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ABSTRACT Ataxin-1 is a human protein responsible for spinocerebellar ataxia type 1, a hereditary disease associated with
protein aggregation and misfolding. Essential for ataxin-1 aggregation is the anomalous expansion of a polyglutamine tract
near the protein N-terminus, but the sequence-wise distant AXH domain modulates and contributes to the process. The
AXH domain is also involved in the nonpathologic functions of the protein, including a variety of intermolecular interactions
with other cellular partners. The domain forms a globular dimer in solution and displays a dimer of dimers arrangement in the
crystal asymmetric unit. Here, we have characterized the domain further by studying its behavior in the crystal and in solution.
We solved two new structures of the domain crystallized under different conditions that confirm an inherent plasticity of the AXH
fold. In solution, the domain is present as a complex equilibrium mixture of monomeric, dimeric, and higher molecular weight
species. This behavior, together with the tendency of the AXH fold to be trapped in local conformations, and the multiplicity
of protomer interfaces, makes the AXH domain an unusual example of a chameleon protein whose properties bear potential
relevance for the aggregation properties of ataxin-1 and thus for disease.
INTRODUCTION
Ataxin-1 is the protein responsible for spinocerebellar
ataxia type-1 (SCA1), a genetically inherited human neuro-
degenerative disorder that shares a common mechanism
with eight other so-called polyglutamine diseases (1,2).
They are all caused by expansion of an unstable trinucleo-
tide CAG repeat in the coding region of the respective
gene. The mutation leads to lengthening of a polyglutamine
tract in the gene products. When the number of glutamines
exceeds a threshold, which is variable in each member of
the disease family but is mostly at ~35–42 repeats,
a progressive motor deterioration is observed (3). Degener-
ation is associated with the formation of toxic aggregates
and with the death of specific neural cells in the cere-
bellum, by a mechanism that resembles those observed in
other neurodegenerative pathologies caused by protein
misfolding such as Alzheimer’s, Parkinson’s, and prion
diseases (4,5).

It is now established that polyglutamine expansion is
essential for disease onset (2) but other regions play a role
in modulating the aggregation process and influencing the
development of the disease (2,6–11). One such region is
the AXH domain of ataxin-1, so far the only structured
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region identified along the ~820-residue protein sequence
(12). The AXH domain is an important element of ataxin-1,
responsible for both the normal and the aberrant functions of
ataxin-1; it has transcriptional repression activity and is
essential for interaction with a wide variety of proteins,
including the SMRT/SMRTER and Capicua proteins
(reviewed in de Chiara and Pastore (13)). AXH also partic-
ipates in ataxin-1 self-assembly (14). We demonstrated that,
although determined by polyglutamine expansion, in-cell
ataxin-1 aggregation is noticeably reduced by deletion of
the AXH domain or by replacement with the homologous
sequence from the transcription factor HBP1, which has
no known tendency to aggregate (9). In the same study,
we also showed that the isolated domain spontaneously mis-
folds and forms amyloid fibers in vitro without the need for
chemical denaturants, temperature increase, or other desta-
bilizing conditions.

The AXH domain is an unusual chameleon protein
(15) that constitutes the first known example in which the
existence of alternative structures is not induced by muta-
tions, ligand binding, or different protein contexts (16,17).
The crystal structure of the isolated AXH domain contains
four AXH molecules in the asymmetric unit arranged as
two globular dimers, with the protomer assuming the
oligonucleotide/oligosaccharide binding-fold (18). Each
protomer adopts different conformations leading to asym-
metric dimer interfaces. Differences that are even more
striking are observed between the structures of the ataxin-1
AXH protomers and the homologous HBP1 AXH domain
(15,18). Despite sharing the same secondary structure
elements, the N-terminus adopts different topologies (15).
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TABLE 1 Data processing and refinement statistics

Categories Structure X1 Structure X2

Cell dimensions, Å a ¼ 47.54,

b ¼ 82.70,

c ¼ 137.11

a ¼ 41.47,

b ¼ 80.83,

c ¼ 139.96

Resolution, Å 70.9–2.45 40.4–2.50

Unique reflections 16,989 14,350

Completeness, % 82.7 (85.4/32.5) 84.4 (91.7/35.5)

Mean I/sI 14.8 (5.8/4.5) 12.5 (4.4/3.0)

