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Abstract

Huntington disease (HD) is associated with aggregation of huntingtin (HTT)

protein containing over 35 continuous Q residues within the N-terminal exon

1 encoded region. The C-terminal of the HTT protein consists mainly of HEAT

repeat structure which serves as a scaffold for multiple cellular activities. Struc-

tural and biochemical analysis of the intact HTT protein has been hampered

by its huge size (�300 kDa) and most in vitro studies to date have focused on

the properties of the exon 1 region. To explore the interaction between HTT

exon 1 and the HEAT repeat structure, we constructed chimeric proteins con-

taining the N-terminal HTT exon 1 region and the HEAT repeat protein PR65/

A. The results indicate that HTT exon 1 slightly destabilizes the downstream

HEAT repeat structure and endows the HEAT repeat structure with more con-

formational flexibility. Wild-type and pathological lengths of polyQ did not

show differences in the interaction between HTT exon 1 and the HEAT

repeats. With the C-terminal fusion of PR65/A, HTT exon 1 containing patho-

logical lengths of polyQ could still form amyloid fibrils, but the higher-order

architecture of fibrils and kinetics of fibril formation were affected by the

C-terminal fusion of HEAT repeats. This indicates that interaction between

HTT exon 1 and HEAT repeat structure is compatible with both normal func-

tion of HTT protein and the pathogenesis of HD, and this study provides a

potential model for further exploration.
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1 | INTRODUCTION

Huntington disease (HD) is a dominantly autosomal
inherited neurodegenerative disease, characterized by

progressive movement disorders such as chorea, as well
as cognitive impairment and psychiatric symptoms due
to atrophy of the basal ganglia (primarily, striatum) and
the cerebral cortex (Roze et al., 2010). Expansion of the
CAG repeats over 35 in exon 1 of the huntingtin (HTT)
gene is associated with the development of HD (The
Huntington's Disease Collaborative Research Group,
1993). CAG expansion is related with at least 10 types of
inherited diseases, and a common feature of these dis-
eases is the amyloid fibril formation of the corresponding
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polyglutamine (polyQ) containing proteins (Gatchel and
Zoghbi, 2005). HTT protein and its mutants (mutant hun-
tingtin, mHTT) are ubiquitously expressed both at tissue
and subcellular levels, with slightly higher expression
levels in brain tissues, particularly in striatal neurons
(Marques Sousa and Humbert, 2013). The functions of
HTT in developing and mature organisms are numerous,
corresponding to the output at the molecular level:
(1) trafficking vesicles; (2) coordinating cell division;
(3) regulating ciliogenesis; (4) mediating endocytosis, ves-
icle recycling, and endosomal trafficking; (5) involvement
in autophagy; (6) regulating transcription (Saudou and
Humbert, 2016). The multiple functions of HTT are
attributed to multiple interactions with other proteins,
and more than 350 HTT-interacting proteins have been
identified and the corresponding HTT domains involved
in the interaction have also been speculated (Harjes and
Wanker, 2003; Culver et al., 2012).

The structural basis for the interaction of HTT with
numerous partners is still not fully known. HTT is a
347-kDa protein with no sequence homology to any other
known proteins. The HTT gene contains 67 exons and
the exon 1 (coding 1–90 aa of HTT with 23 Q) accommo-
dates an expansion-prone CAG stretch encoding for a
polyQ segment (Caterino et al., 2018). The exon 1 con-
tains a N-terminal highly conserved 17-residue nuclear
export sequence named N17, the polyQ sequence and a
downstream �40 residue proline-rich domain occurring
exclusively in mammals (Caterino et al., 2018). After the
exon 1-encoded stretch, HTT features HEAT/HEAT-like
motifs and helix-turn-helix repeats that are important in
protein–protein recognition / interaction, suggesting that
HTT works as a large scaffold for supramolecular assem-
blies (Caterino et al., 2018). The HEAT repeat motif is
named after the first identified four HEAT-repeat pro-
teins: HTT, elongation factor 3 (EF3), the 65-kDa scaf-
folding A subunit (PR65/A) of protein phosphatase 2A
(PP2A) and the yeast kinase TOR1 (Andrade and
Bork, 1995). HEAT repeat sequences can form an α-ROD
structure which involves the stacking of repeats including
two alpha helices packed together (Bourne et al., 2009).

When HTT is purified alone it forms oligomers and
tends to aggregate, but the HTT–HAP40 complex is more
conformationally homogeneous than HTT alone (Guo
et al., 2018; Harding et al., 2019). The cryo-electron
microscopy structure of the HTT–HAP40 complex shows
that HTT consists of three domains in addition to the
undetectable highly flexible N terminal exon 1, namely
N- and C-terminal domains containing multiple HEAT
repeats (N-HEAT and C-HEAT) linked by a smaller
bridge domain. N-HEAT (residues 91–1684) forms a typi-
cal α-solenoid, comprising 21 HEAT repeats arranged as
a one-and-a-half-turn right-handed superhelix, and

C-HEAT (residues 2092–3098) comprises 12 HEAT
repeats forming an elliptical ring (Guo et al., 2018). Mul-
tiple protease cleavage sites and post-translational modi-
fication (PTM) sites have been identified throughout
HTT, and complex protease cleavages and PTMs were
found to finely tune the function of HTT (Saudou and
Humbert, 2016; Yalinca et al., 2019).

The HEAT repeats are relatively conserved in HTT
and correspond to the core functions of HTT, while the
HTT exon 1 is only poorly conserved, suggesting it has a
role in fine modulation of the function of HTT with evo-
lution (Saudou and Humbert, 2016). HTT exon 1 contrib-
utes to PTM regulation of HTT including ubiquitination,
SUMOylation and phosphorylation, interaction of HTT
with membranes, regulation of HTT interactions with its
partners and the clearance and subcellular localization of
HTT (Saudou and Humbert, 2016; Tao et al., 2019). The
polyQ tract can participate in transcriptional regulation
similar to transcription factors that include such motifs
(Perutz et al., 1994). In vitro experiments revealed that
free HTT exon 1 bearing Q of over 35 residues have
increased tendency to form amyloid fibrils with the
increasing number of Q (Scherzinger et al., 1997). In vivo
experiments showed that HTT exon 1 is an essential com-
ponent of aggregates in HD models (Hackam et al., 1998;
Li and Li, 1998; Yang et al., 2020).

