Flanking domain stability modulates the
aggregation kinetics of a polyglutamine

disease protein

Helen M. Saunders,' Dimitri Gilis,2 Marianne Rooman,? Yves Dehouck,?
Amy L. Robertson,! and Stephen P. Bottomley'*

'Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria 3800, Australia
2Genomic and Structural Bioinformatics, CP 165/61, Université Libre de Bruxelles, Brussels 1050, Belgium

Received 17 May 2011; Revised 29 June 2011; Accepted 30 June 2011

DOI: 10.1002/pro.698
Published online 20 July 2011 proteinscience.org

Abstract: Spinocerebellar Ataxia Type 3 (SCA3) is one of nine polyglutamine (polyQ) diseases that
are all characterized by progressive neuronal dysfunction and the presence of neuronal inclusions
containing aggregated polyQ protein, suggesting that protein misfolding is a key part of this
disease. Ataxin-3, the causative protein of SCA3, contains a globular, structured N-terminal domain
(the Josephin domain) and a flexible polyQ-containing C-terminal tail, the repeat-length of which
modulates pathogenicity. It has been suggested that the fibrillogenesis pathway of ataxin-3 begins
with a non-polyQ-dependent step mediated by Josephin domain interactions, followed by a polyQ-

dependent step. To test the involvement of the Josephin domain in ataxin-3 fibrillogenesis, we
have created both pathogenic and nonpathogenic length ataxin-3 variants with a stabilized
Josephin domain, and have both stabilized and destabilized the isolated Josephin domain. We
show that changing the thermodynamic stability of the Josephin domain modulates ataxin-3
fibrillogenesis. These data support the hypothesis that the first stage of ataxin-3 fibrillogenesis is
caused by interactions involving the non-polyQ containing Josephin domain and that the
thermodynamic stability of this domain is linked to the aggregation propensity of ataxin-3.
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Introduction

The polyglutamine (polyQ) diseases are a group of
inherited neurodegenerative diseases, whereby the
expansion of a polyQ tract beyond a specific thresh-
old leads to disease. These diseases are character-
ized by the presence of neuronal nuclear inclusions
that contain fibrillar protein aggregates.! Nine
polyQ-containing proteins are known to be involved
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in these diseases, and aside from their expanded
polyQ tract, the proteins share no sequence or
known structural homology.? Increasingly, it has
become clear that the domains and sequences flank-
ing the polyQ tract are a significant factor in the
aggregation mechanism of these proteins. For exam-
ple, recent studies have demonstrated that a number
of the polyQ proteins contain domains with an
intrinsic aggregation propensity.>* The Josephin do-
main of ataxin-3,>¢ ataxin-1/HBP1 (AXH) domain of
ataxin-1,” and first 17 amino acids of huntingtin® all
have a propensity to aggregate under physiological
conditions. In addition, these domains also play a
key role during aggregation of the full-length protein
in vivo and in vitro. In a cellular environment, the
amount of aggregates formed by ataxin-1 is
decreased when the AXH domain is substituted with
a nonfibrillogenic homologue.”® Similarly, when the
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Josephin domain of ataxin-3 is substituted with the
Hbl domain, the formation of large aggregates is
inhibited.!° These studies indicate the importance of
the flanking domains in the aggregation of polyQ
proteins.

An early study suggested that the expansion of
the polyQ tract led to protein destabilization and
subsequent aggregation;'! however, a number of
recent studies using both disease and model proteins
have investigated the effects of expanding the polyQ
tract on overall protein stability, with mixed results.
The model system CRABP1-huntingtin exon-1 only
showed a decrease in global stability with an
expanded polyQ tract,'? whereas no change in stabil-
ity was observed in a SpA-polyQ model system with
various length polyQ tracts.'® In ataxin-3, the addi-
tion of a polyQ tract destabilized the protein, yet
expansion into the pathogenic range had no further
effect.'*'5 A comprehensive study into the relation-
ship between flanking domain stability and polyQ
aggregation has not however been reported.