Rmerge
a 0.097 (0.33/0.70) 0.060 (0.25/0.61)

Wilson B, Å2 56 51

Data truncation

along d1, d2, d3, Å

2.90, 2.45, 2.45 2.90, 2.50, 2.50

R-factor, Rfree
b 22.0, 26.7 23.9, 28.8

Model

No. of protein atoms 3845 3835

No. of solvent atoms 74 46

Overall B factor Å2 53.4 59.5

RMS bonds 0.008 0.006

RMS angles 0.72 0.76

Coordinate errorc 0.78 0.88

Ramachandran analysisd
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A detailed study by analytical ultracentrifugation showed
that the dimer is the predominant species in solution for
the ataxin-1 domain whereas the HBP1 domain is a mono-
mer (12).

These findings have raised the intriguing question of
whether the adoption of different topologies and the pres-
ence of higher-order oligomers are intrinsic features of
the AXH motif of ataxin-1 or merely an artifact of
crystallization.

To gain fresh insights into these issues, we have investi-
gated the chameleon properties of the ataxin-1 AXH domain
and its behavior in solution by a combination of liquid state
NMR, small angle x-ray scattering (SAXS), and x-ray crys-
tallography. We show that the chameleon behavior of the
domain is not confined to local structural asymmetries but
also contributes to a complex equilibrium among monomer,
dimer, and higher molecular-weight species. These results
may be of relevance for interactions with cellular partners
and for SCA1 pathogenesis (9).
Most favored 96.6 98.2

Disallowed 0 0

Values in parentheses are for the highest resolution shells (two values: one

for along d1, and the other for along d2 and d3). For comparison, the cell

dimensions of the original crystal structure was a ¼ 48.78, b ¼ 82.44,

and c ¼ 137.78.
aThe Rmerge values reported are for the raw data before anisotropy

correction.
bFree R set test size is 5%.
cEstimated by maximum likelihood.
dChecked with the software MOLPROBITY.
MATERIALS AND METHODS

Protein expression and purification

In this study we have mainly used a recombinant fragment of ataxin-1

spanning residues 567–689 of human ataxin-1, hereinafter referred to as

wt-AXH (for consistency with all previous literature, numbering refers

to the UniProtKB/Swiss-Prot entry No. P54253 þ1). This construct

differs slightly from that previously used for crystal structure determina-

tion (residues 563–694) (18). Wt-AXH and its mutants were produced

as previously described (12). In short, they were overexpressed in the

Escherichia coli host strain BL21 (DE3)pLysS in Luria Broth medium

using a kanamycin-resistant pETM30 vector with tobacco etch virus-

cleavable N-terminal His6-GST tags. 15N single- or 15N,13C double-

labeled samples were expressed in minimal (M9) medium containing
15N-ammonium sulfate and/or 13C-glucose as the sole source of nitrogen