Interaction between HTT exon 1 and the downstream
HEAT repeats may also be involved in HTT function and
mechanism of HTT aggregation in vivo. The polyQ
stretch can regulate HTT binding to its interacting pro-
teins (Harjes and Wanker, 2003). However, the relation-
ship between the two parts of HTT still remains unclear
due to the difficulty of carrying out detailed studies on
the intact protein. Research employing model proteins
instead of HTT can also provide useful insight since puri-
fied HTT alone is heterogeneous and tends to aggregate.
Glutathione S-transferase (GST) fusion exon 1 is com-
monly used for in vitro study of HTT fibril formation
(Scherzinger et al., 1997; Muchowski et al., 2000; Wacker
et al., 2004). However, GST fusion exon 1 constructs are
not appropriate candidates for domain interaction
research because they lack HEAT repeats, but instead
contain dimer-forming GST. PR65/A is a 65-kDa HEAT
repeat protein which contains 15 HEAT repeats forming
an extended and curved structure like a hook (Figure 1a),
and is the scaffolding subunit A of PP2A holoenzyme
(Groves et al., 1999). Diverse functions of PP2A are medi-
ated by combination of PR65/A with a number of differ-
ent regulatory B subunits and the catalytic C subunit
(Lechward et al., 2001). The accommodation of PR65/A
with different regulatory B subunits is achieved through
conformation flexibility of PR65/A upon binding of dif-
ferent ligands (Lechward et al., 2001). Unfolding of
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PR65/A has been thoroughly studied and it has been
shown that the noncontiguous folding / unfolding and
the intrinsic dynamics of the HEAT repeat array orches-
trates the assembly and activity of PP2A (Tsytlonok
et al., 2013; Kaynak et al., 2023). Although HTT and
PR65/A share little similarity in amino acid sequence,
number of HEAT repeats, or higher order architecture,
these proteins contain similar HEAT repeat structural
units. Unlike the well-characterized structure of PR65/A
(Groves et al., 1999; Tsytlonok et al., 2013), the HEAT
repeats in HTT still lack clear characterization. There-
fore, in this study we constructed PR65/A chimeric pro-
teins with N-terminal fusion of HTT exon 1 containing
20 Q or 49 Q (20QPR65/A and 49QPR65/A, shown in
Figure 1b) to mimic HTT and studied interaction
between HTT exon 1 and the HEAT repeat structure. We
tested the effect of N-terminal fusion of HTT exon 1 on
HEAT repeat structure and conversely, the effect of
HEAT repeat structure on amyloid fibril formation
of HTT exon 1. We found that N-terminal fusion of HTT
exon 1 destabilizes the PR65/A structure and increases
conformation flexibility of PR65/A. Our results also indi-
cate that HTT exon 1 bearing Q of over 35 residues can
form amyloid fibrils with a HEAT repeat tail. However,
the HEAT repeat tail retards HTT exon 1 fibril formation
and affects the morphology of fibrils. These results

suggest that HTT exon 1 interacts with the HEAT repeat
structure in HTT, and so this interaction may contribute
to the functional regulation of HTT and the pathogenesis
or prevention of HD.

2 | RESULTS

2.1 | N-terminal fusion of HTT exon
1 perturbs the structure of PR65/A

HTT exon 1 in the non-fibrillar state is highly flexible
and is not visible in the EM structure of HTT (Guo
et al., 2018), although it tends to form some local struc-
ture (Saudou and Humbert, 2016; Caterino et al., 2018).
In this study, HTT exon 1 containing either 20 Q or 49 Q
was fused in front of PR65/A to investigate the interac-
tion between HTT exon 1 with the HEAT repeat structure
(Figure 1b). As a control, the highly flexible prion
domain (PrD) of the yeast prion protein Ure2, which is of
the same length as HTT exon 1 containing 23 Q and is
also capable of driving amyloid formation (Jiang
et al., 2004), was likewise fused to the N-terminal of
PR65/A, to form the construct U(1-93)PR65/A
(Figure 1b). The expression level and purification effi-
ciency of 20QPR65/A and 49QPR65/A was much lower

N C 

(a) 

(b) 

FIGURE 1 Structure of PR65/A and

schematic diagram of chimeric proteins

used in this study. (a) Crystal structure

of PR65/A in apo form (PDB code 1B3U)

shown in yellow and structure of

PR65/A in ligand binding form (PDB

code 2PF4) shown in blue. (b) Schematic

diagram of chimeric proteins (20QPR65/

A, 49QPR65/A and U(1-93)PR65/A)

used in this study is shown; the extra

linker between HTT exon 1 / Ure2 PrD

and PR65/A is “LE”. Full-length
Huntingtin protein (HTT) which is

composed of the N-terminal

approximately 90 amino acids

corresponding to polyQ-containing exon

1 region followed by the C-terminal

HEAT repeats region.
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than for PR65/A or U(1-93)PR65/A, suggesting that
N-terminal fusion of HTT exon 1, but not N-terminal
fusion of the Ure2 prion domain, decreases expression
and may lead to aggregation of the chimeric proteins,
although the two fibrillation-determining domains have
some similar characteristics (i.e., sequence length, flexi-
ble structure and tendency to form amyloid fibrils).

Size exclusion chromatography (SEC) analysis of the
four proteins indicated that there were no large aggregates
present in the purified proteins and one kind of oligomeric
state was predominant for each protein (Figure 2a). The
molecular weight of the four proteins was further esti-
mated from SEC analysis profiles and sedimentation equi-
librium analysis as shown in Table 1. The calculated
molecular weight of PR65/A and U(1-93)PR65/A were
close to their theoretical values for monomer (Table 1),
which is consistent with the reported monomeric state of
PR65/A (Groves et al., 1999). However, the calculated
molecular weight of 20QPR65/A and 49QPR65/A was
about 50% larger than the expected value of monomer
(Table 1). This suggests that 20QPR65/A and 49QPR65/A
remain monomeric like PR65/A and U(1-93)PR65/A, but
show a larger apparent size due to a larger hydrodynamic
volume i.e. looser structure.

PR65/A contains five tryptophan residues (W140,
W257, W417, W450 and W477), while HTT exon 1 and
the Ure2 prion domain do not contain any tryptophan
residues. Therefore, we can use the intrinsic fluorescence
spectra to monitor structural changes in PR65/A upon
N-terminal fusion. We found that the spectra of the four
proteins fell into two distinct groups, and, compared with
PR65/A and U(1-93)PR65/A, the maximum emission
wavelength for 20QPR65/A and 49QPR65/A was blue
shifted by 1–2 nm, and the calculated CSM (center of
spectral mass—an indication of the local environment/
solvent accessibility of the tryptophan residues in the pro-
tein) of intrinsic fluorescence spectra also showed similar
trends (Figures 2b and 5b). PR65/A is an α-helix rich pro-
tein and shows typical characteristics of α-helical struc-
ture in its far-UV CD spectrum i.e. double minima and a
strong signal at 222 nm (Figure 2c). It has been reported
that HTT exon 1 shows a very weak signal in its far-UV
CD spectrum indicating random coil in neutral buffers
(Masino et al., 2002) as for the Ure2 PrD (Perrett and
Jones, 2008). Therefore, the CD signals of PR65/A chi-
meras mainly reflect structure of PR65/A. The CD spectra
of the four proteins also fell into two distinct groups.
U(1-93)PR65/A had a similar CD spectrum to PR65/A,
whereas those of 20QPR65/A and 49QPR65/A were simi-
lar but showed a smaller signal at 222 nm (Figure 2c).
The fluorescence and CD results both suggest that HTT
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FIGURE 2 N-terminal fusion of HTT exon 1 perturbs the

structure of PR65/A. (a) SEC analysis of PR65/A, U(1-93)PR65/

A, 20QPR65/A and 49QPR65/A were performed in Buffer A

(50 mM Tris–HCl buffer, pH 7.5, containing 150 mM NaCl and

2 mM DTT). Proteins of 10 μM were loaded onto a 24-ml

Superdex 200 10/300 GL column. (b) Intrinsic fluorescence

spectra (excited at 280 nm) of PR65/A, U(1-93)PR65/A,

20QPR65/A and 49QPR65/A of 0.4 μM were measured in Buffer

B (50 mM MES buffer, pH 6.5, containing 2 mM DTT). (c) Far-

UV CD spectra of PR65/A, U(1-93)PR65/A, 20QPR65/A and

49QPR65/A of 1 μM were measured in Buffer A. In (b) and

(c) the curves were smoothed using the SigmaPlot software.

Three independent replicates gave similar results and one typical

data set is shown.
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exon 1, unlike the Ure2 PrD, disrupts the α-helical struc-
ture of PR65/A to some extent, probably by interaction
between HTT exon 1 and the HEAT repeat structure, and
there is no significant difference between 20 Q HTT exon
1 and 49 Q HTT exon 1 in the size of the effect.

