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Abnormal polyglutamine (polyQ) tracts are the only common feature in nine
proteins that each cause a dominant neurodegenerative disorder. In
Huntington's disease, tracts longer than 36 glutamines in the protein
huntingtin (htt) cause degeneration. In situ, monoclonal antibody 3B5H10
binds to different htt fragments in neurons in proportion to their toxicity.
Here, we determined the structure of 3B5H10 Fab to 1.9 Å resolution by X-ray
crystallography. Modeling demonstrates that the paratope forms a groove
suitable for binding two β-rich polyQ strands. Using small-angle X-ray
scattering, we confirmed that the polyQ epitope recognized by 3B5H10 is a
compact two-stranded hairpin within monomeric htt and is abundant in htt
fragments unbound to antibody. Thus, disease-associated polyQ stretches
preferentially adopt compact conformations. Since 3B5H10 binding predicts
degeneration, this compact polyQ structure may be neurotoxic.

© 2012 Elsevier Ltd. All rights reserved.
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Introduction

An abnormal expansion of the polyglutamine
(polyQ) tract in huntingtin (htt) results in a self-
aggregating protein and neurodegeneration. Under-
standing which structures of polyQ in mutant htt
and other polyQ-expanded proteins are most closely
linked to pathogenesis has important implications
for mechanisms of neurotoxicity. For example,
unaggregated expanded polyQ has been suggested
to mediate toxicity through aberrant recruitment of
cellular proteins.1 If such “recruitment-competent”
polyQ is structured, then mutant htt may act as a
structural mimic/competitor for the recruited pro-
tein's normal binding partners. Alternatively, if
“recruitment-competent” polyQ is unstructured,
then expanded polyQ may simply provide a longer,
more accessible recruitment site than wild-type (wt)
stretches of polyQ.
These alternate pathogenic scenarios lead to

potentially divergent therapeutic strategies. In the
case of a structured polyQ epitope, screens for
therapeutics that disrupt toxic structure formation
may be warranted. In the case of an unstructured
polyQ epitope, therapeutic strategies may instead
focus on covalently linking together multiple copies
of a molecule that recognizes a short linear array of
polyQ.2–5

While the structure of aggregated polyQ peptides
takes on the classical cross-β-strand structure of
amyloid fibrils,6 the exact structures and pathogenic
significance of a range of putative monomeric
species and very small oligomeric species of mutant
htt are unknown. The first exon of wt htt was
recently crystallized, revealing multiple conforma-
tions of the polyQ stretch.7 However, studies on
expanded (mutant) polyQ suggest that the unag-
gregated forms are largely unordered, adopting
secondary structure only upon aggregation.5,8,9

These data led to the concept of “beads on a string,”
a linear sequence of unaggregated glutamines
without secondary structure. In this “linear lattice”
model, the toxicity of unaggregated expanded
polyQ is caused by an increased accessibility of the
polyQ region to cellular ligands.2,5 Furthermore, if a
particular cellular ligand has two polyQ binding
sites, then the ligand will exhibit a strong preference
for expanded over wt stretches of polyQ driven by
increased avidity. Indeed, at least two IgG anti-
bodies (MW1 and 1C2), which inherently have two
identical epitope binding sites, have been thought to
preferentially bind expanded polyQ, at least in part,
by the avidity mechanism implied in the “linear
lattice” model.2,10

In contrast to the “linear lattice” model, some
pieces of in vitro experimental evidence indicate that
expanded polyQ induces a global change in confor-
mation in unaggregated htt.1,11,12 However, direct

experimental evidence indicating that disease-asso-
ciated polyQ stretches adopt an emergent confor-
mation in situ is lacking. Furthermore, whether any
particular emergent conformation formed in situ is
toxic is also unknown.
We identified a monoclonal antibody, 3B5H10,

that recognizes a species of htt in neurons that
predicts neurodegeneration better than all other α-
htt antibodies tested, including the “linear-lattice”-
recognizing antibody MW1.13 Here, we show that
3B5H10 recognizes a compact two-stranded confor-
mation of polyQ in monomeric htt that emerges
when the polyQ stretch expands. Our data show
that a specific compact conformation of expanded
polyQ forms in unaggregated htt in situ and that this
compact conformation has particular pathological
significance.

Results

Monoclonal 3B5H10 recognizes a structured
polyQ epitope in a fragment of htt

Since the epitope recognized by monoclonal
antibody 3B5H10 predicted neurodegeneration bet-
ter than the epitope recognized by MW1,13 we
considered the possibility that 3B5H10 recognizes
an epitope formed preferentially by mutant htt
rather than a repeated epitope envisioned by the
linear lattice model. We reasoned that a conforma-
tion that preferentially forms in mutant htt should
be stable at disease-associated polyQ lengths,
unstable at near-threshold lengths, and relatively
unformed at short lengths.
To test this putative difference in stability, we

probed the effects of the denaturant SDS on 3B5H10
binding to mutant, threshold, and wt versions of htt.
Specifically, we chose to test three different polyQ
stretches (Q17, Q25, and Q40) based on the frequency
with which the corresponding CAG codon stretches
are found in the htt gene within humans. A stretch of
Q17 is among the most common alleles found in the
normal population,14–17 whereas a stretch of Q40 is
relatively common among Huntington's disease
patients and is fully penetrant.15,17 Htt alleles with
Q23–34 are relatively rare but correspond to a
transition zone between the most common normal
alleles and disease-associated alleles and, therefore,
may have particularly interesting biochemical
properties.15,17

