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Abstract
THAP1 is a DNA binding protein that has been recently associated with DYT6 dystonia, a
hereditary movement disorder involving sustained, involuntary muscle contractions. A large
number of dystonia-related mutations have been identified in THAP1 in diverse patient
populations worldwide. Previous reports have suggested that THAP1 oligomerizes with itself via a
C-terminal coiled-coil domain, raising the possibility that DYT6 mutations in this region might
affect this interaction. In this study we examined the ability of wild-type THAP1 to bind itself and
the effects on this interaction of the following disease mutations: C54Y, F81L, ΔF132, T142A,
I149T, Q154fs180X, and A166T. The results confirmed that wild-type THAP1 associated with
itself and most of the DYT6 mutants tested, except for the Q154fs180X variant, which loses most
of the coiled-coil domain due to a frameshift at position 154. However, deletion of C-terminal
residues after position 166 produced a truncated variant of THAP1 that was able to bind the wild-
type protein. The interaction of THAP1 with itself therefore required residues within a 13-amino
acid region (aa 154–166) of the coiled-coil domain. Further inspection of this sequence revealed
elements highly consistent with previous descriptions of leucine zippers, which serve as
dimerization domains in other transcription factor families. Based on this similarity, a structural
model was generated to predict how hydrophobic residues in this region may mediate
dimerization. These observations offer additional insight into the role of the coiled-coil domain in
THAP1, which may facilitate future analyses of DYT6 mutations in this region.
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Introduction
DYT6 dystonia is a hereditary movement disorder involving sustained, involuntary muscle
contractions for which few treatment options exist. Affected individuals typically exhibit a
characteristic clinical phenotype of generalized or segmental dystonia primarily of the upper
limbs and cranial muscles (for review, see Ozelius and Bressman 2011). Laryngeal dystonia
is a common feature, which can result in severe speech defects, such as dysarrthria or
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dysphonia. The causative gene was recently identified as THAP1 (thanatos-associated
[THAP] domain-containing apoptosis-associated protein 1), which encodes a DNA binding
protein of largely unknown function (Fuchs et al. 2009). Since the initial discovery of two
distinct, DYT6-related mutations in THAP1 in Amish-Mennonite families, further screening
has now identified over 45 different mutations in THAP1 in genetically diverse populations
(Fuchs et al. 2009; Bressman et al. 2009; Djarmati et al. 2009; Bonetti et al. 2009; Paisan-
Ruiz et al. 2009; Xiao et al. 2010; Groen et al. 2010; Houlden et al. 2010; Söhn et al. 2010;
de Carvalho Aguiar et al. 2010; Cheng et al. 2011; Zittel et al. 2010; Clot et al. 2011;
Schneider et al. 2011; Jech et al. 2011). As a result, THAP1 has rapidly emerged as a
significant cause of familial dystonia worldwide. The vast majority of the mutations
identified to date are present in the heterozygous state, producing an autosomal dominant
disease with an estimated lifetime penetrance rate of approximately 60% (Ozelius and
Bressman 2011).

THAP1 is an atypical zinc finger protein with a highly conserved, N-terminal C2CH module
(CX2–4CX35–53CX2H), termed THAP, which defines a family of over 100 proteins in
diverse species, including 12 human THAPs (Roussigne et al. 2003a and b; Clouaire et al.
2005). This metal-coordinating signature encodes a DNA-binding domain that recognizes an
11-nucleotide sequence within the promoters of target genes, the best characterized of which
are cell cycle-related genes such as RRM1 (Clouaire et al. 2005, Cayrol et al. 2007, Bessiere
et al. 2008; Campagne et al. 2010). Although DNA binding by a recombinant, isolated
THAP domain has been demonstrated in cell-free systems (Clouaire et al. 2005; Bessiere et
al. 2008), it is hypothesized that, in vivo, full-length THAP1 may form oligomeric
complexes, either with itself or other proteins, to achieve full transcriptional activity
(Campagne et al. 2010).