2.2 | N-terminal fusion of HTT exon
1 increases the conformational flexibility of
PR65/A

Although we observed differences in the intrinsic fluores-
cence spectra of PR65/A, U(1-93)PR65/A, 20QPR65/A
and 49QPR65/A in Buffer B (50 mM MES buffer, pH 6.5,
containing 2 mM DTT) (Figure 2b), we found that the
intrinsic fluorescence spectra of PR65/A, U(1-93)PR65/A,
20QPR65/A and 49QPR65/A in Buffer A (50 mM Tris–
HCl buffer, pH 7.5, containing 150 mM NaCl and 2 mM
DTT) were similar (Figure 3a). Considering the difference
in pH and salt concentration between the two buffers, we
next measured the intrinsic fluorescence spectra of the
four proteins in 50 mM MES buffer (pH 6.5) or 50 mM
Tris–HCl buffer (pH 7.5), each containing 2 mM DTT
and 0–200 mM NaCl. We found that the CSM values of
the intrinsic fluorescence spectra of 20QPR65/A and
49QPR65/A were more sensitive to salt concentration
than those of PR65/A and U(1-93)PR65/A (Figure 3b,c);
for 20QPR65/A and 49QPR65/A, the CSM showed a clear
red shift with increasing salt concentration and at higher
concentrations of salt the CSM of 20QPR65/A and
49QPR65/A was closer to that of PR65/A and U(1-93)
PR65/A (Figure 3b,c). These results suggest that the con-
formational stability of 20QPR65/A and 49QPR65/A is
more sensitive to salt than PR65/A and U(1-93)PR65/A,

and salt appears to stabilize the structure of 20QPR65/A
and 49QPR65/A for reasons that are not entirely clear,
but may involve electrostatic shielding and disruption of
hydrogen bonds or polar interactions that are unfavor-
able to stability of the HTT-exon 1-fusion proteins.

ANS (8-anilino-1-naphthalenesulfonic acid) is a
hydrophobic probe that is commonly used to indicate the
degree of hydrophobicity on the surface of proteins and
formation of partially folded states. The crystal structure
of PR65/A indicates that there are some hydrophobic
patches on its surface that are important for the interac-
tions of PR65/A with its binding partners (Groves
et al., 1999). It was surprising to find that 20QPR65/A
and 49QPR65/A had much higher ANS fluorescence
intensity than PR65/A and U(1-93)PR65/A (Figure 4a),
suggesting that 20QPR65/A and 49QPR65/A have more
hydrophobic surfaces than PR65/A and U(1-93)PR65/A.
The ANS binding properties of the four proteins were fur-
ther compared by measuring the ANS binding at different
ANS to protein ratios. We found that ANS binding to
PR65/A reached a maximum at a very high ANS:protein
ratio (about 1500, much higher than most proteins) and
after that the ANS binding decreased (Figure 4b,c). The
paradoxical decrease in ANS fluorescence at higher ANS
concentration suggests a reduction in the number of
binding sites that are accessible and bound, indicating
that ANS binding induces a conformational change in
the HEAT repeat structure of PR65/A. ANS at low con-
centrations may lead to more exposure of hydrophobic
surface allowing increased ANS binding until the struc-
ture of PR65/A is disrupted by ANS binding, and the dis-
rupted PR65/A structure then binds fewer molecules of
ANS. The ANS:protein ratio at maximum fluorescence
intensity for 20QPR65/A and 49QPR65/A was much

TABLE 1 Oligomeric state of native PR65/A, U(1-93)PR65/A, 20QPR65/A and 49QPR65/A determined by SEC and sedimentation

equilibrium analysis.

Actual molecular weight of
monomer (kDa)

Buffer
conditions

Calculated molecular
weight (kDa)

Oligomeric
stateSEC

Sedimentation
equilibrium

PR65/A 65.4 Tris 7.5 buffera 63.7 N/A Monomer

MES 6.5 bufferb 70.0 N/A Monomer

U(1-93)
PR65/A

75.8 Tris 7.5 buffera 88.6 N/A Monomer

MES 6.5 bufferb 88.5 N/A Monomer

20QPR65/A 75.3 Tris 7.5 buffera 117.0 74.3 Monomer

MES 6.5 bufferb 105.5 106.5 Monomer

49QPR65/A 79.1 Tris 7.5 buffera 127.1 113.6 Monomer

MES 6.5 bufferb 117.6 115.3 Monomer

aTris 7.5 buffer: 50 mM Tris–HCl buffer, pH 7.5, containing 150 mM NaCl and 1 mM DTT (sedimentation equilibrium) or 2 mM DTT (SEC).
bMES 6.5 buffer: 50 mM MES buffer, pH 6.5, containing 1 mM DTT (sedimentation equilibrium) or 2 mM DTT (SEC).
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smaller than for PR65/A and U1-93PR65/A (Figure 4b),
indicating that the structures of 20QPR65/A and
49QPR65/A are more sensitive to the effects of ANS. The
ANS binding properties of the four proteins are obviously
different than the globular protein GST from Escherichia
coli (EGST) which has a relative hydrophilic surface,
indicating that the surface of the PR65/A structure has
stronger hydrophobicity than EGST, and N-terminal
fusion of HTT exon 1 enhances hydrophobicity on the
surface of PR65/A structure (Figure 4b). ANS binding to
native PR65/A and partially denatured PR65/A were
compared. In 2 M urea, more hydrophobic surface of
PR65/A was exposed showing stronger ANS binding fluo-
rescence at lower concentration of ANS, whereas in 4 M
urea, ANS binding fluorescence of PR65/A decreased
with the further unfolding of PR65/A (Figure 4c),

confirming that the disrupted PR65/A structure binds
fewer molecules of ANS. Thus, N-terminal fusion of HTT
exon 1 but not the Ure2 PrD may also increase the ten-
dency of PR65/A to undergo structural changes upon
ANS binding by decreasing the conformational stability
of PR65/A.

2.3 | N-terminal fusion of HTT exon
1 decreases the thermodynamic stability of
PR65/A

Since the N-terminal fusion of HTT exon 1 perturbed the
structure of PR65/A, the effect of N-terminal fusion of HTT
exon 1 on thermodynamic stability of PR65/A was further
studied. The reversible unfolding of PR65/A, U(1-93)PR65/
A, 20QPR65/A and 49QPR65/A was examined, as previ-
ously described for PR65/A (Tsytlonok et al., 2013). The
equilibrium unfolding transition of PR65/A, U(1-93)PR65/A,
20QPR65/A and 49QPR65/A was measured using urea as a
denaturant and the intrinsic Trp fluorescence of the protein
as a probe. We found that at pH 7.5 the unfolding of
PR65/A was poorly reversible probably due to aggregation
of an intermediate state, whereas at pH 6.5 the unfolding of
PR65/A was basically reversible as described in the previous
study (Tsytlonok et al., 2013). In 50 mM MES buffer
(pH 6.5), two unfolding transitions were observed during
the unfolding course of all of the four proteins with good
reversibility, indicating population of an intermediate for
each protein (Figure 5a–c).Urea concentration (M)
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FIGURE 5 N-terminal fusion of HTT exon 1 has some effect on

the thermodynamic stability of PR65/A. Denaturation of 0.4 μM
PR65/A, U(1-93)PR65/A, 20QPR65/A and 49QPR65/A with urea

were monitored in Buffer B (50 mMMES buffer, pH 6.5, containing

2 mM DTT) containing urea of different concentrations at 25�C, by
measuring the intrinsic fluorescence emission spectra between

300 and 400 nm with excitation at 280 nm. (a) Unfolding of PR65/A,

U(1-93)PR65/A, 20QPR65/A and 49QPR65/A was monitored by

measuring the intrinsic fluorescence intensity at 323 nm at different

urea concentrations. Data were fitted to a three-state unfolding

model via monomeric intermediate (N$I$U) as described in

Section 4, and the resulting fit is shown as solid lines. The

thermodynamic parameters obtained are shown in Table 2.