It has been suggested that the polyQ protein
ataxin-3 aggregates via a two-stage aggregation
mechanism.'®!” The first stage is characterized by
interactions possibly involving the flanking Josephin
domain, and the second step involves the expanded
polyQ tract. This two-stage mechanism, involving
non-poly@ domains first, appears to be similar for
ataxin-1” and huntingtin.® Thus, we hypothesize that
intermolecular interactions between  Josephin
domains are the key first step responsible for initiat-
ing the ataxin-3 aggregation process, and that the
stability of this domain therefore modulates polyQ
aggregation kinetics. If this hypothesis is correct,
changing the Josephin domain stability will corre-
spondingly affect ataxin-3 aggregation kinetics. We
have rationally designed both stabilizing and destabi-
lizing mutations within the Josephin domain of path-
ogenic and non-pathogenic length ataxin-3 using the
PoPMuSiC algorithm,'®'® and show that in support
of our hypothesis, the corresponding in vitro aggrega-
tion kinetics of these mutants are modulated.

Results and Discussion

The aim of this study is to analyze the effects of
changing the thermodynamic stability of Josephin
on the aggregation kinetics of ataxin-3. To achieve
this, we utilized an in silico approach to predict
mutations that would effect the stability of Josephin
and then investigated the stability and aggregation
pathways of the mutants.

Prediction of mutations with changed stability
using PoPMuSiC

Using the PoPMuSiC program, we introduced suc-
cessively all possible single-site mutations in the
Josephin domain (PDB code 1YZB?°) and computed
the resulting change in folding free energy
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Table I. PoPMuSiC Predicted Changes in Josephin
Stability

Predicted changes in Josephin stability

Mutation type Mutation AAG ¢omputed (kcal mol ™)
Stabilising R103G —-1.37
Stabilising S81A -1.1
Destabilising L169H 3.0

(AAG computea)- To reduce the error on the computed
AAG values due to dataset limitations, we used two
different datasets, that is, DB; and DB; (see Experi-
mental procedures), to evaluate two AAG values:
AAGpg1 and AAGpps. The AAGcomputed’s Presented in
this article refer to the average of these two values.

We excluded mutations involving prolines from our
analysis, as they are likely to provoke backbone struc-
tural rearrangements, which are not modeled by the
PoPMuSiC program. We also excluded mutations close
to the catalytic triad (Cysl14, His119, and Asnl134) to
avoid alteration of the biological activity of the protein.
We selected the stabilizing mutations that present a
AAG computea Value lower than —1.0 kcal mol ! and the
destabilizing mutations with a AAGcomputea Value larger
than +2.0 kcal mol~'. Using this selection criteria, we
derived a list of five predicted stabilizing mutations
(Q24G, Q24Y, S81A, R103G, and Q1291) and 232 pre-
dicted destabilizing mutations.

We chose two of the most stabilizing mutations
(Table I), and four destabilizing mutations that were
predicted to have varying stabilities. Of the destabi-
lizing mutations, only the L169H mutation resulted
in soluble expression and was used in this study.
The lack of soluble expression of the destabilized
recombinant proteins suggests protein stability is
strongly linked to solubility and/or aggregation.

In the Josephin domain, ataxin-3(Q15) and
ataxin-3(Q64) variants, three potentially stabilizing
mutants were utilized; the single mutants R103G
and S81A and the double mutant R103G S81A, in
addition to the destabilizing mutation L169H
(Fig. 1). Soluble expression was not achieved for
L169H in either ataxin-3(Q15) or ataxin-3(Q64). Pu-
rification of Josephin L169H resulted in a yield 10-
fold lower than that typically achieved for wild-type
Josephin; however, this was sufficient for wuse
throughout this study. All of the proteins used in
this study were correctly folded, with their second-
ary structure and intrinsic fluorescence unchanged
from wild type (data not shown). They were also bio-
logically active, as determined by measurement of
ubiquitin-protease activity.'*

Stability Mutations in Josephin correspond as
predicted in silico

Thermal denaturation was
whether the mutations resulted in a change to the

used to determine

Josephin Domain Stability Modulates Ataxin-3



Figure 1. Predicted stability mutations in the Josephin
domain. The two stabilizing mutations R103G and S81A
and the destabilizing mutation L169H are highlighted on the
Josephin structure.

thermodynamic stability of Josephin (Fig. 2).
Although thermal denaturation of Josephin is not
reversible, due to aggregation, the midpoints of
denaturation give a relative measure of the protein’s
stability. For wild-type Josephin, the midpoint of the
transition was determined to be 51.3 + 0.6°C [Fig.
2(A)]. The two stabilizing mutants Josephin R103G
and Josephin S81A both showed an increase in sta-
bility with a shift in the transition to midpoints to
55.9 + 0.2°C and 54.1 = 0.4°C respectively, whereas
the destabilizing mutant Josephin L169H showed a
decrease in stability with a transition midpoint of
47.5°C (Table II). These changes in stability are in
agreement with the PoPMuSiC predictions. Interest-
ingly, the double mutant Josephin R103G S81A
showed the same thermal stability as Josephin
S81A, with a midpoint of 55.4 *= 0.2°C. This trend
was also observed for ataxin-3(Q15) [Fig. 2(B)] and
ataxin-3(Q64) [Fig. 2(C), Table II].