Most of the known DYT6 mutations identified to date cluster within the N-terminal THAP
domain and are believed to negatively affect DNA binding. That observation has raised the
hypothesis that disease pathogenesis, at least for these particular mutations, may involve
transcriptional dysregulation due to insufficient DNA binding by the various mutant forms
(Tamiya et al. 2009; Bragg et al. 2011). Yet an increasing number of THAP1 mutations
have been detected in its C-terminus, downstream of the DNA binding module (Bressman et
al. 2009; Djarmati et al. 2009; Bonetti et al. 2009; Xiao et al. 2010; Groen et al. 2010;
Houlden et al. 2010; Söhn et al. 2010; Clot et al. 2011; Cheng et al. 2011). The key
structural feature of this region is a predicted coiled-coil domain, a common motif which
typically mediates protein: protein interactions (Fuchs et al. 2009; Bonetti et al. 2009;
Burkhard et al. 2001; Parry et al. 2008). Yeast 2-hybrid screens have indicated that THAP1
oligomerizes with itself via this domain (Rual et al. 2005; Lanati et al. 2010). However,
oligomerization of THAP1 in mammalian cells has not been established, and it remains
unclear whether any dystonia-related mutations in THAP1 affect its ability to bind itself.

In the present study we addressed this question by examining the ability of THAP1 variants
bearing different epitope tags to associate with each other when expressed in cultured cells.
A number of different DYT6-related mutants were evaluated, including five which target
residues within the C-terminal coiled-coil domain and two which affect the N-terminal DNA
binding module. This analysis identified a DYT6 mutant which loses the ability to bind
wild-type THAP1, while also revealing a 13-amino acid (aa) sequence which appears
necessary for THAP1 dimerization. This region overlaps with a predicted nuclear
localization signal (NLS) and, as a result, proved equally critical for nuclear translocation by
THAP1. A potential structural model of this domain was therefore generated to predict the
spatial segregation between residues likely to mediate dimerization versus ones believed to
interact with the cellular nuclear import machinery. Collectively these data provide further
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insight into the role of the C-terminal domain in THAP1, which may assist in future efforts
to predict functional consequences of different DYT6-related mutations in this region.

Materials and Methods
Cell culture and DNA transfection

Human embryonic kidney (HEK)-293T and osteosarcoma (U2OS) cells (both from ATCC;
Rockville, MD, USA) were grown in Dulbecco’s modified Eagle’s Medium (DMEM;
Gibco/Invitrogen; Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Mediatech; Manassas, VA, USA) and penicillin/streptomycin (Sigma; St. Louis, MO, USA)
at final concentrations of 100 U and 0.1 mg per ml, respectively. Cultures were maintained
in a humidified incubator at 37ºC and 5% CO2. For immunoprecipitation/western blotting,
cells were plated at an approximate density of 5 × 105 cells/well in 6-well culture dishes. For
immunolocalization, cells were seeded onto glass coverslips at an approximate density of 5
× 104 cells/well in 24-well culture dishes. After 24 hrs, cells were transfected with cDNAs
using TransIT-2020® reagent (MirusBio; Madison, WI, USA) according to manufacturer’s
instructions.

Plasmids, antibodies, and related reagents
The construct encoding full-length human wild-type THAP1 (wtTHAP1) with an N-terminal
V5 epitope tag in pcDNA3.1 (Invitrogen) has been previously described (Fuchs et al. 2009).
A second construct encoding full-length human wtTHAP1 with C-terminal myc/FLAG
epitope tags in pCMV6-Entry was obtained from Origene (Rockville, MD, USA).
Expression constructs for DYT6 mutants C54Y, F81L, and Q154fs180X have also been
previously described (Fuchs et al. 2009; Gavarini et al. 2010). All were generated via
QuikChange™ mutagenesis (Stratagene; La Jolla, CA, USA) using V5-wtTHAP1 as
template to produce N-terminal V5-tagged mutant constructs in pcDNA3.1. The same
protocol was used to generate N-terminal V5-tagged expression constructs for four
additional DYT6 mutants: ΔF132, T142A, I149T, and A166T. A truncated variant of
wtTHAP1, engineered to remove amino acids 167–213 from the encoded protein
(THAP1Δ167–213), with C-terminal myc/FLAG epitope tags in pCMV6-Entry was
obtained from Origene. All constructs were confirmed by sequencing.

Primary antibodies used in the present study consisted of (1) mouse monoclonal antibodies
against V5 (Sigma), Hsp70 (Santa Cruz Biotechnology; Santa Cruz, CA, USA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Millipore, Billerica, MA, USA), and
histone deacetylase-1 (HDAC1; Cell Signaling Technology; Danvers, MA, USA); (2) rabbit
polyclonal antibodies against V5 (Sigma), FLAG (Cell Signaling), and calnexin (Enzo Life
Science; Plymouth Meeting, PA, USA), lamin A/C (Epitomics), and lamin B receptor
(Epitomics); and (3) a rabbit monoclonal antibody against histone H3 (Cell Signaling).
Immunoprecipitation studies were performed with agarose beads directly coupled to the
anti-V5 or anti-FLAG monoclonal antibodies (Sigma). For immunoblotting, horseradish
peroxidase (HRP)-linked secondary antibodies against mouse- and rabbit-IgG were obtained
from GE Healthcare (Piscataway, NJ, USA). Additional reagents used for immunostaining
included Cy3-conjugated anti-mouse IgG, Alexa Fluor® 488-coupled anti-rabbit IgG,
wheatgerm agglutin-Alexa Fluor® 488, and TO-PRO®-3-iodide (all from Invitrogen).