(b) Unfolding of PR65/A, U(1-93)PR65/A, 20QPR65/A and

49QPR65/A were monitored by measuring the CSM of the intrinsic

fluorescence spectra at different urea concentrations. Data were

fitted to a three-state unfolding model via monomeric intermediate

(N$I$U) as described in Section 4, and the resulting fit is shown as

solid lines. (c) The fraction population of the native (N), intermediate

(I) and unfolded (U) states during the unfolding course of PR65/A,

U(1-93)PR65/A, 20QPR65/A and 49QPR65/A were calculated from

the thermodynamic parameters shown in Table 2 (which were

obtained from the fit shown in a). Three independent replicates gave

similar results and one typical data set is shown.
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To compare the unfolding and stability of PR65/A,
U(1-93)PR65/A, 20QPR65/A and 49QPR65/A, we calcu-
lated the thermodynamic parameters from the unfolding
curves at pH 6.5 from equilibrium denaturation. A three-
state model was used to fit the data as described in
Section 4—PR65/A has been shown previously to unfold
via a hyper-fluorescent intermediate state (Tsytlonok
et al., 2013). It is clear that the intermediate state of
20QPR65/A and 49QPR65/A is populated over a nar-
rower range of urea concentrations compared to PR65/A
and U(1-93)PR65/A (Figure 5a,b), suggesting that it is
destabilized. The thermodynamic parameters obtained
from the curve fitting of the four proteins were compared.
The results show that they have similar m1-values (m-
values provide a measure of the increase in solvent-
accessible surface area upon unfolding) and midpoint of
the first transition and therefore similar ΔGU(H2O)1 (-
Table 2). The m2 value and midpoint of the second transi-
tion for 20QPR65/A or 49QPR65/A were slightly lower
than for PR65/A and U(1-93)PR65/A, giving a lower
ΔGU(H2O)2 and lower ΔGU(H2O) for 20QPR65/A or
49QPR65/A (Table 2). The fraction of intermediate was
calculated using the m value and midpoint of the two
transitions. As shown in Figure 5c, lower fractional popu-
lation of the intermediate state of 20QPR65/A and
49QPR65/A was observed than for PR65/A and U(1-93)
PR65A, which suggests that the N-terminal fusion of
HTT exon 1 lowers the stability of the intermediate state
of PR65/A. According to the published model for PR65/A
unfolding, HEAT 1–2 and HEAT 11–13 are folded in the
unfolding intermediate of PR65/A and unfold in the sec-
ond transition (Tsytlonok et al., 2013). Our data therefore
suggest that HTT exon 1 interacts with HEAT 1–2 or
HEAT 11–13 of PR65/A and decreases the stability of
these HEAT domains, and the length of Q stretch does
not have a significant effect on this interaction.

2.4 | Interaction between HTT exon
1 and HEAT repeat structure during
amyloid fibril formation

Next, the amyloid fibril formation of 49QPR65/A was
measured in vitro to evaluate the effect of HEAT repeats
on fibril formation of HTT exon 1. Different fibril forma-
tion conditions were tested, and the optimum conditions
were in Buffer A (50 mM Tris–HCl buffer, pH 7.5, con-
taining 150 mM NaCl and 2 mM DTT) at 37 or 30�C with
shaking (with or without beads). We did not obtain fibrils
when incubating under the same conditions in Buffer B
(50 mM MES buffer, pH 6.5, containing 2 mM DTT).

The time course of fibril formation for 49QPR65/A
was monitored by ThT fluorescence, ANS fluorescence, T
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AFM and filter retardation assay. The time course of
49QPR65/A fibril formation showed a typical sigmoidal
curve, with a very short lag phase, very long logarithmic
phase and then a plateau phase (Figure 6a). This is con-
sistent with the hypothesis that during fibril formation of
HTT exon 1, the initial formation of oligomers exhibits
non-nucleated, downhill kinetics (Thakur et al., 2009;

Chen and Wolynes, 2017). The ANS-fluorescence showed
a similar profile to the ThT-fluorescence curve
(Figure 6a), indicating that the increase in hydrophobic
surface is concomitant with β-sheet structure formation
during the fibril formation of 49QPR65/A. AFM detection
showed that there were no soluble aggregates at the
beginning of the 49QPR65/A fibril formation (Figure 6b).

FIGURE 6 Amyloid fibril formation of 49QPR65/A. Fibril formation of 18 μM 49QPR65/A was performed at 37�C in Buffer A (50 mM

Tris–HCl buffer, pH 7.5, containing 150 mM NaCl and 2 mM DTT) with shaking. (a) The time course of 49QPR65/A fibril formation was

monitored by ThT fluorescence and ANS fluorescence. (b–e) AFM detection of 49QPR65/A fibril formation. 10 μm � 10 μm square scan

areas were randomly taken from the 0 h (b), 3 h (c), 24 h (d), and 45 h (e) samples for analysis by AFM. (f, g) The time course of 49QPR65/A

fibril formation detected by filter retardation assay with anti-PR65/A antibody (f) and anti-HTT exon 1 antibody (g). Three independent

replicates gave similar results and one typical data set is shown.
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After 3 h of incubation, some short fibrils appeared
(Figure 6c), in accordance with the ThT result. At the
mid-time of the logarithmic phase, a large number of
spherical aggregates formed (Figure 6d), followed by for-
mation of numerous long fibrils (Figure 6e). The height
of fibrils increased during the course of fibril formation
and the final fibril height was 11–17 nm, measured from
the AFM images. In the filter retardation assay, SDS-
resistant aggregates were detected using anti-HTT exon
1 antibody and anti-PR65/A antibody (Figure 6f,g), which
confirmed that the two parts of the chimeric protein are
present in the fibrils. It was observed that the color devel-
opment of detection with anti-PR65/A antibody was basi-
cally consistent with the time course of 49QPR65/A fibril
formation, but for the detection with anti-HTT exon
1 antibody the strongest signal appeared at the time
points of 15, 17, and 19 h (in the middle of the logarith-
mic phase), and after these time points the signal
decreased with time (Figure 6f,g). This suggests that the
fibril core formed by HTT exon 1 is buried within the
structure of mature fibrils and PR65/A is wrapped
around the fibril core.

In view of the above results showing that HTT exon
1 can interact with the HEAT repeat structure of PR65/A,
we then investigated the effect of HEAT repeats on fibril
formation of HTT exon 1 and also the effect of fibril for-
mation of HTT exon 1 on the structure of PR65/A. We
found fibril formation of 49QPR65/A was much slower
than for the isolated 49 Q HTT exon 1 (induced by cleav-
age of the GST tag from GST-49 Q HTT exon 1), and
49QPR65/A formed longer fibrils than 49 Q HTT exon
1 (Figure 7a,c). We also noticed that 49 Q HTT
exon 1 fibrils can form bundles as well as having multiple
ends, and the height of fibrils is below 10 nm as shown
by the AFM images (Figure 7c,d), which is similar to the
previously reported HTT exon 1 fibrils (Wagner
et al., 2018; Silva et al., 1986), although the 49 Q HTT
exon 1 fibrils are shorter and have fewer bundles than
the previously reported HTT exon 1 fibrils. However,
49QPR65/A fibrils only rarely form bundles or show
branching (Figure 7a). This indicates that the fused
PR65/A which is arranged outside of the fibril core
changes the higher-order architecture of the fibrils and
the kinetics of fibril formation. The average length
and the degree of branching may be determined by the
dominant pathway of amyloid nucleation. Usually, a
higher primary nucleation rate causes the formation of a
larger amounts of amyloid nuclei at the initial stage of
aggregation and so the average length of the fibrils will
be shorter, while a slower primary nucleation rate leads
to less elongation-competent nuclei and so the average
fibril length will be longer. Moreover, the presence of
surface-catalyzed secondary nucleation can lead to
branching of the fibrils, while the fibril core of the