and carbon. The cells were grown at 37�C until an optical density of

0.6 at 600 nm was reached, before inducing protein expression with

Isopropyl b-D-1-thiogalactopyranoside (IPTG, 0.25 mM) for 3 h at

37�C, and harvested. A standard purification protocol was performed

using a Ni-NTA agarose column (Qiagen, Germantown, MD). The

proteins were further purified by FPLC size-exclusion chromatography

using a prepacked HiLoad 16/60 Superdex 75 prep grade column (Phar-

macia, Uppsala, Sweden). Protein identity was checked by electrospray

ionization mass spectrometry.
Crystallization and data collection

Wt-AXH samples at 20 mg/mL concentration were crystallized in 0.1 M

MES, pH 6.5, 10% PEG 20,000 for crystal X1 and 0.4 M potassium sodium

tartrate for crystal X2. These were considerably different from the original

recipe (i.e., 0.1 M sodium citrate, pH 5.8, 0.1 M ammonium sulfate, 5 mM

DTT, 16% PEG 4000). A quantity of 30% glycerol was present for cryopro-

tection. Datasets for the two crystals were recorded at beamlines I02 and

I04 at the Diamond Light Source (Oxfordshire, UK). Diffraction data

were indexed and integrated using the software MOSFLM (19). Both crys-

tals belong to the space group P212121. The data were scaled and merged

using the software SCALA (20), and further processed because of the pres-

ence of severe diffraction anisotropy (21). The final statistics are summa-

rized in Table 1. Summary of the anisotropic correction is included in

Table S1 in the Supporting Material.
Structure solution and refinement

Both new crystal structures were solved by molecular replacement with

the software PHASER (22), using the C:D dimer of the AXH domain

(PDB:1OA8) as the search model. The solutions were unambiguous

with translation search z-scores well over 40. For both structures, refine-

ment was performed using the software PHENIX (23), with manual

model rebuilding carried out in the software COOT (24). Disordered

atoms were modeled with reference to corresponding atoms from the orig-

inal AXH domain structure. The Rfree routine was used to monitor the

progress of refinement. The TLS method was introduced in later stages

of the refinement, with groups chosen using the TLSMD server (25).

Noncrystallographic symmetry was not imposed. Water molecules

were identified automatically with PHENIX, and checked in COOT.

The geometry of the final models was assessed using the software

MOLPROBITY (26). The results of refinement are summarized in

Table 1. The atomic coordinates and structure factors of the two crystal

structures have been deposited in the Protein Data Bank (PDB), Research

Collaboratory for Structural Bioinformatics, Rutgers University, New

Brunswick, NJ (http://www.rcsb.org) and are designated PDB:4AQP

(X1) and PDB:4APT (X2).
NMR measurements

NMR measurements were performed on an Avance spectrometer (Bruker

BioSpin, Billerica, MA) equipped with a cryo-probe and operating at 700

MHz proton frequency. 1H-15N- Heteronuclear single quantum coherencies

(HSQCs) of wild-type AXH domain and mutant A567G were acquired at

300 K in 20 mM Tris-HCl buffer (pH 7.0), 2 mM TCEP. HSQCs for

wt-AXH and mutant A567G-AXH were acquired at different protein
Biophysical Journal 104(6) 1304–1313
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concentrations (0.40, 0.22, 0.11, 0.055, 0.027, and 0.012 mM) obtained by

stepwise dilution of a concentrated stock solution. Partial spectral assign-

ment of wt-AXH was obtained using standard procedures and based

on the (15N1H)-TOCSY- and NOESY-HSQC (with 50- and 100-ms mixing

times, respectively), HNCA, and HN(CO)CA, CBCANH, and CBCA(CO)

NH experiments recorded at 308 K and 600 MHz. Also benefiting from the

backbone assignment for the sequence- and structurally- conserved

C-terminal region of the homologous HBP1 AXH domain (15), we could

confidently assign the backbone of residues G578-L594, E597-S606,

L609-E620, G626-E636, A639-E644, F651-V653, G655-S660, E664-

L672, S675-V682, S685, and T687-K689, mostly corresponding to

secondary structure regions. Further assignment was prevented by the

challenging spectral complexity.
Small angle x-ray scattering measurements

Synchrotron radiation x-ray scattering data were collected on the European

Molecular Biology Laboratory (EMBL) X33 beamline on the storage ring

DORIS III (DESY, Hamburg, Germany) (27) and the EMBL P12 beamline

of the storage ring PETRA-III. Samples were measured at 10�C in a concen-

tration range 0.5–18.6 mg/mL. The data were recorded using a 1 M/2 M

PILATUS detector (DECTRIS, Baden, Switzerland) for the X33 and P12

beamlines, respectively, at a sample-detector distance of 2.7 m and a wave-

length of l¼ 0.15 nm, covering the range of momentum transfer 0.12< s<

6.0 nm�1 (s ¼ 4p sinq/l, where 2q is the scattering angle). No measurable

radiation damage was detected by comparison of eight successive time

frames with 15 s exposures (X33)/20 successive frames with 1 s exposures

(P12). The data were averaged after normalization to the intensity of the

transmitted beam and the scattering of the buffer was subtracted using

the program PRIMUS (28).