Stage 1 aggregation kinetics are modulated by
the stability of Josephin

The first stage of ataxin-3 aggregation results in
the formation of sodium dodecyl sulfate (SDS)-
soluble, curvilinear protofibrils, which are detecta-
ble using ThioflavinT (ThT) fluorescence.l” As
demonstrated previously, the aggregation kinetics
of the ataxin-3 variants differed, with ataxin-
3(Q64) showing the fastest aggregation rate, fol-
lowed by ataxin-3(Q15) and lastly the isolated
Josephin domain.®'® All of the ataxin-3 variants
including the stabilized mutants showed the sig-
moidal aggregation curve, consisting of a lag
phase followed by rapid elongation, indicative of
nucleated polymerization kinetics (Fig. 3).

For Josephin, ataxin-3(Q15) and ataxin-3(Q64)
introduction of both stabilizing mutations cause a
decreased rate of aggregation in comparison to their
wild-type counterparts (Fig. 3, Table II). The aggre-
gation rates of the R103G variants are slower than
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that of the S81A variants and this correlates with
the slightly greater degree of stabilization of the
R103G mutants (Fig. 2). The aggregation rate of the
double mutant R103G S81A was suppressed even
further compared to the single mutants. This was
unexpected given that the R103G S81A double
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Figure 2. Thermal denaturation of Josephin stability
mutants. Thermal denaturation was followed at 280 nm
using near-UV CD. The temperature was increased by 1°C
min~" in a stoppered cuvette with a sample concentration
of 1 mg mL~". Representative traces are shown for (A)
Josephin, (B) ataxin-3(Q15), and (C) ataxin-3(Q64) with wild-
type (black), R103G (blue), S81A (green), R103G S81A
(purple), and L169H (red).
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Table II. Thermal Denaturation and Aggregation
Midpoints

Thermal
denaturation ThioT SDS-stability
midpoint midpoint midpoint
“C) (h) (h)
Josephin 51.3 £ 0.6 79.4 £ 6.7
Josephin R103G  55.9 = 0.2 147.5 = 7.3
Josephin S81A 541 +04 1152 +6.9
Josephin R103G  55.4 = 0.2 >150 h
S81A
Josephin L169H  47.5 + 0.1 4.0 = 0.9
Ataxin-3(Q15) 49.2 + 0.1 24.0 + 1.3
Ataxin-3(Q15) 52.9 + 0.8 489 + 1.8
R103G
Ataxin-3(Q15) 50.6 = 0.9 322+ 1.9
S81A
Ataxin-3(Q15) 534 + 0.4 50.0 = 2.8
R103G S81A
Ataxin-3(Q64) 51.0 = 0.3 11.7+ 1.2 350 £ 2.7
Ataxin-3(Q64 52.1 + 0.6 253 £21 429+ 26
R103G
Ataxin-3(Q64) 50.8 = 0.2 263 49 41.0=*7.1
S81A
Ataxin-3(Q64) 524 + 0.3 40.6 £ 2.2 48.7 = 1.3
R103G S81A

mutant had the same thermal stability as the
R103G mutant. This highlights the complex nature
of the aggregation mechanism in polyQ proteins,
and demonstrates that thermodynamic stability is
one of numerous factors influencing the Josephin-de-
pendent aggregation stage of ataxin-3.

The destabilized mutant Josephin L169H
showed a dramatic change in aggregation kinetics,
with the almost complete elimination of the lag
phase and an aggregation midpoint of 4.0 = 0.9 h
[Fig. 3(C)]. Considering that the change in the mid-
point of thermal denaturation is similar in magni-
tude for both the stabilized Josephin R103G and
destabilized Josephin L169H, for this set of mutants,
it appears that destabilizing the Josephin domain
has a greater impact on aggregation.

