmic staining in Htt exon-1 16Q, PGQP-, EDQ9-, and PGQ6/12-expressing cells. Nuclei in
merged images were stained with Hoechst (blue, middle panels). B, quantification of aggregated Htt exon-1 by cell counting analysis. Data shown are the
average (� S.D.) of three independent experiments. C, Western blot analysis of Htt exon-1 expression 48 h after transfection. Detergent-soluble supernatant
(left panels) and insoluble pellet fraction (right panels) samples were prepared as described under “Experimental Procedures.” Htt exon-1 EDQ9 remained mostly
soluble by IIF, as 16Q, and was not included in the insoluble fraction samples (right panels). Blots were stained with anti-FLAG (upper panels) and anti-Htt exon-1
(Ref. 29, lower panels) antibodies.
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novel suspension-based fluorescent cell viability assay. This
assay is based on co-staining of cells with the monoclonal anti-
bodyMW7, amonoclonal antibody specific for the proline-rich
regionwithinHtt exon-1 (28) andpSIVA, amembrane polarity-
sensitive annexin-based green fluorescent probe that can be
used to detect dying or dead cells (31). Cells were treated with
pSIVA 72 h following transfection but prior to fixation. After
pSIVA staining, cells were harvested, fixed, and stained with
MW7 and Hoechst in suspension, and mounted for immuno-
fluorescence imaging. As shown in Fig. 4, Htt exon-1 76Q and
PGQ9displayed similar levels of toxicitywhen expressed inN2a
cells, with a 3-fold increase relative to non-expanded 16Q. In
contrast, Htt exon-1 PGQP toxicity was comparable to 16Q.
These data are consistent with previous observations (23), and
suggest that disruption of compact � structure ameliorates cell
toxicity of Htt exon-1. Substitution of a Trp residue in Htt
exon-1 PGQWresulted in a dramatic 5-fold increase in toxicity
as compared with PGQP (Fig. 4), while replacement of the Pro/
Gly pair with a Glu/Asp pair in EDQ9 resulted in an equally
dramatic 5-fold decrease in toxicity relative to PGQ9 (Fig. 4).

Interestingly, altering polyQ length within putative �-strands
of the same peptide in Htt exon-1 PGQ6/12 inhibited aggrega-
tion (Fig. 2), but led to a nearly 3-fold increase in toxicity as
compared with non-expanded 16Q (Fig. 4). So, while Htt
exon-1 PGQ6/12 contains a compact, hairpin polyQ structure
(as detected by 3B5H10 staining (Fig. 3)), it remains soluble and
toxic when expressed in N2a cells.
Molecular Dynamics Confirms the Stability of Certain Com-

pact � PolyQ Structures—To confirm conformational prefer-
ences of Htt exon-1 polyQ and compact � polyQ monomers
and the role of hydrogen bonding in stabilizing the compact �
structure, we carried out MD simulations. These calculations
are based on the hypothesis thatmutantHtt forms an abnormal
� structure and that this structure has a compact � conforma-
tion. Our working hypothesis is that while not all sequences
that are able to form a compact � structure will be toxic,
sequences that do not form a compact � structure will not be
toxic. The relative ability of different sequences to forma stable,
four-stranded compact � structure was investigated by analyz-
ing the stability of pre-formed four-stranded compact �-hair-
pin structures during long MD simulations. Peptide sequences
for the simulations are outlined in Fig. 5A and include an unin-
terrupted 42Q, along with comparable-length compact �
sequences modeled after the Htt exon-1 cell expression con-
structs (Fig. 1A).
Inter-strandHydrogen Bonding Stabilizes the PolyQCompact

� Structure—To study the stability of the postulated antiparal-
lel, �-strand/�-turn conformation illustrated in Fig. 1B, we fol-
lowed the folded peptides in Fig. 5A through a 10 ns MD sim-
ulation and monitored preservation of the compact, �-strand/
�-turn structure throughout the simulation period. Shown in
Fig. 5B are representative “snapshot” images for each sequence
taken at times 0, 5 ns, and 10 ns of the simulation. To quantita-
tively evaluate how different peptide sequences affect stability
of the folded � hairpins, we monitored main chain hydrogen
bond (H-bond) formation over the 10 ns simulation period.
Assessment of main-chain hydrogen bonding demonstrated

FIGURE 3. Reactivity of Htt exon-1 polyQ and compact � polyQ proteins
with 3B5H10, an antibody that recognizes compact, two-stranded hair-
pins of polyQ, and MW7, an antibody that recognizes a wide range of Htt
species, in transiently-transfected mammalian cells. A, selected immuno-
fluorescence images of transfected HT22 cells showing 3B5H10 (green, upper
panels) and MW7 (red, middle panels) staining 48 h after transfection. Nuclei in
merged images were stained with Hoechst (blue, bottom panels). B, quantifi-
cation of 3B5H10 reactivity, relative to MW7 staining, for Htt exon-1 polyQ
and compact � polyQ proteins. All proteins are compared with Htt exon-1
76Q. Data shown are the average (� S.D.) of three independent experiments.