The radius of gyration Rg and forward scattering I(0), the maximum

particle dimension Dmax, and the distance distribution function p(r) were

evaluated using the program GNOM (29). The molecular masses of the

samples were calculated by comparison with reference bovine serum

albumin samples. The scattering patterns from the structure models were

calculated using the program CRYSOL (30). The best fits in terms of

mixtures of monomers, dimers, and tetramers for the AXH domain (as

well as extended octamers and hexadecamers) were computed using the

program OLIGOMER (28).
FIGURE 1 Comparison between the crystal structures of the AXH

domain of Ataxin-1. (Top) Overlay of the six dimers from the three struc-

tures solved under different crystallization conditions and the same bundle

rotated by 90�. (Green and blue) Alternated protomers. (Bottom) Individual

comparison of the dimers with the chameleon sequence (shown as stick

representations).
RESULTS

The search for alternative structures of wt-AXH

Based on the observation that the homologous AXH
domains of ataxin-1 and HBP1 adopt different topologies
(9), we hypothesized that the overall molecular topology
may be dependent on the crystallization conditions. To
test whether the protein could be trapped into alternative
conformations and understand further the extent of struc-
tural asymmetry, we searched for different crystallization
conditions (18). Two new crystal structures, X1 and X2,
were solved to medium resolutions. They belong to the
same space group and have similar unit cell dimensions as
the original structure (X0) (Table 1). The new structures
preserve the overall arrangement in the asymmetric unit,
having four chains assembled into pairs of globular dimers
(A:B and C:D) which stack onto each other along the
longest cell dimension. Although the resolution limits are
similar, structure X1 is better defined than X2. When sister
protomers are compared (i.e., A–C and B–D), the ordered
Biophysical Journal 104(6) 1304–1313
backbone structures of all chains in X1 and X2 are similar
to those of X0 within the limit of experimental error. The
root-mean-square (RMS) deviations in Ca atomic positions
between the individual chains of X1 and the corresponding
chains of X0 are 0.4–0.5 Å; those between X2 and X0 are
0.5–0.6 Å. Comparison of the 12 independent protomers
within the three crystal structures allows us to appreciate
differences even while having statistics rarely available
(Fig. 1). Thus, the overall conformation of the ataxin-1
AXH domain remained invariant at the applied crystalliza-
tion conditions.

Within the framework of the robust overall topology,
many local structural variations are observed. The main
differences involve the first ~20 N-terminal amino acids
that adopt different conformations and confer a well-
defined intrinsic asymmetry to the dimerization interface.
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Chains A and C consistently form a helical turn between
residues 573–575, as supported by the clear electron
density (see Fig. S1 in the Supporting Material). Chains
B and D differ from A and C and form regular secondary
structures in only some of the dimers (helical turns
between residues 564–566 or 568–570 and 574–576). At
the C-terminal region, which is also involved in the dimer
interface, the electron densities vary among protomers,
from being well defined to being completely missing—sug-
gesting an intrinsically higher flexibility. In X0, residues
600–614 of chain B are disordered compared with the other
protomers that contain a well-formed helix (a1) from resi-
dues 597–605.

The emerging picture is that, while the overall conforma-
tion is well preserved at the tertiary and quaternary levels,
the AXH domain exhibits extensive degrees of local struc-
tural plasticity.
FIGURE 2 The NMR spectrum of wt-AXH indicates sample heteroge-

neity. (A) 15N-1H HSQC spectrum of wt-AXH showing spectral complexity

recorded on a 0.40 mM protein solution at 27�C on an Avance spectrometer

(Bruker) operating at 700 MHz. (B) Concentration dependence of 15N-1H

HSQC spectra of wt-AXH at 0.40 mM (blue) and 0.012 mM (red). Note

that the spectra in panel B were collected at lower resolution than the one

in panel A (64 vs. 128 increments) to reduce the recording time of the

diluted sample. This explains their overall broader appearance. The reso-

nances of glutamines/asparagines are circled.
NMR spectra of AXH reveal the presence of more
than one species in solution

To understand whether the structural asymmetry observed
in the crystal is retained in solution or averaged-out by
molecular motions, we recorded a NMR 15N-1H HSQC
spectrum of wt-AXH that constitutes the fingerprint of
a protein. The spectrum is that typical of a protein folded
into a stable three-dimensional structure but contains
many more resonances than expected (approximately
double the number) (Fig. 2 A). The resonances of gluta-
mine and asparagine side chains, for instance, are many
more than the expected eight (circled in figure). The reso-
nances also have inhomogeneous intensities, suggesting the
presence of unequal populations of different species.
Attempts to reduce the spectral complexity by changing
pH, buffer composition, and temperature failed (data not
shown).