FIGURE 7 Comparison of 49QPR65/A fibrils and 49 Q HTT

exon 1 fibrils. (a, b) Fibril formation of 49QPR65/A was performed as

in Figure 6, and 5 μm � 2.5 μm scan areas were randomly taken

from 48 h samples for AFM analysis before (a) and after

(b) proteinase K digestion for 24 h at 37�C. (c) Fibril formation of

18 μM 49Q HTT exon 1 was performed at 37�C in Buffer A (50 mM

Tris–HCl buffer, pH 7.5, containing 150 mM NaCl and 2 mM DTT)

without shaking. Fibril formation was initiated by cleavage of the

GST tag with thrombin, and 5 μm � 5 μm square scan areas were

randomly taken from the 24 h samples. (d) The fibril height of

49QPR65/A fibrils, proteinase-K-digested 49QPR65/A fibrils and 49Q

HTT exon 1 fibrils, obtained from AFM scan area of panels (a–c),
shown as average and standard deviations (n = 10–20). Filter
retardation assay with anti-PR65/A antibody of 49QPR65/A fibrils,

proteinase-K-digested 49QPR65/A fibrils and 49Q HTT exon 1 fibrils

are shown as 1, 2 and 3 of the inset panel. Three independent

replicates gave similar results and one typical data set is shown.
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49QPR65/A is probably wrapped around by the fused
PR65/A domain, which could prevent surface-catalyzed
secondary nucleation and branching of the fibrils.

49QPR65/A fibrils were digested with proteinase K to
explore the possible composition of the fibril core since
the fibril core is protease-resistant. The fibril height of
proteinase-K-digested 49QPR65/A fibrils was similar to
49 Q HTT exon 1 fibrils, and lower than 49QPR65/A
fibrils, and the proteinase-K-digested 49QPR65/A fibrils
were not reactive to anti-PR65/A antibody similar to
49 Q HTT exon 1 fibrils (Figure 7a–d). The fibril forma-
tion of 49QPR65/A can be greatly accelerated by seeding
with 49QPR65/A fibril seeds or 49 Q HTT exon 1 fibril
seeds, whereas 20QPR65/A cannot form amyloid fibrils
even in the presence of 49QPR65/A fibril seeds or 49 Q
HTT exon 1 fibril seeds, as detected by ThT fluorescence
and filter retardation assay with anti-PR65/A antibody
(Figure 8a,b). If wrapping of PR65/A around the fibril
core prevents surface-catalyzed secondary nucleation and
results in dominant seed-templated elongation, then the
cross-seeding results indicate that fibrils of 49QPR65/A
and 49 Q HTT exon 1 may possess similar fibril cores.
However, we still lack direct structural data to confirm
this. Therefore, we conclude that the fusion of C-terminal
PR65/A did not alter the fibril-formation ability of HTT
exon 1, but changed the kinetics of fibril formation and
the higher-order architecture of the fibrils.

To check whether the structure of PR65/A changed
during the fibril formation of 49QPR65/A, we used ANS
fluorescence as a probe. The ANS binding curve for
49QPR65/A fibrils and native 49QPR65/A were com-
pared, showing that 49QPR65/A fibrils are more sensitive
to ANS at very low concentration than native 49QPR65/A
(Figure 9a), although the two states of 49QPR65/A had
similar saturation points for ANS binding (Figure 9b).
The intensity of ANS fluorescence of proteinase-
K-digested 49QPR65/A fibrils was quite low compared
with native 49QPR65/A or 49QPR65/A fibrils (Figure 9a)
while ANS fluorescence of 49QPR65/A increased signifi-
cantly during the fibril formation (Figures 6a and 9a).
When the ANS binding spectra of native 49QPR65/A and
proteinase-K-digested 49QPR65/A fibrils were added
together, the combined fluorescence intensity was still
lower than the ANS fluorescence intensity of 49QPR65/A
fibrils (Figure 9a), suggesting that the structure of
PR65/A changes during fibril formation resulting in
enhanced ANS binding.

3 | DISCUSSION

The effect of HTT exon 1 and an extended poly Q tract on
the structure and function of HTT is hard to study

directly due to the large size of the HTT protein, together
with its conformational heterogeneity and tendency to
aggregate (Guo et al., 2018; Harding et al., 2019; Li

FIGURE 8 Comparison of fibril formation of 49QPR65/A and

20QPR65/A. (a) Fibril formation of 16 μM 49QPR65/A and 20QPR65/A

in the absence or presence of 1.6 μM 49QPR65/A fibril seeds or 49Q

HTT exon 1 fibril seeds was monitored by ThT binding assay. Fibril

formation was performed as in Figure 6. (b) AFM analysis of

20QPR65/A after 42-h shaking at 37�C in Buffer A (50 mM Tris–HCl
buffer, pH 7.5, containing 150 mM NaCl and 2 mM DTT) is shown in

5 μm � 5 μm square scan areas. (c) Filter retardation assay with anti-

PR65/A antibody is shown as: (1) 49QPR65/A fibrils without seeding;

(2) 49QPR65/A fibrils seeded by 49QPR65/A fibril seeds; (3) 49QPR65/A

fibrils seeded by 49Q HTT exon 1 fibril seeds; (4) 20QPR65/A after fibril

formation without seeding; (5) 20QPR65/A after fibril formation seeded

by 49QPR65/A fibril seeds; (6) 20QPR65/A after fibril formation seeded

by 49Q HTT exon 1 fibril seeds. Three independent replicates gave

similar results and one typical data set is shown.
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et al., 2006). Using a fusion between cellular retinoic acid
binding protein I (CRABP I) and HTT exon 1, researchers
found that extended polyQ tracts cause aggregation of
CRABP I and perturbation of the adjacent β-barrel struc-
ture (Ignatova and Gierasch, 2006). In this study we con-
structed chimeras of HEAT repeat protein PR65/A with
N-terminal fusion of 20 Q or 49 Q HTT exon 1 as model
proteins to mimic wild-type or mutant HTT in the con-
text of adjacent HEAT repeat structure as is found in

HTT. It is surprising to find that 20 Q or 49 Q HTT exon
1 both disturbed the structure of PR65/A to a similar
extent. Consistent with this study, the length of Q stretch
also did not affect the EM structure of the complex of
HTT and HAP40 or the thermal stability of HTT (Guo
et al., 2018; Harding et al., 2019), and monomeric HTT
exon 1 has similar overall structural features for wild-
type and pathological lengths of Q stretch (Warner
et al., 2017). However another study found that 78 Q
HTT has a different global structure than 23 Q HTT, sug-
gesting the polyQ expansion induces global structural
changes within the HTT domains (Jung et al., 2020).
Therefore, the effect of polyQ expansion on the interac-
tion between HTT exon 1 and the following heat repeat
structure is worthy of further study.