Cells were transfected with N-terminal 171-
amino-acid fragments of htt containing 17, 25, or
40 polyQ stretches, as well as hemagglutinin (HA)
and FLAG epitope tags fused, respectively, to the N-
terminus and C-terminus of htt. Cells were lysed
under native conditions 48 h after transfection, and
lysates were immunoprecipitated with α-HA
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epitope or 3B5H10 antibodies, subjected to SDS-
PAGE, and blotted with α-HA epitope or 3B5H10
antibodies. When the lysates were subjected to
immunoprecipitation (IP) and blotting with α-HA
antibody, the three versions of htt showed equal
immunoblotting intensities, signifying that all were
equally available for IP (Fig. 1a). In contrast, IP with
3B5H10 and blotting with α-HA antibody revealed a
band for the Q40 and Q25 versions of HA-171-Htt-
FLAG, but not for the Q17 version. This finding
confirms that 3B5H10 preferentially binds to versions
of htt near the threshold or higher. Interestingly,
when the three versions of htt were immunoprecipi-
tated with 3B5H10 and then blotted with 3B5H10,
only HA-171-Q40-FLAG was detected. This suggests
that the epitope on HA-171-Q25-FLAG recognized by
3B5H10 was unstable and disappeared upon SDS
exposure, while the HA-171-Q40-FLAG epitope rec-
ognized by 3B5H10 remained. Since some proteins
demonstrably retain or regain substantial secondary
structure on a nitrocellulose membrane after SDS-
PAGE,18–26 immunoreactivity to HA-171-Q40-FLAG
after SDS exposure does not exclude the possibility
that 3B5H10 recognizes a protein fold. These results
deviate from simple predictions of the “linear lattice”
model and suggest that 3B5H10 recognizes an epitope
that is sensitive to SDS denaturation and whose
sensitivity varies in a polyQ-length-dependent
manner.

Crystal structure of 3B5H10

Since our data suggested that 3B5H10 recognizes a
conformation of polyQ that emerges with longer
polyQ stretches, we sought to characterize the
structure of this conformation. First, we visualized
3B5H10's epitope binding groove by purifying26 and
crystallizing27 its Fab fragment. We determined its X-
ray crystal structure at 1.9 Å resolution by single
isomorphous replacement with anomalous scattering
andmolecular replacement [Protein Data Bank (PDB)
ID: 3S96] (Fig. S1, Tables S1–S3). During the process of
solving the structure, we noticed several similarities
between 3B5H10 and MW1. For example, both
antibodies have a λ light chain, which is found in
only 5% of the mouse antibody repertoire.28 Further-
more, a sequence comparison of 3B5H10 and MW1
reveals nearly identical light-chain complementarity-
determining regions (CDRs) and highly similar
heavy-chain CDRs that are particularly enriched in
aromatic residues (Fig. 1b),many ofwhich are solvent
accessible (yellow; Fig. 1c and d). Consistent with
aromaticmoieties facilitatingglutaminebinding,3,29,30

33% and 30% of the residues in the heavy-chain CDRs
of MW1 and 3B5H10, respectively, are aromatic, in
contrast to 9%of residues for the heavy-chainCDRs of
the 100 closest homologues.
A surface representation of 3B5H10 Fv reveals a

potential polyQ epitope binding groove studded

with regularly spaced aromatic residues that stretches
diagonally across the antibody's CDRs (Fig. 1c). The
diagonal orientation of the potential epitope binding
groove, which is also seen in the crystal structure of
MW1 Fv (Fig. 1d), is unique among 48 other
antibody/peptide structures surveyed from the
PDB.2 Previous studies of a GQ10G peptide com-
plexed with MW1 Fv (PDB ID: 2OTU)2 revealed that
the polyQ peptide follows the path of solvent-
accessible aromatic residues in the diagonal epitope
binding groove (Fig. 1e). Upon peptide binding, the
groove straightens through a 3° rotation between the
antibody's heavy and light variable chains (domain
rotation) to accommodate the uncurved epitope.
The strong sequence and structural similarities

between MW1 and 3B5H10 suggested that polyQ
binds to 3B5H10 along the analogous diagonal
groove, taking advantage of regularly spaced
aromatic residues lining the groove. Furthermore,
the strong similarities suggest that the 3° domain
rotation seen in MW1 upon epitope binding also
occurs in 3B5H10. Such domain rotations are
observed for other antibody/epitope interactions
and are well-documented in the literature.31 Indeed,
alternative crystal forms of 3B5H10 Fab (PDB ID:
4DCQ) were consistent with this domain rotation
(Fig. S2e and Supplementary Discussion). Analo-
gous to MW1, this domain rotation straightens the
epitope binding groove of 3B5H10 Fv while pro-
ducing minimal steric clash. Among all residues at
the heavy-chain/light-chain interface after domain
rotation, only seven are needed to adopt an alternate
side-chain rotamer involving at least a 1-Å shift for
at least one atom in the residue. No atom shifted by
greater than 1.6 Å (Fig. S2, Supplementary Discus-
sion, and Supplementary Methods).