THAP1 dimerization assays
The ability of THAP1 to associate with itself was assayed in vitro by
coimmunoprecipitation. HEK-293T cells were cotransfected with two expression constructs:
wtTHAP1-FLAG and a V5-tagged THAP1 variant (wt or DYT6 mutant). Control cells were
transfected with wtTHAP1-FLAG alone. Cells were collected 16–18 hrs after transfection,
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washed 3X in ice-cold phosphate buffered saline (PBS), and lysed for 30 min with
intermittent vortexing in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS) with 1X protease inhibitor (Complete Mini™;
Roche; Indianapolis, IN, USA). After brief sonication, lysates were centrifuged at 16,000 ×
g to collect residual debris. Aliquots of each supernatant were retained to monitor transgene
expression in total extracts, while the remaining volume was transferred to anti-V5-coupled
agarose beads and tumbled at 4ºC. After 90 min, beads were collected by centrifugation,
washed 3 × 10 min in RIPA buffer, and heated at 95ºC for 10 min in an equal volume of 2X
Laemmli buffer (150 mM Tris-HCl pH 6.8, 5% SDS, 5% β-mercaptoethanol, 20% glycerol)
to elute precipitated proteins.

SDS-PAGE and western blotting were performed as previously described (Bragg et al.
2004a). Briefly, equal amounts of total protein were resolved by electrophoresis on 4–12%
bis-acrylamide gels (Invitrogen) and transferred to nitrocellulose (BioRad; Hercules, CA,
USA). Membranes were blocked in 10% nonfat milk powder in TBS-T (150 mm NaCl, 50
mm TRIS, pH 7.9, 0.5% TWEEN), then probed with polyclonal antibodies against V5 (bait),
FLAG (prey) or a monoclonal antibody against Hsp70 (loading control). All primary
antibodies were diluted 1:1000 in TBS-T + 2% milk. Blots were washed 3X in TBS-T,
incubated in HRP-conjugated secondary antibodies (1:10,000 in TBS-T + 2% milk), and
visualized by chemiluminescence with SuperSignal West Pico Substrate™ (Pierce/Thermo
Scientific; Rockford, IL, USA).

To compare the relative amount of wtTHAP1-FLAG immunoprecipitated by each V5-
THAP1 variant, intensity values for immunoreactive bands were determined by
densitometry using ImageJ software and normalized as follows. In total cell lysate samples,
values for each FLAG-reactive band (wtTHAP1-FLAG input) were normalized to values for
the corresponding Hsp70-reactive band to correct for variations in gel loading. In
immunoprecipitate eluate samples, values for each FLAG-reactive band (wtTHAP1-FLAG
output) were normalized to values for the corresponding V5-reactive band to correct for
potential differences in V5-THAP1 expression and agarose bead volume. The ratio of
normalized wtTHAP1-FLAG output to normalized wtTHAP1-FLAG input was then
calculated for each V5-THAP1 variant. Ratios for each DYT6 mutant were expressed as
fold changes relative to the ratio for V5-wtTHAP1 and then averaged across four
independent experiments. Data were analyzed by student’s t-test with Bonferroni correction.

As an additional measure of dimerization, the interaction was also probed in pull-down
format using recombinant wtTHAP1-FLAG expressed and purified from HEK-293T cells
(Origene) as bait. 2.5 μg aliquots of recombinant wtTHAP1-FLAG were first immobilized
on anti-FLAG agarose beads (Sigma) by tumbling at 4ºC. After 2 hrs, beads were collected
via centrifugation and washed 3X in RIPA buffer diluted 1:1 with PBS. Lysates from
HEK-293T cells expressing each of the V5-THAP1 variants were added to agarose-
wtTHAP1-FLAG resins. As a negative control, lysate from cells overexpressing V5-
wtTHAP1 was incubated with anti-FLAG beads in the absence of recombinant wtTHAP1-
FLAG. Samples were tumbled at 4ºC overnight. The next day, bound proteins were eluted
by heating at 95ºC for 10 min in 2X Laemmli buffer. SDS-PAGE and western blotting was
performed as described above.