Stage 2 SDS-insoluble aggregation is
correspondingly slowed by the stabilizing
mutations

The SDS-insoluble aggregates formed by pathogenic
length ataxin-3 during the second stage of the aggre-
gation process can be monitored by a filter trap
assay.l” In this study, the stabilized ataxin-3(Q64)
mutants showed slower formation of SDS-insoluble
fibrils. During Stage 1 of aggregation, there was a
twofold to fourfold decrease in the aggregation rates
of the stabilizing mutants compared to wild type
ataxin-3(Q64) [Fig. 3(C)]. In Stage 2 of the aggrega-
tion pathway, the aggregation midpoints of the stabi-
lized ataxin-3(Q64) mutants only increased by 20—
40% compared to wild-type ataxin-3(Q64).
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Morphology of end-point fibrils of the ataxin-
3(Q64) stabilizing mutants is unchanged

The morphology of end point ataxin-3(Q64) fibrils
was observed using transmission electron micros-
copy (TEM). The aggregates were analyzed after 90
h of incubation. The diameters of the aggregates
ranged from 45 to 90 nm, with average lengths of 2

¢
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Figure 3. Ataxin-3 Stage 1-aggregation kinetics are
changed by the Josephin mutants. Stage 1 aggregation
was monitored using thioT fluorescence at 30 pM and pH
7.4 with a fluorescence plate reader. Wild-type (black),
R103G (blue), S81A (green), R103G S81A (purple), and
L169H (red) are shown in (A) Ataxin-3(Q64), (B) ataxin-
3(Q15), and (C) Josephin.
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Figure 4. SDS-insoluble aggregation is slowed by a
stabilized Josephin domain. Formation of SDS-insoluble
aggregates was analyzed over time, taking aliquots from an
aggregation assay at 30 yM and pH 7.4. (A) A
representative filter trap membrane shows the formation of
SDS-insoluble aggregates formed from ataxin-3(Q64) and
the stabilizing ataxin-3(Q64) mutants. (B) Densitometry is
shown for ataxin-3(Q64) (black), ataxin-3(Q64) R103G (blue),
ataxin-3(Q64) S81A (green), and ataxin-3(Q64) R103G S81A
(purple). Analysis of the membrane by densitometry was
completed on three independent experiments and fit to a
sigmoidal curve.

to 4 pm (Fig. 5). These images confirm that all of the
stabilized ataxin-3(Q64) mutants form large, fila-
mentous stage 2 aggregates, as previously
described.!”

Implications for the aggregation mechanism

of ataxin-3

Our study provides direct experimental evidence
that conformational change within the Josephin do-
main is involved in the first step of the ataxin-3
aggregation pathway, as predicted by the multi-stage
aggregation model.’®17 Specifically, increasing the
thermodynamic stability of the Josephin domain
slowed down the rate of stage-1 ataxin-3 fibrillogenesis
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and vice versa (Fig. 3). Thus, in the aggregation
pathway of the Josephin domain, changing the sta-
bility of the protein significantly affects the kinetics
of aggregation. Although only stabilizing mutations
were studied for ataxin-3(Q15) and ataxin-3(Q64),
the stabilizing mutations slowed the aggregation
rate in both cases. This suggests that in the context
of full-length ataxin-3, the Josephin domain is
involved in the initial interactions of Stage 1
aggregation.

Our observations complement recent studies in
which it was shown that interaction of Jospehin
with another protein, either a chaperone® or a bind-
ing partner, ubiquitin,?! reduces or prevents aggre-
gation of ataxin-3. In these cases, it is likely that
the effects observed are due in part to stabilization
of the Josephin domain through protein—protein
interactions, similar to that achieved in this work
through mutagenesis. The stabilization leads to
reduced rate of conformational change and accord-
ingly a decreased rate of aggregation. Therefore,
conformational change within the polyQ flanking do-
main, Josephin, is directly involved in aggregation
of the full length protein, which suggests that
targeting this folded domain with compounds that
stabilize it may provide a potential therapeutic
strategy.

Materials and Methods

Materials

Phenylmethylsulfonyl fluoride, B-mercaptoethanol
and thioflavin T (ThioT) were all obtained from
Sigma.