The epitope binding grooves of 3B5H10 and
MW1 have different widths

While MW1 Fv and 3B5H10 Fv appear sequen-
tially and structurally similar (Fig. 1), several key
differences are observed when the crystal forms are
overlaid on each other (Fig. 2a). 3B5H10 Fab has
unusually long β-strands in CDR3 of the light chain
(L-CDR3) and in CDR2 of the heavy chain (H-
CDR2), unlike the corresponding CDRs of the Fv
fragment of MW1 (Fig. 2a). Since MW1 and 3B5H10
share nearly identical light chains (Fig. 1b), differ-
ences in paratope conformation, particularly the
packing interactions between H-CDR2 and L-CDR3
and between H-CDR2 and H-CDR1, are determined
by the heavy chain (Fig. 2b–d). While the structure
of L-CDR3 is loop like in MW1, it forms an extended
β-hairpin that is observed in all crystal forms of
3B5H10 Fab, regardless of the location of crystal cell
contacts. Although stable rigid secondary structures
in CDRs are unusual, similar β-strands have been
found in the CDRs of other Fabs.32
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Fig. 1. Paratope structure for the conformation-specific polyQ antibody 3B5H10. (a) 3B5H10 is a conformation-specific
antibody, recognizing a structure that is preferentially formed by disease-associated polyQ expansions. FLAG and HA-
tagged N-terminal fragments of htt with polyQ stretches in the wt (Q17), near-disease-threshold (Q25), and disease-
associated (Q40) ranges were immunoprecipitated from cell lysates under native conditions. When immunoprecipitated
with a-HA antibody, all three htt constructs were pulled down equally well, as shown by Western blot analysis with α-
HA. However, when immunoprecipitated with the conformation-sensitive antibody 3B5H10, only htt with near-disease-
threshold and disease-associated polyQ lengths were pulled down. When the same Western blot analysis was probed
with 3B5H10 instead of α-HA, htt with a near-disease-threshold polyQ length was no longer detected, suggesting that this
polyQ length has a relatively unstable conformation that denatures under the conditions used for Western blot analyses.
These results are most consistent with 3B5H10 recognizing a conformation of polyQ that emerges as the polyQ tract
expands. (b) CDR sequences of 3B5H10 and MW1. Aromatic residues are shown in red. (c) Likely paratope groove of
3B5H10 Fv (pale-red line). Solvent-accessible aromatic residues in the relatively wide groove are shown in yellow. Other
residues in the floor andwalls of the groove are shown in light blue. In the middle of the groove is a pocket containing two
solvent-accessible tryptophans (see Fig. 3a). (d) Narrow valley in the paratope of unbound MW1 Fv (PDB ID: 2GSG),
shown as in (c). (e) GQ10G peptide bound to MW1 Fv (PDB ID: 2OTU).2 The polyQ peptide (red) follows the path of
solvent-accessible aromatic residues (yellow) in the paratope valley (light blue). Upon peptide binding, the paratope path
straightens through a 3° rotation between the antibody's heavy variable chains and the antibody's light variable chains
(domain rotation) to accommodate the uncurved epitope. Note a π–π stacking interaction between Y102 from H-CDR3
and a glutamine from the peptide (black line).

590 Mutant Huntingtin Adopts A Compact Structure
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In MW1, hydrogen bonds between L-CDR3 and
H-CDR2 appear to stabilize the extended loop-like
structure of L-CDR3 and bring L-CDR3 and H-
CDR2 closer together to form part of the wall of the
epitope binding groove (Fig. 2b and c). Because of
sequence differences in H-CDR2 between MW1 and
3B5H10, these hydrogen bonds do not exist in
3B5H10. The overall effect of these differences is to
convert a steep wall midway through the epitope
binding groove in MW1 into a shallow, less rigid
wall for 3B5H10 (Fig. 2b and c). This serves to make
the diameter wider midway through 3B5H10's
epitope binding groove, as compared to MW1.
The extended β-hairpin in H-CDR2 of 3B5H10

also prevents significant packing between H-CDR2
and H-CDR1, thereby contributing to the widening
of the epitope binding groove at one end of the
3B5H10 paratope (Fig. 2b and d). In contrast, the
more loop-like structure of MW1 H-CDR2 packs
tightly against H-CDR1, contributing to a wall that
significantly narrows the corresponding portion of
the paratope valley in MW1 (Fig. 2b and d) and
allows for only a single polyQ strand to bind.
Indeed, the narrowest diameter of the peptide
binding groove in MW1 spans from G101 in H-
CDR3 to Y33 in H-CDR1 and measures 5.5 Å. In
contrast, the narrowest diameter of the peptide
binding groove in 3B5H10 spans from Y103 in H-
CDR3 to N52 in H-CDR2 and measures 12.15 Å.
Thus, the extended β-hairpin structure of H-CDR2
and its interaction with H-CDR1 and LCDR-3 in
3B5H10 result in a significantly wider groove across
the length of 3B5H10's paratope, as compared to
MW1.

A compact two-stranded hairpin conformation
allows polyQ to fit into the 3B5H10 paratope

The width of 3B5H10's epitope binding groove, as
compared to MW1, suggests that it binds to a
larger/wider epitope than the single polyQ strand
that binds MW1's paratope (see Fig. S3). Since β-
strands are believed to be the fundamental second-
ary structural unit of compact polyQ structures,33

we used flexible docking in ClusPro 34 and
ZDOCK35 to explore the compatibility of single-
stranded and double-stranded β-rich polyQ confor-
mations with 3B5H10 and MW1 (Supplementary
Methods). This procedure replicated the crystal
structure of a GQ10G peptide bound to MW12 and
demonstrated that MW1 recognizes various polyQ
models containing β-strands (Figs. S3 and S4). For
all multistranded polyQ models complementary to
MW1, only a single strand was inserted into the
antibody's peptide binding groove, following the
path of the bound GQ10G peptide (see Fig. S5 for an
example). Thus, MW1 may bind additional confor-
mations of polyQ besides the random-coil confor-
mation described2,5 (Supplementary Discussion).