Immunofluorescence
U2OS cells on coverslips were transfected for 16–18 hrs with V5-THAP1 expression
constructs. To visualize cellular morphology, intact cells were labeled in culture with wheat
germ agglutinin-Alexa® 488 (WGA-488; 1:500 in serum-free DMEM) for 15 min, washed
gently in phosphate-buffered saline (PBS, pH 7.4) to remove excess dye, and then fixed in
4% paraformaldehyde in PBS for 15 min. After washing 3X in PBS, cells were
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permeabilized in 0.1% Nonidet P-40 in PBS for 20 min, rinsed again in PBS, and then
incubated in blocking buffer (10% normal goat serum + 1% bovine serum albumin in PBS)
for 1 hr to saturate nonspecific binding sites. Coverslips were probed with a monoclonal
anti-V5 antibody (1:1000 in blocking buffer) overnight at 4ºC. The next day cells were
washed thoroughly in PBS and reacted with goat anti-mouse IgG coupled to Cy3 (1:1000 in
blocking buffer). Coverslips were rinsed 3X in PBS, counterstained with TO-PRO®-3-
iodide (5 μM in PBS) for 20 min to visualize nuclei, rinsed again, and then inverted onto
glass slides using gelvatol mounting medium with an anti-fade agent, 15 μg/ml 1,4-
diazabicyclo (2.2.2) octaine (DABCO; Aldrich, Milwaukee, WI, USA). Images of labeled
cells were captured on a Zeiss LSM 5 Pascal laser-scanning confocal microscope at a final
magnification of 100X under oil immersion.

For double labeling experiments, the initial WGA-488 labeling step was omitted. Coverslips
were incubated overnight with the monoclonal anti-V5 antibody combined with polyclonal
antibody against either lamin A/C or lamin B receptor (both at 1:500 in blocking buffer).
The next day cells were reacted with Cy3-coupled anti-mouse IgG and goat-anti-rabbit IgG-
Alexa 488 (1:1000 in blocking buffer) and then processed as described above.

Cellular fractionation
To determine if the interaction of wtTHAP1 with itself was restricted to a particular
subcellular domain, U2OS cells expressing wtTHAP1-FLAG in the absence or presence of
wtTHAP1-V5 were fractionated into different cellular compartments (cytoplasm,
membrane, nuclear soluble extract, and nuclear chromatin-bound extract) prior to
coimmunoprecipitation. Fractionation was achieved via differential detergent extraction
using Subcellular Protein Fractionation Kit™ (Pierce/Thermo Scientific) according to
manufacturer’s instructions. Aliquots of each compartmental extract were retained for SDS-
PAGE and western blot, with the remaining volume used for coimmunoprecipitation, as
outlined above. Following SDS-PAGE, blots were probed for V5 (bait) and FLAG (prey) as
described above as well as the following markers: GAPDH (cytoplasm), calnexin
(membrane), HDAC1 (nuclear soluble), and histone H3 (nuclear chromatin-bound).

In silico analyses
The boundaries of the coiled-coil domain in wtTHAP1 were predicted using different
algorithms described by Lupas et al. (1991) and McDonnell et al. (2006). The NLS was
predicted via PredictNLS (Nair et al. 2003) and NLSMapper (Kosugi et al. 2009a and b).
Predicted secondary structures of wild-type and mutant THAP1 variants were compared
using the PSIPRED Protein Structure Prediction Server (Jones 1999; Bryson et al. 2005).
Helical wheel plots were constructed via HeliQuest (Gautier et al. 2008;
http://heliquest.ipmc.cnrs.fr/). Three-dimensional Richardson diagrams of a partial segment
of the coiled-coil domain of wtTHAP1 were generated with Pymol™ software (Schrodinger,
Inc.) using the parallel coiled-coil domain of residues 164–191 of Protein Data Bank (PDB)
3Q0X as a model.