The interaction between HTT exon 1 and HEAT
repeat structure of PR65/A was verified by the slight
structural perturbance of PR65/A caused by N-terminal
fusion of HTT exon 1, and measured by SEC, intrinsic
fluorescence, CD and thermostability. Similar to HTT
exon 1, the Ure2 PrD is also an intrinsically disordered
region, but it did not affect the structure of PR65/A,
indicating some specificity of the interaction between
HTT exon 1 and HEAT repeat structure. The interaction
between HTT exon 1 and HEAT repeat structure of
PR65/A led to some destabilization and expansion of the
HEAT repeat structure, thus decreasing the conforma-
tional stability of PR65/A and increasing sensitivity to
environmental changes including salt concentration and
hydrophobic interactors. Conformational flexibility of
PR65/A is the basis for PR65/A to accommodate its dif-
ferent partners, as indicated by available structures of
PR65/A in different assemblies (Cho and Xu, 2007;
Chen et al., 2007; Xu et al., 2008). Conformational flexi-
bility of PR65/A also helps regulate functions of its
interacting proteins, such as enzyme activity, which is
exemplified by the fact that PR65/A can act as elastic
connector linking force and catalysis (Kaynak
et al., 2023; Grinthal et al., 2010). Similar to PR65/A,
HTT is a complex scaffold protein with multiple interac-
tion partners and can also participate in modulating
activity of its clients (Wanker et al., 2019; Proskura
et al., 2017). Understanding the mechanisms of subtle
modulations of HTT on protein–protein interactions
and related cellular networks, as well as their alteration
in HD, is essential for explaining the labyrinthine
pathology of HD (Wanker et al., 2019; Proskura
et al., 2017). The results from this study will provide
valuable information for further study. It can be specu-
lated that interaction of HTT exon 1 with the cellular
membrane, fibril formation of HTT exon 1 as well as
PTMs within HTT exon 1 or the adjacent HEAT repeat
structure could modulate function of HTT by

Wavelength (nm)
420 440 460 480 500 520 540 560 580 600

AN
S 

flu
or

es
ce

nc
e 

(A
U

)

0
50

100
150
200
250
300
350
400
450
500
550
600

native 49QPR65/A
49QPR65/A fibrils
proteinase-K-digested 49QPR65/A fibrils
proteinase-K-digested 49QPR65/A fibrils + native 49QPR65/A 

ANS concentration (μM)
0 100 200 300 400 500 600 700 800 900 1000

R
el

at
ive

 A
N

S 
flu

or
es

ce
nc

e

0

1

2

3

4

5

6

7

native 49QPR65/A
49QPR65/A fibrils

(b) 

(a) 

FIGURE 9 Fibril formation of 49QPR65/A increases its

conformation flexibility upon binding of the hydrophobic probe

ANS. (a) ANS fluorescence emission spectra with excitation at

395 nm of 1 μM native 49QPR65/A, 49QPR65/A fibrils and

proteinase-K-digested 49QPR65/A fibrils were measured in Buffer

A (50 mM Tris–HCl buffer, pH 7.5, containing 150 mM NaCl and

2 mM DTT) containing 150 μM ANS. Individual ANS fluorescence

spectra of native 49QPR65/A and proteinase-K-digested

49QPR65/A fibrils were added to generate the predicted spectrum

of the mixture. The curves were smoothed using the SigmaPlot

software. (b) ANS binding to 1 μM native 49QPR65/A and

49QPR65/A fibrils was monitored in Buffer A containing ANS of

different concentrations by measuring fluorescence intensity at

485 nm with excitation at 390 nm. Three independent replicates

gave similar results and one typical data set is shown.
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modulating the interaction between HTT exon 1 and the
HEAT repeat structure.

HTT fragment length is also a critical factor for aggre-
gation in HD, besides the number of Q and expression
level of the HTT gene, as indicated by in vivo studies
(Hackam et al., 1998; Li and Li, 1998; Li et al., 2001;
Chen et al., 2017). HTT exon 1 attached to GST or a
β-barrel protein can still form fibrils, as detected in
in vitro studies, which indicates that HTT exon 1 with an
appended folded domain can still form fibrils
(Scherzinger et al., 1997; Ignatova and Gierasch, 2006).
In this study 49QPR65/A formed typical amyloid fibrils
under certain conditions but not 20QPR65/A, which is
consistent with the fact that aggregation and HD onset
occurs in vivo when the number of Q residues is over 35.
Although the tendency of HTT exon 1 to form fibrils is
not affected by covalent attachment of HEAT repeats,
attachment of PR65/A substantially changed the aggrega-
tion kinetics of HTT exon 1 and the morphology of fibrils.
Analysis of inclusions in HD reveals that the N-terminus
of HTT is the major component of nuclear aggregates,
and both full-length HTT and fragments of HTT exist in
cytoplasmic aggregates (Hackam et al., 1998; Cooper
et al., 1998; Martindale et al., 1998). This study suggests
that it is possible for full-length mutant HTT or truncated
HTT containing HTT exon 1 and the downstream HEAT
repeat structure to initialize amyloid fibril formation in
HD pathology. It has been reported that in vivo the pres-
ence of short N-terminal HTT fragments increases the
frequency of aggregation (Hackam et al., 1998). In this
study fibril formation of 49QPR65/A could be seeded not
only by fibril seeds formed from itself but also by fibril
seeds formed from 49 Q HTT exon 1, which suggests that
fibril formation of long HTT fragments can be accelerated
by fibril formation of short N-terminal HTT fragments.
Abnormal proteolysis of mutant HTT is often detected in
HD (Dyer and McMurray, 2001; Kim et al., 2001; Kim
et al., 2006; Wellington et al., 2002). Decreased proteoly-
sis leads to a reduction in elimination of aggregates (Dyer
and McMurray, 2001), but increased proteolysis acceler-
ates fragmentation of HTT and facilitates aggregation of
short N-terminal HTT fragments (Kim et al., 2001, 2006;
Wellington et al., 2002). Abnormal proteolysis of mutant
HTT could accelerate the HD disease process by produc-
ing accumulation of exon 1 fragment to seed the aggrega-
tion (Landles et al., 2010).

PR65/A chimera with N-terminal fusion of HTT exon
1 provide a new model for HD research. This study apply-
ing chimeric models suggests that interaction between
HTT exon 1 and HEAT repeat structure may be involved
in the normal function of HTT as well as influencing the
pathological process of HD. This model can be further
employed in related research, such as determination of

fibril structure, and study of the fibril formation mecha-
nism and its relationship to fibril cytotoxicity.

4 | EXPERIMENTAL PROCEDURES

4.1 | Protein expression and purification

HTT exon 1 genes containing 20 Q and 51 Q (coding
MATLEKLMKAFESLKSF[Qn]P14QLPQPPPQAQPLLPQ
PQPPPPPPPPPPGPAVAEEPLHRP) were gifts from Erich
Wanker (Max Delbrueck Center for Molecular Medicine,
Berlin, Germany), and the PR65/A gene was a gift from
David Barford (ICR, London, UK). HTT exon 1 genes
containing 20 Q and 51 Q were inserted into the pGEX-
4T-1 plasmid using the BamHI and NotI sites (forward
primer: 50 gctcgc ggatcc atggcgaccctggaaaagctg 30, reverse
primer: 50 acgatt gcggccgc tcatta ctcgag
tggtcggtgcagcggctcc 30) to generate GST-20Q HTT exon
1 and GST-49Q HTT exon 1 DNA respectively. (After the
HTT exon 1 gene containing 51 Q was inserted, 2 Q were
missing and so it became HTT exon 1 containing 49 Q.)
In the expressed fusion proteins, the linker between GST
and HTT exon 1 is “SDLVPRGS” (where “LVPRGS” is
the thrombin cleavage site) and there are two extra
amino acid residues “LE” at the C terminal of HTT exon
1. The PR65/A gene was inserted into pGEX-4T-1-GST-
20Q HTT exon 1 and pGEX-4T-1-GST-49Q HTT exon
1 plasmids using the XhoI and NotI sites (forward
primer: 50 aactgg ctcgag atggcggcggccgacggcgacg 30,
reverse primer: 50 acgatt gcggccgc ttatcaggcgagagacagaa-
cag 30) to generate GST-20QPR65/A and GST-49QPR65/A
chimeric DNA constructs, respectively. The linker
between HTT exon 1 and PR65/A is the XhoI site (ggatcc)
and the translated amino acid residues are “LE”. The
DNA for GST-20Q HTT exon 1 and GST-49Q HTT exon
1, as well as GST-20QPR65/A and GST-49QPR65/A was
inserted into the mini-pRSETa plasmid (a gift from Dr
Mark Bycroft, Centre for Protein Engineering, Cam-
bridge, UK) using the EcoRI and HindIII sites for expres-
sion of His6-GST-20Q HTT exon 1, His6-GST-49Q HTT
exon 1, His6-GST-20QPR65/A and His6-GST-49QPR65/
A, respectively. PR65/A, 20QPR65/A and 49QPR65/A
DNA was inserted into the mini-pRSETa plasmid using
the BamHI and HindIII sites to express His6-PR65/A,
His6-20QPR65/A and His6-49QPR65/A respectively
(Figure 1b). The U(1-93)PR65/A chimeric DNA construct
was generated by inserting the gene of the N-terminal
93 aa of Ure2 (Perrett and Jones, 2008) into the pRSETa-
20QPR65/A plasmid to replace 20Q HTT exon 1 using the
BamHI and XhoI sites to express His6-U(1-93)PR65/A
(Figure 1b). The linker between Ure2 PrD and PR65/A is
also the XhoI site (ggatcc) which is translated to “LE” in
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the expressed protein. The His6 tag in the fusion proteins
is uncleavable and the extra sequence before PR65/A,
HTT exon 1 or Ure2 PrD is “MRGSHHHHHHGLV
PRGS”. The extra sequence before GST is “MRGSHHHH
HHGLVPRGSELDICSWYL” which is removed together
with GST after thrombin cleavage.