In contrast, only two-stranded β-hairpin models
customized to fit 3B5H10's paratope docked with
3B5H10 (Supplementary Discussion and Supple-
mentary Methods). Attempts to dock single-strand-
ed and double-stranded models position a
glutamine directly over two solvent-accessible tryp-
tophans in the paratope groove (Fig. 3a), consistent
with a 5-nm redshift in tryptophan fluorescence
when 3B5H10 binds a thioredoxin hexahistidine
fusion protein of exon 1 of htt with 39 glutamines
(Thio-Httex1-Q39-His6) (Fig. 3b). However, single-
stranded models fail to completely fill the binding
surface, resulting in significantly fewer hydrogen
bonds per square angstrom than in the MW1/
GQ10G crystal structure (Fig. S3), double-stranded
models (Fig. S4), or complexes of homologous Fabs
and their antigens (Fig. S3). For double-stranded
docking, we utilized the paratope from the 3B5H10
crystal structure in Fig. 1c and the paratope from the
domain-rotated version of 3B5H10 discussed above.
Docking results revealed that a β-rich hairpin model
is complementary to the paratope of 3B5H10
observed in the crystal structure (Fig. 3c), whereas
the domain-rotated paratope accommodates a flat-
ter β-rich hairpin model (Fig. 3d). Each model
aligned both β-rich strands roughly parallel with the
binding surface, burying 950–1100 Å2 and forming
12–16 hydrogen bonds well within the range for
complexes of homologous Fabs and their protein
antigens (Fig. S4). Thus, the epitope of 3B5H10 is a
conformation of polyQ similar to a two-stranded
β-rich hairpin.
Our docking studies also suggested that 3B5H10

recognizes fewer polyQ conformations than MW1.
3B5H10 appears to only bind compact conforma-
tions with two β-rich strands, but MW1 recog-
nizes a wide range of exposed polyQ in soluble
httex1. Since 3B5H10 binding to httex1 predicts
neurodegeneration significantly better than MW1
binding,13 its prognostic value may reflect its
higher specificity for a toxic conformer or closely
related species.

Small-angle X-ray scattering confirms a
compact two-stranded polyQ epitope
recognized by 3B5H10

To experimentally test our docking predictions
that 3B5H10 binds to a compact double-stranded
conformation of polyQ, we used small-angle X-ray
scattering (SAXS) to determine the shape of htt
fragments in solution and in complex with 3B5H10
Fab. Htt fragments were expressed within six fusion
proteins. The protein tags within the fusion proteins
served two critical functions. First, as has been
established, these tags help to prevent htt from
aggregating, thus allowing analysis of substantially
nonaggregated material too quickly.5,36 Second, a
series of protein tags, each of which has an
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established crystal structure, allows us to accurately
deduce the volume occupied by the polyQ stretch
within the SAXS molecular envelope of htt or Fab/
htt complexes. We reasoned that if six different htt
fusion constructs all demonstrated a similar polyQ
conformation, the chances that the protein tags were
artificially altering the htt polyQ conformation were
low.
The six fusion proteins used for our SAXS analysis

included Thio-Httex1-Q39-His6, which has been
described previously. MBP-Httex1-Q46-Cer is a

fusion protein of htt ex1 with a stretch of 46
glutamines, Cerulean fluorescent protein (Cer) at
its C-terminus, and maltose binding protein (MBP)
at its N-terminus. MBP-Htt1–17-Q46-Cer is similar
but lacks the portion of httex1 after the polyQ stretch,
which includes the proline-rich region. N-terminal
tags from MBP-Httex1-Q46-Cer, MBP-Htt1–17-Q46-
Cer, and Thio-Httex1-Q39-His6 were removed pro-
teolytically to generate the three remaining fusion
constructs: Httex1-Q46-Cer, Htt1–17-Q46-Cer, and
Httex1-Q39-His6, respectively. By comparing SAXS

Fig. 2 (legend on next page)
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data from fusion proteins with the same htt
fragment but with different protein tags in the
presence or in the absence of 3B5H10 Fab, we could
assign regions of the molecular envelope to the tags,
3B5H10 Fab, and htt (Table S4 and Supplementary
Methods).
Unlike 3B5H10 Fab/htt complexes containing

MBP-Htt1–17-Q46-Cer or MBP-Httex1-Q46-Cer, the
Fab/htt complex containing Thio-Httex1-Q39-His6 is
dimeric at the high concentrations used in SAXS.13

The polyQ in the Thio-Httex1-Q39-His6 complex SAXS
envelope can be unambiguously assigned, but there
are two possibilities for the path of the proline-rich
region (Fig. S6).We favor onemodel (Fig. 4a) because
it is consistentwith the location of the proline-rich and
Htt1–17 regions in monomeric Httex1-Q46-Cer com-
plexes and with the SAXS-derived structure of Thio-
Httex1-Q39-His6 in solution.
For all Fab/htt complexes tested, the htt fragment

bends in the polyQ region, and the polyQ epitope in
the complex is cylindrical, 24 Å in diameter, and 40–
55 Å long. This compact volume is only consistent
with a two-stranded hairpin structure and most
consistent specifically with 16–24 glutamine resi-
dues in direct contact with the paratope of the Fab
and a turn of 4–8 glutamine residues (Fig. 5a–c). The
varying numbers of glutamines associated with the
variable domain of Fab (24 for MBP-Htt1–17-Q46-Cer
and 29 for MBP-Httex1-Q39-His6 and MBP-Httex1-
Q46-Cer) may reflect an influence of the proline-rich
domain on the polyQ region.37 However, SAXS
analysis of Fab/htt complexes in which the proline-
rich region or the N-terminal or C-terminal tags
were removed also revealed a compact two-strand-
ed hairpin-like structure for the polyQ region of htt

(Table S4). Thus, compact hairpins appear to be an
intrinsic property of the mutant polyQ stretch.