Results
THAP1 functional domains and DYT6 mutations

Fig. 1A depicts the DYT6 mutations examined here, relative to known functional domains in
THAP1. The collection included five missense mutations (C54Y, F81L, T142, I149T, and
A166T), an in-frame codon deletion (ΔF132), and a single nucleotide deletion that produces
a frameshift and premature stop codon (Q154fs180X). Four of these mutations (C54Y,
F81L, ΔF132, Q154fs180X) have been associated with early onset, generalized dystonia,
while two (T142A and A166T) have been linked to late onset, focal laryngeal dystonia. The
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I149T mutation produced an intermediate phenotype, consisting of mild, multi-focal
dystonia with late onset. All mutations were present in the heterozygous state, except for the
ΔF132 mutation which was detected on both alleles. Four of these mutations (F81L, I149T,
Q154fs180X, and A166T) have been previously documented (Fuchs et al. 2009; Bressman
et al. 2009; Xiao et al. 2010; Van Gerpen et al. 2010). Identification of the three novel
mutations (C54Y, ΔF132, and T142A) is being described in detail elsewhere (Fuchs, T. in
preparation).

The conserved N-terminal THAP domain comprises a zinc-dependent DNA binding module
spanning the first 90 amino acids (Roussigne et al. 2003a). Specific features of this domain
include four zinc coordinating ligands at positions 5, 10, 54, and 57 as well as a
motif, 76AVPTIF81, which is highly conserved among THAP proteins and critical for DNA
binding (Roussigne et al. 2003a and b; Clouaire et al. 2005, Bessiere et al. 2008). For this
study we included two mutations targeting critical residues in the THAP domain: C54Y,
which introduces a substitution at one of the zinc ligands (Gavarini et al. 2010); and F81L,
which targets the last residue in the 76AVPTIF81 motif (Fuchs et al. 2009). Four mutations
(T142A, I149T, Q154fs180X, and A166T) fall within the predicted coiled-coil domain in
the C-terminus of THAP1, while the remaining variant, ΔF132, is located in close proximity
to the N-terminal boundary of this motif. Within the coiled-coil domain is a predicted NLS
(Osmanovic et al. 2011), which resembles a bipartite sequence consisting of two clusters of
predominantly basic amino acids, 146RKR148 and 158KLRKKLK164, separated by a 9-aa
linker. In a classical bipartite NLS, similar clusters mediate binding to carrier proteins which
trigger active transport into the nucleus (Görlich et al. 1994; Lange et al. 2007). The I149T
mutation involves a substitution within the NLS linker region, while the Q154fs180X
variant disrupts the longer stretch of basic residues due to the frameshift.

Western blot analysis confirmed that V5-fusions of each THAP1 variant were expressed
with similar efficiency in HEK-293T cells and migrated at the predicted molecular weights
during SDS-PAGE (Fig. 1B). All variants were detected as single immunoreactive bands at
approximately 32 kDa, except for the Q154fs180X truncated mutant which displayed
slightly increased mobility as expected. wtTHAP1-FLAG was also efficiently expressed at
similar levels to V5-wtTHAP1 (data not shown).

Dimerization of THAP1 and effects of DYT6 mutations
The ability of THAP1 to bind itself in cultured cells was assayed by co-expressing variants
bearing different epitope tags (either V5 or FLAG) in HEK-293T cells followed by
immunoprecipitation (Fig. 2A). In lysates from cells co-expressing wtTHAP1-FLAG and
V5-wtTHAP, anti-V5 agarose beads effectively coimmunoprecipitated wtTHAP1-FLAG,
indicating an association between the tagged fusion proteins. In control lysates, wtTHAP1-
FLAG expressed alone was not immunoprecipitated by anti-V5 beads, confirming the
specificity of the interaction. Coimmunoprecipitation was also performed in the opposite
direction, using anti-FLAG agarose beads, with similar results (data not shown). Most of the
V5-tagged mutant proteins also coimmunoprecipitated wtTHAP1-FLAG, with the sole
exception being the Q154fs180X mutant. This variant was robustly expressed and
immunoprecipitated itself, as indicated by detection of V5-reactive bands in total cell lysate
and eluate samples, respectively, but it did not coimmunoprecipitate any detectable
wtTHAP1-FLAG. Compared to V5-wtTHAP1, there was a tendency across experiments for
the T142A and I149T mutants to immunoprecipitate higher amounts of wtTHAP1-FLAG,
whereas the ΔF132 mutant immunoprecipitated slightly less (Fig. 2B). Yet aside from the
Q154fs180X defect, none of these differences achieved statistical significance.

As an additional confirmation of THAP1 dimerization, the analysis was repeated in a pull-
down format. V5-THAP1 variants were expressed separately in HEK-293T cells, and lysates
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were reacted with anti-FLAG beads to which purified recombinant wtTHAP1-FLAG was
immobilized. Consistent with the coimmunoprecipitation results, all V5-THAP1 variants
except for the Q154fs180X mutant were successfully pulled down by the wtTHAP1-FLAG
bait protein (Fig. S1).