To exclude the possibility that the complexity of the
HSQC spectrum could be related to the choice of the
domain boundaries, we checked the spectrum of a previously
characterized longer construct in which both the N- and
C-termini had been elongated (long-AXH, residues 556–
700) (12). The spectrum of this construct also contains
more resonances than expected (see Fig. S2 A).

The complexity of the HSQC spectrum of wt-AXH has
at least three nonmutually exclusive explanations: proline
cis/trans isomerization; an asymmetric arrangement of
the protomers; and/or by different aggregation states.
Initially, the first hypothesis seemed the simplest because
four of the eight prolines of wt-AXH are near the N-
terminus, which is in the dimeric interface and is where
the main structural differences between protomers occur
(18). However, partial assignment of the wt-AXH spectrum
did not support this hypothesis: cis/trans isomerization
usually leads to resonance doubling for residues sequen-
tially close to prolines, whereas we observed doubling
for residues all over the sequence (see below). Further-
more, none of the prolines is in a cis configuration in the
crystal structures.

We investigated whether the globular dimers interact
with each other, forming higher-order oligomers, and
also whether they contribute to the observed conforma-
tional heterogeneity by recording HSQC spectra of wt-
AXH as a function of protein concentration. Formation
of higher molecular weight species would be consistent
with previous analytical ultracentrifugation data, which
suggested the presence of higher-order oligomers in addi-
tion to the predominant dimeric species (12,18). Stepwise
dilutions from 0.40 to 0.012 mM led to disappearance of
some of the peaks and to variation of the relative intensities
of others (Fig. 2 B). This supports the hypothesis that
higher level organization contributes to conformational
heterogeneity and that this is a cause of the spectral
complexity.
Biophysical Journal 104(6) 1304–1313
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Identification of potential protein-protein
interfaces in solution

To analyze dimerization and possible organization of
dimers into higher order assemblies in wt-AXH, we used
the PISA server (31) to identify potential intermolecular
contact interfaces within the crystal structures. The dimer-
ization interface (interface 1) within protomer pairs A:B
and C:D in all the three X0-2 structures buries ~1500–
1700 Å2 of accessible surface area. As mentioned above,
this interface is dominated by the N-terminus and, to a
minor extent, by the C-terminus of the domain (Fig. 3 A).
In addition, two possible crystallographic interfaces
between dimers are identified in the crystal structure. These
are as follows:

The first (interface 2), that buries ~600–700 Å2, involves
residues F654(B)-F654(C), I600(B)-F654(C), K595(B)-
E604(C), I600(B)-I600(C), F654(B)-I600(C), and F654(B)-
I611(C) (Fig. 3 B). The contacts between protomers are
mainly mediated by hydrophobic residues with the only
exception being the salt bridge between residues K595(B)
and E604(C).

The second (interface 3), that buries 520–540 Å2 in
total, is highly symmetric with the two globular dimers
related by twofold rotation, and forms an overall tetramer
with pseudo-222 symmetry. This interface involves the b1/
b2-hairpin from each protomer packing against each other
through the exposed hydrophobic side chains of I580 and
L588 and a hydrogen bond between Q582 and K590
(Fig. 3 C).
FIGURE 3 Cartoon representations of the structural interfaces. (A)

Monomer-monomer interface 1 which comprises the first ~19 residues of

protomers A and B of structure X1. (B) Interface 2 between dimers using

the same orientation shown in Fig. 2. (Red and blue) Residues from proto-

mers B and C, respectively. (C) Interface 3 between dimers. (Different

shades of red and blue) Side chains from different protomers.
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The populations of the species can be modified
by mutations

Next, we investigated the structural consequences of
three sets of mutations that were each designed to
disrupt specific intermolecular interfaces. The first
mutation, A567G, affects a centrally located residue in the
dimerization interface and the first residue of the natural
sequence (interface 1) (Fig. 4 A, left). The second set of
mutations was designed to probe the potential dimer-dimer
interaction (interface 2), with single (F654K) and double
(I600K/F654K) mutations (Fig. 4 A, middle). In the
third set of mutations, we introduced single and double
alanine mutations of I580 and L588 (Fig. 4 A, right). They
could affect the monomer-dimer and the dimer-tetramer
equilibrium.