The compact two-stranded polyQ conformation
recognized by 3B5H10 is abundant in solution

Having identified the structure of a polyQ
conformation in htt that strongly predicts neurotox-
icity, we sought to understand how abundant this
conformation was in the absence of 3B5H10 using
SAXS, circular dichroism (CD), and chemical cross-
linking. SAXS and CD provide the population
average of conformations sampled by a protein in
solution, while cross-linking “freezes” the set of
conformations that a protein samples at a given
time. Thus, if the conformation that 3B5H10
recognizes is abundant in solution, SAXS and CD
analyses of mutant htt unbound to an antibody
should reveal a structure similar to the structure of
mutant htt bound to the antibody. Additionally,
cross-linking of mutant htt should preserve a strong
subsequent binding by 3B5H10.
SAXS analysis of the htt fusion proteins unbound

to 3B5H10 Fab revealed that the population average
of polyQ conformers is best represented by a
compact two-stranded hairpin structure that is
highly similar to the conformation of polyQ bound
to 3B5H10 (compare Fig. 5a–c and 5d–f). These
findings are consistent with structural studies of
smaller polyQ-containing peptides.38 Furthermore,
CD spectra of htt fusion proteins complexed to
3B5H10 Fab represent the simple sum of the CD
spectra of the htt fusion proteins alone and the CD
spectra of Fab alone (Fig. 5g; secondary structure
analysis is shown in Fig. S7 and Supplementary

Fig. 2. Comparison of 3B5H10 andMW1 reveals key differences in the widths of the epitope binding grooves. (a) Stereo
view of the superposition of 3B5H10 Fv (brown) and the Fv of unbound MW1 (PDB ID: 2GSG) (light gray). CDRs of
3B5H10 are shown in blue (heavy chain) and green (light chain). CDRs of MW1 are shown in purple (heavy chain) and
cyan (light chain). 3B5H10 has significantly longer β-strands in H-CDR2 and L-CDR3 than MW1. (b–d) The structure of
H-CDR2 determines the differences in the widths of the epitope binding groove between 3B5H10 and unbound MW1
(PDB ID: 2GSG). (b) Comparison of the antibody surfaces for 3B5H10 (left) and MW1 (right). H-CDR1, pink; H-CDR2,
green; H-CDR3, orange; L-CDR1, cyan; L-CDR2, red; L-CDR3, yellow. The rest of the antibody is shown in tan. A gray
line traces the epitope binding grooves in 3B5H10 andMW1. Y103 of 3B5H10 and Y102 of MW1 are noted to help facilitate
structure orientation in (c) and (d). The eyes next to each structure indicate the line of sight for (c) and (d). (c) Zoomed-in
view of the relationship between H-CDR2 and L-CDR3 for 3B5H10 (left) and MW1 (right), shown as in (b) and seen from
the line of sight indicated by the eye labeled “2c” in (b). In MW1, H-CDR2 and L-CDR3 pack tightly against each other via
two putative hydrogen bonds, forming a steep wall midway through one side of the epitope binding groove. In 3B5H10,
H-CDR2 and L-CDR3 both form extended β-hairpins that do not significantly interact, leaving a more shallow and
flexible wall midway through the analogous side of the epitope binding groove. This contributes to the wider diameter
midway through 3B5H10's epitope binding groove than in MW1 (12.15 Å versus 5.5 Å). A stereo view of key hydrogen
bonds between H-CDR2 and L-CDR3 in MW1 is presented at the bottom (broken lines). The corresponding regions of
3B5H10 (light green) are superimposed on MW1 (purple). (d) Zoomed-in view of the relationship between H-CDR2 and
H-CDR1 for 3B5H10 (left) and MW1 (right), shown as in (b) and seen from the line of sight indicated by the eye labeled
“2d” in (b). In MW1, H-CDR2 and H-CDR1 pack against each other to form a tall wall that severely restricts the width at
one end of the epitope binding groove. In 3B5H10, the long β-hairpin of H-CDR2 pulls it away from H-CDR1, thereby
widening the width of the epitope binding groove at the analogous end. A stereo view of the key residues in the H-CDR2/
H-CDR1 interface that pack against each other in MW1 is presented at the bottom. The corresponding regions of 3B5H10
(light green) are superimposed on MW1 (purple). Y54 from H-CDR2 of 3B5H10 is noted for reference.
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Methods). Thus, the CD results demonstrate the lack
of significant secondary structure change in htt
upon 3B5H10 binding and confirm that 3B5H10
recognizes a secondary structure of mutant htt that
represents the population average of polyQ con-
formers in unbound htt. In agreement with the
SAXS and CD data, a strongly cross-linking
mutant htt expressed in primary neurons with
4% paraformaldehyde and 0.2% glutaraldehyde,

followed by 2% glutaraldehyde, results in robust
subsequent antibody binding, as assessed by
electron microscopy (Fig. S8). Collectively, these
results are consistent with data demonstrating the
ability of some proteins to sample several native
conformations39 and with 3B5H10 recognizing a
conformation among those sampled by unaggre-
gated htt.40 Thus, we conclude that 3B5H10
recognizes a compact two-stranded hairpin