PoPMuSiC algorithm. The PoPMuSiC program
aims at predicting the folding free energy changes
(AAG = AG™utant _ AGWId-yPe) pogylting from single-
site mutations in a protein.?%2® All the possible point
mutations are successively introduced in silico in
the protein and their AAG’s are computed by means
of statistical potentials derived from datasets of
known protein structures. Two datasets are used
here, referred to as DB; and DB,: the first contains
141 well-resolved X-ray structures (resolution < 2.5
A) of protein chains with less than 25% pairwise
sequence identity,?* and the other 735 high-resolu-
tion X-ray structures (resolution < 2.0 A) of protein
chains with no more than 20% pairwise sequence
identity.2> Two types of potentials are considered.
AGiorsion 1S @ torsion potential that describes local
interactions along the sequence and is obtained from
the frequencies of association between residues or
residue pairs and backbone torsion angle domains.
AGgistance 18 a distance potential computed from the
propensities of residue pairs to be separated by a
spatial distance between average side chain cent-
roids C*. These potentials take implicitly the solvent
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Figure 5. Morphology of endpoint aggregates in unchanged. Transmission electron microscopy of (A) ataxin-3(Q64), (B)
ataxin-3(Q64) R103G, (C) ataxin-3(Q64) S81A, and (D) ataxin-3(Q64) R103G S81A. After 90 h of aggregation, samples were
negatively stained using 1% uranyl acetate. Scale bar represents 200 nm.

into account as they are derived from solution struc-
tures. The folding free energy changes AAG’s are
evaluated by linear combinations of torsion and dis-
tance potentials:

AAGcomputed = dAAGtorsion + BAAG gistance + ¥

where o, B and y are weighting factors depending on
the solvent accessibility of the mutated residue.??
The PoPMuSiC program requires as input the
structure of the target protein in PDB format and
uses a simplified representation of protein structures
consisting of the backbone atoms and the pseudo-
atom C" The backbone structure is assumed to be
unchanged upon mutation.
Mutagenesis. Using the QuickChange mutagenesis
method, the following mutations were introduced
into Josephin, ataxin-3(Q15) and ataxin-3(Q64):
L169H, S81A, and R103G.
Expression and Purification of Ataxin-3 variants. All
ataxin-3 variants were expressed and purified as
previously described,?® and the proteins were stored
at —80°C. Following purification the deubiquitinat-
ing activity of the proteins was measured'® and
before use all were analyzed using gel filtration to
ensure that no multimeric species were present.
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Thermal denaturation. Thermal unfolding was
monitored on a thermostatted Jasco-810 spectropo-
larimeter and performed by increasing the tempera-
ture by 1°C per min from 20 to 80°C. Changes in the
near-UV CD signal were monitored at 280 nm, using
a stoppered quartz cuvette with a path length of 1 cm.
Each protein was at a concentration of Img mL ! in
PBS (137 mM NaCl, 10.1 mM NaH,PO,, 2.68 mM
KCl, 1.76 mM KHyPO,, 10% (v/v) glycerol, ph 7.4).
Fibrillogenesis Time Course Assays. Ataxin-3 var-
iants (30 uM) were incubated in TBSG (80 mM Tris,
100 mM NaCl, 10% (v/v) glycerol, pH 7.4) containing
5 mM of ethylenediaminetetraacetic acid (EDTA), 15
mM of B-mercaptoethanol, and 2 mM of phenylmeth-
ylsulfonyl fluoride. Samples were incubated without
shaking at 37°C in air-tight containers to prevent
evaporation.

ThioT Fluorescence. ThioT fluorescence measure-
ments were recorded on a BMG Fluorostar plate
reader, using the buffering conditions described pre-
viously with the addition of 30 pM thioT. Excitation
and emission wavelengths of 430 and 480 nm with a
cut off filter of 455 nm were used, and both excita-
tion and emission were read from the underneath of
a black clear bottom plate. All reactions were com-
pleted at 37°C with no shaking.

Josephin Domain Stability Modulates Ataxin-3



Membrane Filter Trap Assay. Aliquots containing 7.4
pg of protein were taken from the fibrillogenesis reac-
tion, diluted 1:1 with a 4% (w/v) SDS/100 mM DTT so-
lution and then boiled for 5 min at 100°C. About 200
pL of 2% (w/v) SDS was then added to each of the
samples, and 2.5 pg of protein were filtered through a
0.2-um cellulose acetate membrane (Schleicher and
Schuell) using a Bio-Rad Bio-Dot SF microfiltration
unit. The membrane was then washed twice by filter-
ing 200 pL of 0.1% (w/v) SDS, and blotted with a hexa-
histidine (His6) antibody (Serotec). Densitometry was
completed using the program ImageQuant.
Transmission Electron Microscopy. TEM images were
obtained using a Hitachi TEM with an accelerating volt-
age of 80 kV. Samples were adsorbed onto a carbon-
coated grid, and stained with 1% (w/v) uranyl acetate.
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