Intracellular localization of THAP1 variants
Given that the two of the mutations tested disrupt residues within the predicted NLS, we
hypothesized that nuclear translocation might be disrupted in these variants. In the case of
the Q154fs180X mutant, a defect in nuclear entry could potentially account for its inability
to bind wtTHAP1, as some transcription factors have been shown to dimerize only in the
nucleus (Metallo and Schepartz, 1997, Virbasius et al., 1999, Kohler and Schepartz, 2001).
For that reason we characterized the nuclear vs. cytoplasmic distributions of each variant in
U2OS cells via immunofluorescence.

In cells expressing V5-wtTHAP1 (Fig. 3A–D), immunostaining with a monoclonal antibody
against the epitope tag produced particularly strong labeling within the nucleus and, in many
cases, diffuse immunoreactivity throughout the cytoplasm as well. The same pattern was
observed in cells expressing wtTHAP1-FLAG and stained with an anti-FLAG monoclonal
antibody (data not shown), suggesting that the cellular distribution of the THAP1 transgene
product was most likely not altered by the epitope tag. Antibodies against either epitope tag
produced no staining in untransfected cells, nor was any labeling observed in the absence of
primary antibody (data not shown), confirming specificity of primary and secondary
antibodies. The F81L, ΔF132, T142A and A166T mutants all produced similar staining
patterns which did not differ significantly from that of V5-wtTHAP1 (Fig. S2). Although the
I149T mutant introduces a substitution within the NLS linker sequence, it did not interfere
with nuclear entry as indicated by strong nuclear labeling in cells expressing this variant
(Fig. 3G–J). In contrast, cells expressing the Q154fsX180 variant displayed robust
cytoplasmic staining with little to no immunoreactivity within the nucleus, suggesting a
defect in nuclear translocation (Fig. 3L–N).

The C54Y mutant produced an unexpected phenotype, consisting of perinuclear, aggregate-
like structures which were robustly immunostained (Fig. 3E–F). In cells expressing the other
V5-THAP1 variants, labeled structures in the perinuclear region were observed only rarely
and tended to be smaller and more punctate than the C54Y+ aggregates. To determine if
these structures involved the nuclear envelope (NE), U2OS cells expressing either V5-
wtTHAP1 or V5-C54Y were double labeled for the epitope tag and one of two NE markers,
lamin A/C (Fig. S3) or the laminB receptor (Fig. S4). Antibodies for both NE markers
produced the expected staining patterns, consisting of prominent perinuclear
immunoreactivity and diffuse labeling throughout the nucleoplasm. This intranuclear
staining overlapped with that of the THAP1 variants, but neither NE marker co-localized
significantly with the C54Y+ inclusions. Furthermore, staining for lamin A/C and lamin B
receptor did not differ in cells expressing wtTHAP1 vs. C54Y, or in transfected vs.
untransfected cells.

Dimerization of THAP1 occurs in both the cytosol and nucleus
Based on the above results, we hypothesized that the inability of the Q154fs180X mutant to
bind wtTHAP1 could indicate that (1) residues downstream of Q154 participate directly in
the interaction between monomers; or (2) dimerization occurs only after nuclear
translocation, which is abolished in the Q154fs180X mutant. To exclude the latter
possibility, U2OS cells expressing wtTHAP1-FLAG in the absence or presence of V5-
wtTHAP1 were first fractionated via differential detergent solubilization, followed by
immunoprecipitation with anti-V5 beads from each of four cellular compartments:
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cytoplasm, membrane, nuclear soluble extract, and nuclear chromatin-bound extract.
Immunoblotting for compartmental markers (GAPDH, calnexin, HDAC1, and histone H3)
detected single bands of appropriate size for each and confirmed segregation of the different
cellular domains across fractions (Fig. 4). The FLAG- and V5-tagged wild-type proteins
were detected in both cytosolic and soluble nuclear extracts, consistent with the pattern
observed via immunostaining (Fig. 3A–D). Furthermore, the coimmunoprecipitation
between the two fusion proteins was observed in both cytosolic and soluble nuclear
fractions. WTTHAP1-FLAG was therefore present within the cytosol and associated with its
V5-tagged counterpart in this compartment. Thus the failure of the Q154fs180X mutant to
dimerize could not be attributed to its aberrant cytoplasmic localization.