Fig. 3. Modeling reveals that polyQ binds into the 3B5H10 paratope as a compact two-stranded hairpin conformation.
(a) Possible glutamine interactions in the central tryptophan pocket of 3B5H10's paratope. Solvent-accessible surfaces of
the aromatic residues are shown in yellow, heavy-chain CDRs are shown in blue, and light-chain CDRs are shown in
cyan. Central residues of the docked polyQ model (see model III in Fig. S3) are shown in red. Black dotted lines indicate
potential hydrogen bonds between glutamines and tryptophans in the pocket and a potential π–π interaction between a
glutamine side chain and a tyrosine from H-CDR2. (b) Fluorescence spectra of 3B5H10 Fab (pink), Thio-Httex1-Q39-His6
(orange), and a 1:1 molar ratio of 3B5H10 Fab and Thio-Httex1-Q39-His6 (red). The purple line is the sum of the 3B5H10 Fab
and Thio-Httex1-Q39-His6 spectra. The 5-nm shift indicates that binding reduces the polarity of the environment of some
tryptophans in the complex. The only two solvent-accessible tryptophans are indicated (a). (c) β-Hairpin model of polyQ
docked into the CDRs of the 3B5H10 crystal structure, shown as in (a) and with the portions of the polyQ model
interacting with Fab (red ribbon). (d) β-Hairpin model of polyQ docked into the CDRs of 3B5H10 after domain rotation,
shown as in (c). Domain rotation movement was analogous to that seen in MW1 upon peptide binding2 and to other
crystal forms of 3B5H10 (Fig. S2). This rotation widens and straightens the epitope binding groove so that it can
accommodate a β-hairpin model with both strands submerged into the groove. Docking methods are summarized in
Supplementary Methods. Goodness-of-fit parameters for the polyQ structures in (c) and (d) are presented in Fig. S4 as
models III and II, respectively. MW1 and 3B5H10 docking studies are compared in the Supplementary Discussion.
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conformation of polyQ that is abundant in solution
and strongly predictive of neurodegeneration.

Discussion

In this study, we showed that polyQ stretches
within monomeric mutant htt fragments form
compact two-stranded hairpin structures in solu-
tion. This conformation, which represents the
population average of conformations that mutant
htt polyQ samples in solution, is recognized by a
newly developed monoclonal antibody, 3B5H10.
Since the epitope recognized by 3B5H10 predicts
neurodegeneration better than all the other epitopes
tested,13 we propose that this polyQ structure has
particular pathological significance.
That 3B5H10 binds a compact two-stranded

hairpin structure of polyQ is supported by multiple

lines of evidence. First, the epitope binding groove
of 3B5H10 is at least twice as wide as the otherwise
highly similar paratope on MW1, an antibody that
accommodates only a single strand of polyQ.
Molecular docking studies of polyQ structures into
the paratope of MW1 versus 3B5H10 revealed that
only compact two-stranded β-hairpin-rich struc-
tures of polyQ fit into 3B5H10. In contrast, MW1
accommodated a wide range of single-stranded
polyQ structures, including the random-coil struc-
ture of the polyQ peptide that was cocrystallized
with the antibody.2 However, the MW1 paratope
was unable to accommodate double-stranded polyQ
structures, except when one strand was placed
above and outside the paratope.
To further support that 3B5H10 binds polyQ in a

β-strand conformation, others have introduced
amino acid substitutions in the polyQ tract of htt
whose nature and location were designed to disrupt

Fig. 4. SAXS confirms that 3B5H10 binds a compact two-stranded hairpin conformation of polyQwithin mutant htt. (a)
A monomeric httex1/antibody complex from the Thio-Httex1-Q39-His6/3B5H10 Fab dimer (Fig. S6). 3B5H10 Fab is shown
in blue, thioredoxin is shown in purple, and the linker region between the thioredoxin and the N-terminus of htt is shown
in tan. The 17 N-terminal residues of htt before the polyQ region (htt1–17) are shown in yellow. PolyQ residues are shown
in red, the proline-rich domain of htt is shown in orange, and the C-terminal His6 tag is shown in cyan. A schema of the
construct is presented on top. The graph (inset) shows the agreement between the observed SAXS curve (continuous,
black) and the calculated SAXS curve (broken, red) of the preferred model (Fig. S6) (χ2=1.8). (b) The complex of MBP-
Httex1-Q46-Cer and 3B5H10 Fab presented as in (a), except that the MBP is shown in purple and Cer is shown in cyan. The
χ2 between the SAXS data and the SAXS curve calculated from the model is 2.5. (c) The complex of MBP-Htt1–17-Q46-Cer
and 3B5H10 Fab presented as in (b) (χ2=2.0).
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β structure. There was a correlation between the
predicted disruption of β structure and reduced
3B5H10 binding.41 Our SAXS data on a range of
Fab/htt complexes confirmed predictions that
3B5H10 binds a compact two-stranded hairpin
structure of polyQ. Furthermore, SAXS analysis,
CD analysis, and chemical cross-linking experi-
ments showed that the conformation recognized
by 3B5H10 represents the population average of
unbound htt in solution.40 While our modeling
suggests a predominantly β secondary structure to

this compact conformation, molecular dynamics
simulations and single-molecule force-clamp exper-
iments indicate that a more disordered hairpin
secondary structure in polyQ can also result in a
compact ensemble of structures.42,43

Interestingly, MW1 and 3B5H10 both bind ex-
panded polyQ stretches better than wt stretches, but
their respective epitopes carry different prognostic
values. Our docking studies of polyQ peptides into
the MW1 paratope suggest that the paratope
accommodates a wide range of single-stranded