To characterize the populations of the species in solution,
we used SAXS measurements on wt-AXH and the two
single mutants I580A-AXH and A567G-AXH in the
protein concentration range 0.040–1.35 mM. The data
collection parameters and overall structural parameters
derived from SAXS data are summarized in Table S2
and Table S3. We observed an increase of the scattered
intensity at low angles for wt-AXH and I580A-AXH, but
not for A567G-AXH, suggesting the presence of a high
molecular mass species. To understand whether this could
be related to sample freezing, we collected datasets on
a new freshly produced batch of wt-AXH, transporting it
in two aliquots (one frozen, the second kept on ice). No
increase of the scattered intensity at low angles was re-
vealed. We fitted the data using a multiple equilibria
model in which we assumed the presence of monomeric,
dimeric, and tetrameric (dimer of dimer) species (as well
as extended octamers and hexadecamers) and calculated
their relative populations. While we observed no effect of
freezing we obtained in all cases fits of reasonably good
quality (Table 2 and Fig. 4 B).

The data are thus compatible with the presence of a
multiple equilibrium measurement among monomer, dimer,
and tetramer with an appreciable fraction of the monomeric
species. The contribution of higher molecular weight
species becomes increasingly relevant for wt-AXH and
I580A-AXH samples. The discrepancy at higher angles
(~0.2 nm�1) could be explained by the fact that the
scattering patterns from the components were calculated
with the software CRYSOL using default parameters for
excluded volume and solvation shell density. Small modifi-
cations of the tertiary structure can also not be excluded.

For I580A-AXH and A567G-AXH, we observed an
appreciable increase in the population of the monomeric
species in agreement with a role of both these mutations
in destabilizing the dimer. We did not, however, attempt
a more quantitative analysis of the data (i.e., an estimate
of the dissociation constants) because the contribution of
the higher molecular weight species and the lack of clearer



FIGURE 4 SAXS data for wt-AXH and its mutants. (A) Mapping the mutations on the structure. The side chains of the mutated residues are indicated.

The orientations are the same used in Fig. 3, A, B, and C. (B) (Top panel) wt-AXH (left) and wt-AXH freshly prepared (right). (Bottom panel) A567G-AXH

(left) and I580A-AXH (right). (Curves 1–5) Solute concentrations 1.35, 0.67, 0.33, 0.17, and 0.08 mM, respectively, in 20 mM Tris-HCl pH 7, 2 mM TCEP.

(Dots with error bars) Experimental data. (Solid lines) Best fits calculated by the software OLIGOMER (Konarev et al. (28)) for mixtures of monomers,

dimers, and tetramers (in the case of wt-AXH and I580A-AXH, higher-order oligomers, i.e., extended octamers and hexadecamers, were taken into account).

The intensities are displayed as a function of the momentum transfer and successive curves are displaced down by one logarithmic unit for clarity.
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knowledge of the species present could bias the analysis.
There is also a potential influence of interparticle interac-
tions at high concentrations and a high noise level of the
data at low concentrations; both effects prevent us from
getting better fits and worsen the accuracy of the species
populations.

Nevertheless, together with the NMR data, these results
provide solid evidence of a complex equilibrium among
Biophysical Journal 104(6) 1304–1313



TABLE 2 SAXS data fitting results from the software OLIGOMER for the estimate of tetramer, dimer, and monomer percentages of

wt-AXH, A567G-AXH, and I580A-AXH at different sample concentrations

Concentration (mM) Monomer % Dimer % Tetramer % High order oligomer, % c2

WT-AXH 1.35 21 39 26 14 1.56

0.67 27 42 20 11 1.28

0.33 32 45 15 8 1.22

0.17 38 45 10 7 0.90

0.08 41 46 7 6 0.91

0.04 43 45 7 5 0.98

WT-AXH (fresh) 1.35 28 55 17 none 1.76

0.67 32 55 13 none 1.38

0.33 30 63 7 none 1.23

0.17 27 73 0 none 1.15

0.08 25 75 0 none 1.33

0.04 30 70 0 none 1.12

A567G-AXH 1.35 37 42 21 none 1.53

0.67 46 40 14 none 1.14

0.33 56 33 11 none 1.03

0.17 66 26 8 none 1.00

0.08 75 16 9 none 0.98

0.04 81 11 8 none 0.98

I580A-AXH 1.35 55 39 3 3 1.51

0.67 61 34 3 2 1.16

0.33 68 26 4 2 1.01

0.17 75 18 4 3 0.92

0.08 80 14 4 2 0.91

0.04 80 15 3 2 0.90

In the case of wt-AXH and I580A-AXH, the presence of higher oligomers (i.e., extended octamers and hexadecamers) are necessary to fit the low-angle

region. The label Wt-AXH (fresh) corresponds to the freshly produced batch of WT-AXH sample.
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multiple species in solution where high molecular weight
species have an important role.
The role of multiple equilibria