THAP1 deletion mutant (Δ167–213) binds the wild-type protein
Based on the fractionation analysis, we reasoned that the inability of the Q154fs180X
mutant to bind wtTHAP1 most likely reflected a requirement for residues downstream of the
mutation. To better define the role of the C-terminus in THAP1 dimerization, a FLAG-
tagged deletion mutant was generated lacking the C-terminal region immediately
downstream of the predicted NLS (THAP1Δ167–213-FLAG; Fig. 5A). Immunofluorescence
of cells expressing this truncated mutant demonstrated its localization in both the nucleus
and cytoplasm (Fig. 5B). The distribution of this variant mostly resembled that of
wtTHAP1, although some cells were observed with prominent perinuclear immunoreactivity
which in some respects appeared reminiscent of the C54Y mutant (Fig. 5B). In lysates from
doubly transfected HEK-293T cells, V5-wtTHAP1 coimmunoprecipitated the truncated
mutant, THAP1Δ167–213-FLAG, with similar efficiency as it did wtTHAP1-FLAG (Fig.
5C). Thus, the C-terminal region beyond position 166 was not necessary for THAP1 to bind
itself.

Predicted structural consequences of Q154fs180X mutation
The observations that wtTHAP1 can bind the Δ167–213 deletion mutant but not the
Q154fs180X variant suggested that its ability to dimerize was sensitive to substitutions
within aa 154–166. This region also proved necessary for nuclear translocation, most likely
due to the series of predominantly basic residues, 158KLRKKLK164, which in a classical
bipartite NLS interact with the nuclear import machinery (Lange et al. 2007). We therefore
questioned how this 13-aa region could participate in binding of THAP1 to itself while
maintaining the NLS motif accessible for interactions involved in nuclear targeting. To
address that question, in silico analyses were performed to compare the predicted structures
of wtTHAP1 and the Q154fs180X mutant and generate a hypothetical model of THAP1
dimerization.

Coiled-coil domains are supercoiled bundles of amphipathic α-helices in which amino acids
are arranged in characteristic repeats of seven (heptad) or eleven (undecad) residues for left-
or right-handed coils, respectively (Lupas 1997; Burkhard et al. 2001; Parry et al. 2008).
Traditional nomenclature for a left-handed coiled-coil domain designates the position of
each residue in a heptad as (abcdefg)n where n equals the number of heptads that generate
the coiled-coil (McLachlan et al. 1975; Conway and Parry 1990; Lupas 1997). Figure 6
displays the sequences of wtTHAP1 and the Q154fs180X mutant which correspond to the
first four heptads of the coiled-coil domain as predicted by two different methods (Lupas et
al. 1991; McDonnel et al. 2006).

Secondary structure analysis indicated that the sequence encoded by the frameshift mutation
is not helical and may be disordered. In addition, the wtTHAP1 sequence contains five
strongly hydrophobic residues (isoleucine, valine, or leucine) in an alternating 3-4-3 pattern
at positions a and d in the second through fourth heptads (a2, d2, a3, d3, a4). Helical wheel
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projections of this region (Fig. 6B) demonstrated that these hydrophobic residues in
wtTHAP1 are clustered on the same face of an amphipathic helix, segregated from the basic
lysines and arginines. In the Q154fs180X mutant, this hydrophobic cluster is interrupted by
polar serine residues which replace the leucines at d3 and a4. Richardson diagrams were
generated to predict the three dimensional configuration of this domain in both the wild-type
and mutant proteins (Fig. 6C). As suggested by the helical wheel plots, these models
predicted a hydrophobic face in wtTHAP1 which is partially missing in the Q154fs180X
mutant. In these projections, the basic lysine and arginine residues display exposed side
chains which are spatially distinct from this hydrophobic region.

The arrangement of hydrophobic isoleucine, valine, and leucine residues in wtTHAP1 is
consistent with previous descriptions of leucine zippers, which are common motifs formed
by parallel coiled-coils that act as dimerization domains in various transcription factor
families (Landschulz et al. 1988; Murre et al. 1989; Vinson et al. 2002; Elhiti and Stasolla
2009). We hypothesized that these residues might function similarly in THAP1 and
generated a potential model to illustrate how a dimer could be formed at this interface (Fig.
6D). The model predicts that the hydrophobic faces in THAP1 monomers pack against each
other to produce a dimer, with the basic lysine and arginine residues of the bipartite NLS
exposed on the outer faces of the dimer structure.