Fig. 5. 3B5H10 binds a polyQ conformation of mutant htt that is relatively abundant in solution. (a–f) Molecular
envelopes of 3B5H10-bound and free htt fragments taken from the final SAXSmodels. A general schema for the constructs
is presented on top. (a) Thio-Httex1-Q39-His6 taken from its complex with 3B5H10 Fab. (b) MBP-Htt1–17-Q46-Cer taken
from its complex with 3B5H10 Fab. (c) MBP-Httex1-Q46-Cer taken from its complex with 3B5H10 Fab. (d) Thio-Httex1-Q39-
His6 in solution (χ2=1.5). (e) MBP-Htt1–17-Q46-Cer in solution (χ2=1.9). (f) Htt1–17-Q46-Cer in solution (χ2=1.7). The
SAXS parameters for each model are summarized in Table S4. The mixture of β structure and random coil featured in the
figure is only meant to illustrate a range of allowable structures consistent with the SAXS data and is not meant to
represent a determined secondary structure (Supplementary Methods). However, a secondary structure containing at
least some β character fits within SAXS envelopes better than secondary structures without any β-strand (Supplementary
Methods). In all models, htt1–17 is shown in yellow, the polyQ stretch is shown in red, and the proline-rich region is shown
in orange. The SAXS data clearly indicate a highly similar compact polyQ hairpin for all htt fusion proteins (a–f),
regardless of whether the htt fusion proteins are bound or unbound to 3B5H10 Fab (compare a–c versus d–f). (g) CD
spectra for Thio-Httex1-Q39-His6 alone, 3B5H10 Fab alone, or the complex of Thio-Httex1-Q39-His6 bound to 3B5H10 Fab.
The spectra from the complex match the spectrum of the sum of the htt spectra and the Fab spectra. These results, which
show that there is no significant secondary structure change in htt or Fab upon complex formation, confirm that Fab binds
to polyQ in a conformation representative of the average conformation of polyQ in solution. Similar results were obtained
at different protein concentrations and using the MBP-Htt1–17-Q46-Cer fusion construct (Supplementary Methods). The
secondary structure analysis for CD is shown in Fig. S7.
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polyQ structures. Thus, in agreement with previous
studies, we conclude that MW1 is a polyQ binding
protein rather than a conformation-specific protein.
The antibody prefers longer polyQ stretches because
they enable a more avid binding: the bivalent
antibody dramatically increases binding when the
short unstructured polyQ epitope it recognizes
appears in tandem.2,5

In contrast, 3B5H10 is a conformation-specific
antibody and therefore recognizes a much smaller
range of htt species. Its preference for longer polyQ
stretches is based on the recognition of a specific
compact two-stranded hairpin conformation that
emerges as the polyQ stretch expands. This specific
conformation carries greater prognostic significance
than the broader range of polyQ epitopes recog-
nized by MW1. Interestingly, MW1 and 1C2
(another α-polyQ antibody that may bind polyQ
according to the “linear lattice” model) were both
raised against wt stretches of polyQ in different
protein contexts. MW1 was raised against a 53-
amino-acid fragment of wt atrophin-1-containing
Q19

44 (wt atrophin-1 contains bQ49
45). 1C2 was

raised against the full-length wt TATA binding
protein containing Q38, the most common polyQ
allelic variant in the human population46–48 (wt
TATA binding protein contains bQ47

45). In contrast,
3B5H10 was raised against a 171-amino-acid frag-
ment of mutant htt (Q65) prepared under native
conditions (wt htt contains bQ36

45). Thus, the
immunogens for MW1 and 1C2 would be expected
to form the varied extended conformations charac-
teristic of the wt stretches of polyQ. In contrast, the
immunogen for 3B5H10 may form the more
compact two-stranded hairpin conformation of
mutant polyQ seen in our SAXS experiments on
mutant htt fusion proteins unbound to antibody.
The compact conformation of mutant polyQ that

we found for htt fusion proteins in solution
unbound to antibody may seem surprising, as the
polyQ stretch in purified Thio-Httex1-Q39-His6 re-
portedly has an extended linear conformation.5

Furthermore, the possibility of extensive stable
regions of α or β secondary structure in polyQ
peptides have been ruled out through CD and
nuclear magnetic resonance analyses, suggesting
that the polyQ stretch adopts a random-coil
conformation.5 Our SAXS analysis also indicates
that Httex1-Q39 lacks a stable secondary structure.
For example, the Kratky plot of Thio-Httex1-Q39-His6
in solution has the typical shape of a protein with an
extensive unfolded region (Fig. S9). Similarly, the
maximum dimension of Thio-Httex1-Q39-His6 from
SAXS (140±10 Å) would be within experimental
error of the predicted length of the protein (130 Å) if
it were a random coil49 (Table S4). Finally, the
calculated molecular volume of Thio-Httex1-Q39-
His6 is 1.5±0.2 times the volume expected for a
globular protein (Table S4). This volume is within

the range typical of other proteins, in which 40–50%
of the residues are predicted to be unfolded.50 Thus,
in aggregate, our data suggest that the polyQ stretch
in mutant htt samples many conformations when
unbound to an antibody, failing to form any
consistent stable secondary structure. However,
the population average of these transiently sampled
conformations is best represented by a compact two-
stranded hairpin conformation.
In summary, we present experimental evidence of

a compact two-stranded hairpin conformation of
polyQ in htt fragments containing polyQ stretches
long enough to cause neurodegeneration. This
structure, which is abundant in htt fragments
unbound by antibody, is recognized by a newly
developed monoclonal antibody, 3B5H10. Since
3B5H10 binding predicts neurodegeneration better
than MW1 binding,13 this conformation may be
neurotoxic. How this structure might lead to
neurodegeneration is unclear. The pair of polyQ
strands could be part of a structure that interacts
with certain intracellular proteins or lipids, seques-
tering or regulating their function in deleterious
ways.1 Alternatively, the polyQ conformation could
alter the normal functions of the proteins that
contain them (e.g., htt), resulting in toxicity. If the
length of the polyQ stretch partly governs the
distribution of conformers,39 it could explain how
versions of these proteins with wt polyQ stretches
can sometimes cause neurodegeneration when
overexpressed.51,52 Finally, while our data demon-
strate that the 3B5H10 epitope appears predomi-
nantly on monomeric htt,13 if the conformation is
exposed and available for interaction in aggregated
proteins under certain unique circumstances,53 the
conformation may mediate pathogenesis in such
circumstances as well. If inclusion body formation
then reduces the specific activity of these toxic
conformers by sequestration or refolding, it could
explain how inclusion body formation improves
survival.54,55