We then monitored the effects of the mutations by NMR.
The spectrum of A567G-AXH shares common resonances
with that of wt-AXH, suggesting that the mutation does
not lead to drastic structural changes. It contains fewer reso-
nances than the wild-type but it still has more resonances
than expected (Fig. 5, left). The single F654K and double
I600K/F654K mutants expressed well, but purified samples
led to NMR spectra that are very similar to that of wt-AXH
(see Fig. S2 B), thereby ruling out interface 2 as an interac-
tion surface.

The I580A/L588A double mutant is probably misfolded
or partially unfolded as the protein was mostly in inclusion
Biophysical Journal 104(6) 1304–1313
bodies and the soluble fraction was already prone to degra-
dation after cell lysis. The L588A-AXH single mutant is
folded but unstable toward degradation, indicating that
L588 is an important residue for maintaining protein integ-
rity. In striking contrast, the spectrum of the I580A-AXH
mutant is simpler and contains approximately the number
of resonances expected for a monomer or a symmetric dimer
(Fig. 5, right). Just as an example, the glutamine/asparagine
side-chain resonances at 7.55–6.90 1H-ppm and 109.8
15N-ppm that showed multiplicity in the spectra of the wt-
AXH are now reduced to a unique pair of peaks (circled
in figure). While definitely much improved, the spectrum
still contains minor resonances. These results indicate that
I580 plays an important role in mediating the AXH self-
association and confirms the role of chemical equilibria in
the spectral complexity of wt-AXH that can be altered by
destabilizing the dimer interface.
FIGURE 5 The effect of mutations on the spec-

tral complexity. 15N-1H HSQC spectra of A567G-

AXH (left) and of I580A-AXH (right). The spectra

were acquired at 0.4 mM protein concentrations

and 27�C on an Avance spectrometer (Bruker)

operating at 700 MHz. The resonances of aspara-

gines/glutamines are circled.
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Rationalizing the spectral complexity

Finally, we evaluated the relative importance of the state of
aggregation versus the conformational plasticity of the
domain to help us further understand the complexity of
the species in solution and because it will significantly
help future studies of the aggregation pathway of AXH.
We can identify two independent sets of major resonances
in the spectrum of wt-AXH, which can be sequence-specif-
ically assigned with reasonable confidence. We observe, for
instance, 14 resonances that correspond to the seven
glycines distributed along the sequence (Fig. 6 A). It is
striking that the two sets of peaks have approximately the
same linewidth, making it unlikely that they represent the
monomer and the dimer species in a slow exchange regime.
The same is observed for all the other assigned resonances
from all over the sequence.

Even more revealing are the relaxation parameters: Plots
of the T1 and T2 values of all nonoverlapping main intensity
resonances (225) are relatively flat within the variation nor-
mally observed for compact globular proteins (Fig. 6 B).
The estimated correlation time of wt-AXH at 27�C for
a 0.4 mM sample concentration is ~12 ns. A calibration
plot recorded for proteins of different sizes at the same
temperature predicts a correlation time of ~8 ns for a protein
of the molecular weight of the wt-AXH monomer at the
same temperature. The value we observed is therefore in
agreement with a dimer in the presence of an appreciable
FIGURE 6 Further analysis of the spectral complexity. (A) Representative stri

nances. (B) T1 and T2 values for all peaked resonances. The spectra were record

operating at 600 MHz.
population of the monomer in a fast exchange regime. The
contribution of the tetramer is likely to be in the broader
resonances of lower intensities, as is expected for the molec-
ular weight of this species (55 kDa). Accordingly, the corre-
lation time at the same protein concentration estimated for
the A567G-AXH mutant is 10 ns, in agreement with an
increased contribution of the monomer population.