FIGURE 4. Toxicity of Htt exon-1 polyQ and compact � polyQ proteins in
N2a cells. pSIVA-based suspension assay demonstrates that Htt exon-1 76Q,
PGQ9, PGQ6/12, and PGQW constructs are toxic, while Htt exon-1 PGQP and
EDQ9 are not toxic. Cells were stained with pSIVA, a membrane polarity-sen-
sitive annexin-based green fluorescent probe that can be used to detect dead
or dying cells (31), 72 h after transfection. Cells were then fixed and stained
with MW7 antibody and processed as described under “Experimental Proce-
dures.” Toxicity values are reported relative to non-expanded Htt exon-1 16Q,
which has been previously shown in vitro and in vivo using numerous assays
to be soluble and non-toxic. Data shown are the average (� S.D.) of three
independent experiments.
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FIGURE 5. Molecular dynamics simulation studies. A, schematic representation of polyQ and compact � polyQ sequences. These sequences are analogous
to the constructs presented in Fig. 1A. B, snapshots for each sequence at the initial (t0 ns), midway (t5 ns), and final (t10 ns) time points of each 10 ns simulation.
(C) Histograms of the number of main-chain hydrogen bonds over the 10-ns MD simulation for each sequence. D, average number of main-chain hydrogen
bonds for each structure. Error bars represent root mean squared (rms) fluctuations in the number of hydrogen bonds with respect to the average. E, snapshots
of PGQ6/12 at the initial (t0 ns), midway (t5 ns, t10 ns, t15 ns), and final (t20 ns) time points over the 20-ns molecular dynamics simulation.
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that 42Q, PGQ9, EDQ9, and PGQWmaintained a similar num-
ber of H-bonds during the 10 ns simulation (Fig. 5C). With an
average number of 15 H-bonds, 42Q was only slightly higher in
main-chain H-bond formation than the compact � sequences
(13–13.5 H-bonds; Fig. 5D). H-bond formation for PGQP was
markedly reduced compared with the other sequences (Fig.
5C), with an average of 8 H-bonds present over the 10 ns sim-
ulation period. These data suggest that, based on main-chain
H-bond formation, the PGQP monomer forms the least stable
four-stranded structure of all sequences examined. In addition,
these data suggest that stability of the EDQ9 monomer is com-
parable to PGQ9, and imply that EDQ9 is able to form a mono-
meric compact � structure in solution, despite the fact that the
Htt exon-1 EDQ9 protein does not form visible aggregates in
transfected cells (Fig. 2A).
Altering PolyQ Repeat Length Within Consecutive �-Strand

Elements of the Same Peptide Results in Formation of an Early
Stage �-Barrel Structure—To determine the effect of altering
polyQ-repeat length within consecutive �-strands of the same
peptide (thus, reducing the number ofmain-chainH-bonds) on
compact � monomer stability, we built the PGQ6/12 sequence.
For this analysis, a 20-nsMD simulation was carried out. Inter-
estingly, over the 20-ns simulation period, the PGQ6/12
sequence loses the extended�-sheet conformationpreserved in
the other polyQ and compact � polyQ sequences (Fig. 5B), and
adopts a structure that is reminiscent of an early-stage �-barrel
(Fig. 5E, supplemental Fig. S1). These data suggest that an
expanded polyQ sequence designed with alternating PGQ6/
PGQ12 elements may form a globular conformation that would
lack a suitable binding site for homomeric or heteromeric
associations.

DISCUSSION

One attractive hypothesis that has been suggested for HD
pathogenesis is the formation of a toxic conformation by which
abnormally-folded mutant Htt can recruit additional Htt mol-
ecules, or other cellular binding partners to alter their function
(14). In the present study, we have explored this hypothesis in
the context of the compact � structural model of mutant Htt
polyQ (23). To this end, we have designed mammalian cell
expression constructs encoding compact � variants of Htt
exon-1 to address the relationship between mutant polyQ
structure and both aggregation and neurotoxicity. In parallel,
we carried out an MD study, using similar expanded polyQ
sequences to gain insight into mutant polyQ aggregation on a
structural level. This MD study was based on the hypothesis
that formation of a compact � is a pre-requisite for toxicity.