E. coli strain BL21(DE3) Codon Plus cells transformed
with the above expression plasmids were grown at 37�C
and induced with 0.1 mM 1-thio-β-D-galactopyranoside
(IPTG) when the OD600 reached 0.5–0.8. The cells were
grown for a further 12 h before harvesting and then lysed
using a JNBIO JN-3000 PLUS high-pressure cell press.

PR65/A and PR65/A chimeric proteins were purified
as described for purification of PR65/A (Groves
et al., 1999). Briefly, the proteins were purified with a Ni-
NTA column step, an anion exchange step and a final
SEC step. The cleared cell lysate in Buffer C (50 mM
Tris–HCl buffer, pH 7.5, containing 300 mM NaCl,
20 mM imidazole and 2 mM β-mercaptoethanol) was
applied to a Ni-NTA column (chelating Sepharose fast-
flow resin, GE Healthcare Science), and the protein was
eluted using a linear gradient to 300 mM imidazole. The
eluate was diluted 10-fold with Buffer D (50 mM Tris–
HCl buffer, pH 7.5, containing 2 mM DTT and 2 mM
EDTA) and was applied to a SOURCE 15Q anion
exchange column (GE Healthcare Science), and the pro-
tein was eluted using a linear gradient to 1 M NaCl. Peak
fractions containing PR65/A or PR65/A chimeric proteins
were pooled, concentrated to a volume of �1 mL and
loaded onto a Superdex 200 HiLoad column
(GE Healthcare Science) equilibrated with Buffer A
(50 mM Tris–HCl buffer, pH 7.5, containing 150 mM
NaCl and 2 mM DTT). The presence of PR65/A or
PR65/A chimeric proteins was confirmed by 10% SDS-
PAGE after each purification step. His6-GST-20Q HTT
exon 1, His6-GST-49Q HTT exon 1 and His6-GST-
49QPR65/A were purified using an Ni-NTA column as
described in the above Ni-NTA column step for purifica-
tion of PR65/A and PR65/A chimeric proteins. Then the
eluate was dialyzed into Buffer A. GST-20Q HTT exon
1, GST-49Q HTT exon 1 and GST-49QPR65/A were puri-
fied using a Glutathione (GSH) Agarose column
(GE Healthcare Science). The cleared cell lysate in buffer
E (50 mM Tris–HCl buffer, pH 7.5, containing 150 mM
NaCl and 2 mM β-mercaptoethanol) was applied to a
Glutathione Agarose column. The column was washed
with Buffer E and eluted with Buffer F (50 mM Tris–HCl
buffer, pH 7.5, containing 150 mM NaCl, 15 mM GSH
and 2 mM β-mercaptoethanol). The eluate was also dia-
lyzed into Buffer A.

All protein concentrations (in terms of monomers)
were measured by absorbance at 280 nm using calculated
extinction coefficients (Gill and von Hippel, 1989). PR65/

A, U(1-93)PR65/A, 20QPR65/A and 49QPR65/A have the
same calculated extinction coefficient of
43,275 M�1 cm�1. The calculated extinction coefficient
for GST-20Q HTT exon 1 and GST-49Q HTT exon 1 is
43,110 M�1 cm�1, and GST-49QPR65/A has a calculated
extinction coefficient of 86,385 M�1 cm�1. E. coli GST
(EGST) was expressed and purified as described (Wang
et al., 2009). All proteins were stored at �80�C in Buffer
A and defrosted in a 25�C water bath immediately prior
to use.

4.2 | Analytical size exclusion
chromatography

Purified proteins of 10 μM (100 μL) were loaded onto a
24-mL Superdex 200 HiLoad column (GE Healthcare Sci-
ence) equilibrated with Buffer A or Buffer B (50 mM
MES buffer, pH 6.5, containing 2 mM DTT) to determine
their oligomeric state. Blue dextran (2000 kDa),
β-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
BSA (66 kDa), carbonic anhydrase (29 kDa) and cyto-
chrome C (12.4 kDa) were used as molecular mass
standards.

4.3 | Sedimentation equilibrium

Sedimentation analysis was performed in 50 mM Tris–
HCl buffer, pH 7.5, containing 150 mM NaCl and 1 mM
DTT or 50 mM MES buffer, pH 6.5, containing
1 mM DTT with protein concentrations of 5 and 10 μM,
scanning at 280 nm, using a Beckman XL-1 analytical
ultracentrifuge with an An-60Ti analytical rotor. Sedi-
mentation equilibrium experiments were performed at
10,000 rpm, with overspeeding at 15,000 rpm for 4 h to
speed up the attainment of equilibrium. Scans were taken
at intervals of 4 h (during the day) or 16 h (overnight),
until successive scans superimposed exactly, when the
later scan was taken as being operationally at equilib-
rium. The molecular weight of proteins was calculated
based on nonlinear least squares fitting using the soft-
ware provided with the instrument.

4.4 | Intrinsic fluorescence
measurements

Intrinsic fluorescence spectra of the proteins were
obtained between 300 and 400 nm with excitation at
280 nm, measured using a Shimadzu RF-5301PC spectro-
fluorometer. Spectra of 0.4 μM proteins were measured
in 50 mM Tris–HCl buffer (pH 7.5) or 50 mM MES buffer
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(pH 6.5) containing different concentrations of NaCl and
2 mM DTT at 25�C in a thermostatted cuvette.

In the unfolding experiments, spectra of 0.4 μM proteins
in 50 mM MES buffer, pH 6.5, containing a series of con-
centrations of urea and 2 mM DTT were scanned, after the
samples were allowed to pre-equilibrate at 25�C for 3 h. For
the renaturation experiment, the proteins were pre-
denatured in 8 M urea. The concentration of urea solutions
was confirmed using an Abbe refractometer. The maximum
change in the intensity of intrinsic fluorescence during the
denaturation was observed at 323 nm, which was therefore
used to monitor the change in fluorescence intensity over
the course of denaturation. Data were also represented as
the CSM, which is sensitive to changes in the maximum
emission wavelength, and has an improved signal to noise
ratio (Silva et al., 1986). The CSM of intrinsic fluorescence
was calculated using the following formula:

CSM¼
P400

i¼300i� IFi
P400

i¼300IFi

4.5 | Data analysis of the equilibrium
unfolding transition

The data of the intrinsic fluorescence measurements were
fitted to a three-state unfolding model via monomeric
intermediate (N$I$U) according to the two transitions
observed and the monomer state of native PR65/A,
U(1-93)PR65/A, 20QPR65/A and 49QPR65/A. The three-
state unfolding model via monomeric intermediate is
described below. In each case, nonlinear least-squares fit-
ting of the data was carried out using the regression wiz-
ard of the SigmaPlot software.