We can thus conclude that wt-AXH is present in solution
as a mixture of species of different sizes in mutual equilib-
rium; however, some of the species also experience a confor-
mational heterogeneity.
DISCUSSION

This project was initially formulated with the goal of
solving the solution structure of the AXH domain of
ataxin-1 when no other structural information was available.
The unexpected complexity of the spectrum hindered the
work for a long time, although we could not understand
its exact cause. It was only after the crystal structure was
solved that it appeared clear that the AXH domain has an
inherent plasticity so that a part of the protein can be trapped
in different conformations. The solution structure of the
homologous AXH domain from HBP1 supported this view
because, although having similar secondary structure
elements, it has a distinctly different fold (15). The exact
role of these chameleon properties nevertheless remained
ps from a HNCA spectrum showing at least duplication of the glycine reso-

ed on a 0.4 mM protein solution at 27�C on a Varian-INOVA spectrometer
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elusive. Although described, asymmetric homo-dimeric
interfaces are rarely observed in solution where molecular
motions often average-out local differences (32,33). The
scenario was further complicated by the presence of
multiple states of oligomerization, as suggested by analyt-
ical ultracentrifugation data (12,18). It is only by an exten-
sive analysis that we can now rationalize all our
observations.

To explore the role of asymmetric assembly in the dimer,
we searched for new structural solutions and obtained two
new crystal structures, which we could then compare with
the previous ones. Although the structures were crystallized
under different conditions, they all belong to the same space
group and are very similar in terms of unit cell dimensions,
crystal packing, asymmetric unit content, and quaternary
and monomeric backbone structures. The availability of
12 protomers from the three independent structures gave
us an unusually rich collection of statistics. It confirms an
inherent tendency of the AXH domain to show local varia-
tions in conformations and/or dynamics that can be frozen
in the crystal environment. The N-terminus of the wt-
AXH protomers adopts different conformations, especially
around the dimer interfaces.

The crystal structures also suggested another potentially
important source of complexity: dimers are further assem-
bled as dimers of dimers. Accordingly, SAXS analysis is
compatible with a model in which the isolated AXH domain
is present not only as a dimer but also as a complex mixture
of monomeric, dimeric, tetrameric, and higher molecular
weight populations in equilibrium. This is not the only cause
of the spectral complexity. We have now solid evidence sug-
gesting that the structure of the dimeric species is not
unique, as supported by the NMR analysis described above.
This very complex mixture of species explains the objective
difficulties encountered in interpreting the NMR and SAXS
data. Our results lead us to conclude that the AXH domain is
a unique example of a chameleon protein able to adopt
multiple aggregation states as well as different local or
global conformations.

While finally clarifying the original observations, this
study has two potentially important implications that could
be of direct relevance for the cellular properties of the AXH
domain and to our understanding of the polyglutamine
expansion disease SCA1:

The first potential implication is that our data suggest
a mechanism by which AXH could recognize other proteins.
Both the crystal structure and NMR measurements of wt-
AXH clearly indicate that the predominant species in
solution is a dimer, but in copresence with an appreciable
population of monomer. This monomer must be unstable
because its sickle-cell shape would leave the hydrophobic
core exposed. Because the dimer is in equilibrium with
the monomeric species, dimerization could easily be disrup-
ted by a different partner (since our identification, the AXH
domain of ataxin-1 has been implicated in several nonaber-
Biophysical Journal 104(6) 1304–1313
rant protein-protein interactions with several important
protein partners). Dimerization and protein interactions
could thus be competing pathways and the competition
would then be a possible way to regulate protein functions.

The second potential implication concerns the tendency
of ataxin-1 AXH to aggregate. Although several isolated
domains aggregate in the absence of the protein context,
we have previously demonstrated by domain deletion and
swapping experiments in cells that ataxin-1 AXH (but not
the homologous AXH domain from HBP1) plays a role in
modulating the aggregation properties of polyglutamine
tract (9). The AXH domain has also been proven to be
essential for the self-association of full-length ataxin-1
(14). It is thus tempting to speculate that the monomer/
dimer/tetramer equilibrium is an important part of the
aggregation pathway of ataxin-1. Further studies will be
needed to verify this hypothesis and provide a clearer under-
standing of the role of the AXH domain in the SCA1
pathology.
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