Materials and Methods

Crystal structure of 3B5H10 Fab

Purification, sequencing, and crystallization of 3B5H10
Fab are described in the Supplementary Methods.

Solution of crystal forms

Data collection and solutions for the orthorhombic (not
deposited), monoclinic (PDB ID: 3S96), and alternate (PDB
ID: 4DCQ) crystal forms of 3B5H10 Fab are described in
the Supplementary Methods (Tables S1–S3). The final
Rwork and Rfree values for the monoclinic model (refined
from 11 Å to 1.90 Å) were 0.19 and 0.26, respectively (PDB
ID: 3S96).
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SAXS data collection

Purified fusion protein constructs used for SAXS are
described in Supplementary Methods. SAXS data were
collected using protein concentrations in the range of 1–
5 mg/ml and an X-ray wavelength of 1.11 Å at beamline
12.3.1 (Advanced Light Source) or beamline 4-2 (Stanford
Synchrotron Radiation Laboratory). Samples of the
running buffer from the size-exclusion columns used to
purify proteins and protein complexes for SAXS analysis
were used for buffer subtraction. Data were integrated
with software customized for each beamline and pro-
cessed with the program PRIMUS.56 The program
GNOM57 was used to calculate the maximum dimension
and the radius of gyration and to estimate the intensity of
scattering at zero angle. The dimensional data for each
sample are summarized in Table S4. No significant
differences were observed in the dimensional data across
the concentration ranges tested for each sample. SAXS
data were analyzed as described in Supplementary
Methods.

Circular dichroism

Proteins were prepared in phosphate-buffered saline
and allowed to incubate together for at least 30 min at
room temperature before the CD spectrumwas measured.
The complex of Thio-Httex1-Q39-His6 and 3B5H10 Fab was
formed in a 1:1 stoichiometry. The protein concentrations
for the experiment were 55 μg/ml Thio-Httex1-Q39-His6
and 95 μg/ml 3B5H10 Fab. The experiments were also
repeated using 110 μg/ml Thio-Httex1-Q39-His6 and
190 μg/ml Fab, with the same results. A similar analysis
was performed on MBP-Httex1-Q46-Cer and Fab at two
different protein concentrations (data not shown). Con-
clusions from the MBP-Httex1-Q46-Cer experiments mirror
conclusions from the Thio-Httex1-Q39-His6 experiments.
CD was performed under standard conditions using a
Jasco J-810 instrument. CD data analysis is presented in
Fig. S7 and the Supplementary Methods.

Cross-linking and electron microscopy

Striatal neurons transfected with Httex1-Q46 C-terminal-
ly tagged with enhanced green fluorescent protein were
fixed for 15 min in a solution of 4% paraformaldehyde and
0.2% glutaraldehyde. Plates were then fixed in 2%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at
room temperature for 2 min, placed on ice for 30 min,
washed with 0.1 M cacodylate buffer, and postfixed with
1% osmium tetraoxide for 30 min. Cells were then
prepared for electron microscopy in standard fashion,
sectioned into 60-nm slices, and imaged on a Zeiss EM10
electron microscope (Supplementary Methods).

Accession numbers

The coordinates of the monoclinic form of 3B5H10
presented in the text have been deposited in the PDB
under PDB ID 3S96 and Research Collaboratory for
Structural Bioinformatics ID RCSB065918. The alternate
crystal form of 3B5H10 (Fig. S2e) has been assigned under

PDB ID 4DCQ and Research Collaboratory for Structural
Bioinformatics ID RCSB070164.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2012.01.034
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Glossary
Paratope: The antigen binding site of an antibody that is usually
composed of the complementarity-determining regions of the
heavy and light chains from the Fv region.
Polyglutamine disease: One of nine neurodegenerative disorders
caused by the expansion of a polyglutamine stretch beyond awell-
defined threshold length in otherwise nonhomologous proteins.
Huntingtin: A 350-kDa protein with a polyglutamine stretch near
the N-terminus. The protein is expressed in all tissues, but
expansion of the polyglutamine stretch beyond 36Q (mutant htt)
specifically triggers neurodegeneration. Expansion also triggers
the accumulation of the proteolytically cleaved N-terminal
fragments of the protein containing the polyglutamine stretch.
Htt has myriad postulated functions (from scaffolding to cellular
transport to transcriptional regulation to energy homeostasis),
and its knockout is embryo lethal.
3B5H10: A novel monoclonal antibody developed by our
laboratory against an N-terminal fragment of mutant htt that
recognizes the protein in a polyglutamine-dependent manner.
MW1: A monoclonal antibody developed by the Patterson
laboratory at CalTech against a small fragment of wild-type
atrophin-1, a polyglutamine-containing protein. While raised
against wild-type atrophin, the antibody recognizes mutant htt in
a polyglutamine-dependent manner.
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