Using our cell expression constructs, we demonstrate that an
Htt exon-1 protein with Trp interruptions within the polyQ
region was able to aggregate and was toxic when expressed in
cultured neuronal cells, even though Pro interruptions at the
same positions abrogated aggregation and toxicity. In contrast,
placement of Glu/Asp, a predicted �-turn former, at the �-turn
position prevented aggregation and toxicity, even though
placement of Pro/Gly at the �-turn positions preserved aggre-
gation and toxicity. MD simulations using peptide sequences
based on the polyQ region within these constructs suggest that
main chain hydrogen bonding is involved in stabilizing the

compact � polyQ structure. Secondly, we found that altering
polyQ length within putative �-strands of the samemutant Htt
exon-1 protein resulted in a dramatic decrease in the formation
of visible aggregates in cells, despite the presence of �-hairpin
structure. Interestingly, while this protein remainedmostly sol-
uble, it was as toxic as an uninterrupted polyQ Htt exon-1 pro-
tein. Taken together, these studies imply that the formation of a
compact hairpin of polyQ within Htt exon-1 is necessary but
insufficient for both aggregation and toxicity of Htt.
Recent studies demonstrate that the monoclonal antibody

3B5H10 recognizes expanded polyQ in a compact, two-
stranded hairpin conformation,6 and that a minimum of 8 con-
secutive glutamines is required for binding.7 In the present
studies, we show that 3B5H10 reacts in situ with Htt exon-1
76Q, the PGQ9 �-turn former, and the �-strand-alternating
PGQ6/12 protein. 3B5H10 reactivity was slightly higher for the
PGQ6/12 protein than for PGQ9 �-turn former. This difference
may be explained by the longer �-strand segments present in
the PGQ6/12 construct, as 3B5H10 reactivity is stronger with
longer, expanded polyQ tracts.6WhileMD studies suggest that
PGQW and EDQ9 proteins both form a compact � monomer,
neither protein was recognized by 3B5H10, and could be due to
steric hindrance (PGQW) and electrostatic repulsion (EDQ9).
The electrostatic repulsion that possibly prevents 3B5H10
binding to EDQ9 may also prevent homotypic association
(oligomerization and aggregation) and heterotypic formation
of toxic protein complexes.
Based on the original Htt exon-1 compact � cell model (23),

a correlation was observed betweenHtt exon-1 proteins able to
form a compact � structure and toxicity. The results of the
present study are summarized in Table 1. While a correlation
was observed between the formation of visible aggregates and
toxicity, there was an exception to this finding. Specifically, the
Htt exon-1 �-strand-alternating PGQ6/12 protein did not form
visible aggregates in situ, yet was highly toxic in cultured cells.
Interestingly, this protein displays 3B5H10 reactivity, demon-
strating the presence of a compact two-stranded hairpin con-
formation of polyQ,6 which is believed to be associated with a
toxic form of Htt.6 Molecular-simulating unfolding data sug-
gests that this sequence may form a more globular structure
(early stage �-barrel) with somewhat reduced surface area for
self-associations, andmay be less able to form larger oligomeric
species. The present data cannot rule out the possibility that
small oligomeric species are formed by this protein. Future in

7 J. Miller and S. Finkbeiner, personal communication.

TABLE 1
Summary of cell transfection and molecular dynamics data
ND, not determined.

Construct
transfected Aggregation Toxicity

3B5H10
reactivity

Predicted
compact �
monomer
by MD

76Q � � � �
PGQ9 � � � �
EDQ9 - - - �
PGQP - - - -
PGQW � � - �
PGQ6/12 - � � �
16Q - - ND ND
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vitro studies with purified recombinant protein will be neces-
sary to determine whether or not the Htt exon-1 PGQ6/12 pro-
tein is able to form oligomeric structures.
In these studies, a combined cell biological, biochemical, and

biophysical approach was used to investigate the relevance of
the compact � model of mutant polyQ structure on Htt aggre-
gation and toxicity. This approach does have some limitations,
including the use of artificial polyQ constructs, the use of
assumptions for MD studies, and the inability to detect soluble
oligomeric species in cells. Nevertheless, our data support a
compact � model for polyQ cell toxicity. These data suggest
that the compact � conformation may be critical for both olig-
omerization and toxicity. Our data also suggest that compact
�-mediated oligomerization can be decoupled from toxicity
(PGQ6/12), suggesting that the compact � conformation could
be toxic in bothmonomeric and oligomeric forms ofHtt. Taken
together, these studies may help elucidate the nature of the
toxic species, and could provide targets for experimental ther-
apeutic to treat Huntington disease.
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