The amplitude of the spectroscopic signal or CSM
value determined at each denaturant concentration was
assumed to be a linear combination of the fractional con-
tribution from each species:

y¼ f N yNþmN½Urea�ð Þþ f I yIþmI½Urea�ð Þ
þ fU yUþmU½Urea�ð Þ

ð1Þ

where yN, yI, yU, mN, mI, and mU are the intercepts and
slopes of the initial baseline, intermediate state and final
baselines, respectively; and fN, fI, and fU are the fraction of
native, intermediate and denatured states, respectively. The
derivation of the expression for fN, fI, and fU is outlined
below.

The equilibrium constants for the two transitions are
given by K1 = [I]/[N] = fI/fN and K2 = [U]/[I] = fU/fI.
The total protein concentration is C = [N] + [I]

+ [U] and fN + fI, +fU = 1. Hence fN = [N]/C, fI = [I]/C
and fU = [U]/C. From this it can be seen that: fN = fI, K1

and fU = fI, K2. Then the fraction population can be
given:

f N ¼ 1
1þK1þK1K2

ð2Þ

f I ¼
K1

1þK1þK1K2
ð3Þ

fU ¼ K1K2

1þK1þK1K2
ð4Þ

The free energy for unfolding, ΔGU = �RTlnK, shows
a linear relationship with the denaturant concentration:

ΔGU ¼ΔGU H2Oð Þ�m Urea½ � ð5Þ

where m is the denaturant dependence (or slope) of the
transition and ΔGU(H2O) is the free energy of unfolding
in the absence of denaturant. The denaturant mid-point
of the curve, [Urea]1/2, is a useful parameter as it has a
lower inherent error than ΔGU(H2O) and so can allow
detection of small differences in stability between conser-
vative mutants of the same protein when measured
under the same solution conditions. Assuming the two
transitions are distinct, the mid-point of the first transi-
tion occurs when fN = fI = 1/2 and so K1 = 1, hence:

ΔGU H2Oð Þ1 ¼m1 Urea½ �1=2,1 ð6Þ

K1 ¼ exp
m1

RT
Urea½ �� Urea½ �1=2,1

� �h i
ð7Þ

Similarly, the mid-point of the second transition
occurs when fI = fU = 1/2 and so K2 = 1, hence:

ΔGU H2Oð Þ2 ¼m2 Urea½ �1=2,2 ð8Þ

K2 ¼ exp
m2

RT
Urea½ �� Urea½ �1=2,2

� �h i
ð9Þ

Fitting of the data to Equation (1) was carried out to
obtain ten unknown parameters, after substituting for fN,
fI, and fU in terms of m1, m2, [Urea]1/2,1 and [Urea]1/2,2,
using the expression given in Equations (2)–(4), (7) and
(9), where m1 and m2 are the slopes, and [Urea]1/2,1
and [Urea]1/2,2 are the mid-points of the first and second
transitions, respectively. The overall stability of the pro-
tein according to this model is obtained from: ΔGU(H2O)
= ΔGU(H2O)1 + ΔGU(H2O)2.
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4.6 | CD measurements

Far-UV CD spectra were measured at 25�C in a 0.1 cm
path-length thermostatted cuvette using a Pistar-180
instrument (Applied Photophysics), after pre-incubation
for 10 min at 25�C. Spectra between 200 and 250 nm of
1 μM proteins were measured in Buffer A.

4.7 | ANS fluorescence measurements

ANS fluorescence spectra of the proteins were obtained
between 420 and 600 nm with excitation at 395 nm, using
a Hitachi F-4500 spectrofluorometer. Spectra of 1 μM
proteins were measured in Buffer A or Buffer B in the
presence of 150 μM ANS at 25�C in a thermostatted
cuvette. ANS binding to 0.4 or 1 μM proteins against ANS
concentration were represented as fluorescence intensity
at 485 nm after excitation at 390 nm, measured using a
Thermo Scientific Fluoroskan® Ascent microplate fluo-
rometer. All of the samples containing ANS were pre-
incubated at 25�C for 3 h to reach binding equilibrium
before measurements.

4.8 | In vitro amyloid fibril formation

Amyloid fibril formation of HTT exon 1 was performed at
37�C in Buffer A, by cleavage of the GST tag ahead of
HTT exon 1 with thrombin on standing for 1–2 days
(no high-efficiency thrombin cleavage site is present
within the HTT exon 1 sequence), or with shaking at
300 rpm for 3–4 days in an Innova 4230 incubator when
there was no GST tag (for 20QPR65/A and 49QPR65/A).
In the proteins with GST tag the cleavage sequence of
thrombin before the HTT exon 1 is “LVPRGS” and the
extra residues are “GS” after thrombin cleavage.
The extent of fibril formation was monitored by assay of
ThT or ANS binding, as described (Jiang et al., 2004; Zhu
et al., 2003; LeVine, 1999; Bolognesi et al., 2010; Berton-
cini and Celej, 2011). ThT was dissolved to 10 μM in
50 mM Tris (pH 8.4). At regular time intervals, 10 μL ali-
quots were removed from the incubated samples and
mixed with 600 μL of the ThT solution. ThT fluorescence
was measured immediately after addition of the aliquots
to the ThT mixture on a Shimadzu RF-5301PC spectroflu-
orimeter between 460 and 560 nm with an excitation
wavelength of 450 nm and slits of 5 nm for both excita-
tion and emission. For each sample, the intensity of ThT
fluorescence at 485 nm was measured by averaging the
signals over a 10 s period, from which a corresponding
blank was subtracted. Fibril seeds were prepared by soni-
cating mature fibrils, and their concentration was

determined according to the protein concentration before
fibril formation, as described (Zhang et al., 2010; Fei and
Perrett, 2009). Under shaking conditions, fibril seeds
were added into the fibril formation system at the begin-
ning. The seed concentration was 10% of the initial con-
centration of monomeric fibril-forming proteins.

4.9 | Atomic force microscopy

Atomic force microscopy was used to analyze fibril for-
mation of 20Q HTT exon 1, 49Q HTT exon 1, 20QPR65/A
and 49QPR65/A over time, and was carried out as
described (Jiang et al., 2004; Lian et al., 2007). Samples
were imaged at scan sizes of 5 and 10 μm using line scan
rates below 2 Hz; 512 � 512 pixels were collected per
image. The height of fibrils was measured using the soft-
ware provided with the instrument.

4.10 | Filter retardation assay

Protein samples of 800 ng applied for filter retardation
assay were boiled in buffer containing 2% SDS and
25 mM DTT for 3 min, before they were filtered through
a 0.22 μm cellulose acetate membrane using a Biorad
Bio-Dot apparatus, as described (Zhang et al., 2010). A
polyclonal rabbit anti-PR65/A antibody (1: 20,000 dilu-
tion) or a polyclonal goat anti-HTT exon 1 antibody
(1:1000 dilution) was employed for immunoblotting of
the SDS-resistant aggregates which cannot run through
the cellulose acetate membrane. The immunoblot assay
was performed as described (Zhang et al., 2010). Anti-
HTT exon 1 antibody (Huntingtin (N-18): sc-8767) was
from Santa Cruz. Huntingtin (N-18): sc-8767 is an affinity
purified goat polyclonal antibody raised against a peptide
mapping near the N-terminus of huntingtin of human
origin. Anti-PR65/A antibody was produced locally
(Beijing 4A Biotech Co., Ltd.) using purified PR65/A as
the antigen.
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