Discussion
The function of a wide range of cellular proteins may be regulated, at least in part, by
dimerization, which may involve binding of identical subunits to each other (homodimers)
and/or the interaction between members of the same (homotypic) or different (heterotypic)
gene families (Klemm et al. 1998; Marianayagam et al. 2004; Amoutzias et al. 2008).
Among the different categories of proteins known to dimerize are multiple transcription
factors, including the basic-region leucine zipper (bZIP), homeodomain leucine zipper (HD-
ZIP), basic-region helix-loop-helix (bHLH), nuclear receptors, MADS-box, signal
transducers and activators of transcription (STATs), and nuclear factor-κB (NF-κB) families
(for review, see Amoutzias et al. 2008). In the case of transcription factors, dimerization can
exert both qualitative and quantitative effects on gene expression. The types of homo- and
heterotypic dimers formed by a given factor can greatly expand its repertoire of compatible
DNA elements. In addition, the signals which trigger dimer formation and/or dissociation by
a given factor may influence its DNA binding activity and thereby regulate transcription.

Dimerization has been postulated as a mechanism regulating activity of THAP proteins
(Sabogal et al. 2010), although direct demonstrations of dimer formation by specific THAP
family members are relatively few. Two examples of THAP proteins confirmed to form
homodimers are the D. melanogaster P-element transposase KP repressor protein (Lee et al.
1996) and the C. elegans protein, CTPB-1 (Nicholas et al. 2008), both of which display
activity dependent on oligomeric status. Aside from THAP1, none of the other human
THAPs have yet been shown to homodimerize, although THAP11 and THAP7 may bind
each other within a transcriptional complex (Dejosez et al. 2008). The likelihood that
THAP1 homodimerizes has been suggested indirectly by reports that (1) the promoters of at
least some target genes contain two copies of its binding element (Cayrol et al. 2007; Kaiser
et al. 2010); and (2) the affinity of monomeric THAP1 for DNA is relatively weak,
indicating that it may need to form a complex with itself or other proteins to effectively bind
its target element (Campagne et al. 2010). More direct evidence of THAP1 dimerization has
been provided by yeast double hybrid screens, demonstrating interactions between different
THAP1 constructs (Rual et al. 2005; Lanati et al. 2010). The present study, demonstrating
an interaction between tagged variants in cultured cells, confirms that THAP1 associates
with itself, while further identifying specific residues that modulate the interaction.
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Our analysis of the Q154fs180X and Δ167–213 mutants indicates that the ability of THAP1
to bind itself is dependent on residues within a 13-aa region (154–166) of the coiled-coil
domain. This sequence, together with upstream residues within the coiled-coil domain,
contains elements consistent with leucine zippers in other dimerizing transcription factors.
Within a leucine zipper, dimer formation is driven by interhelical interactions between
hydrophobic residues at the a and d positions (a↔a′ and d↔d′ where ‘ denotes the position
on the opposite monomer), as well as interhelical electrostatic interactions between
differently charged residues at g and e positions (g↔e′ where e′ is five residues towards the
C-terminal on the opposite monomer) (Vinson et al. 2002; Alber 1992; Ellenberger et al.
1992; Thompson et al. 1993). Thermodynamic studies have shown that the most stable
dimers contain (1) isoleucine (Acharya et al. 2002) or valine (Tripet et al. 2000) at a
positions; (2) leucine at d positions (Harbury et al. 1993; Moitra et al. 1997); and (3) one of
four polar amino acids (glutamate, glutamine, arginine, or lysine) at g and e positions
(Vinson et al. 2002), with the strongest dimers produced by interactions between a
positively charged arginine and a negatively charged glutamate (Krylov et al. 1994).
Consistent with these rules, THAP1 contains isoleucine and valine at a2 and a3, respectively,
and leucines at d2 and d3. This scheme also accurately describes all of the g↔e′ pairs that
would exist in the predicted THAP1 dimer, specifically: arginine↔glutamate (g1↔e2′);
glutamine↔arginine (g2↔e3′); and lysine↔glutamine (g3↔e4′).

Leucine zippers in transcription factors such as the bZIPs are typically comprised of four or
five heptads (Vinson et al. 2002), but stable oligomerization has been achieved by even a
two-heptad domain provided a sufficient interface of consecutive hydrophobic residues is
present (Burkhard et al. 2000; Lu and Hodges 2004). The Q154fs180X mutant most likely
fails to meet these criteria, given that (1) the helical wheel analysis demonstrated no more
than 2–3 continuous hydrophobic residues at any point in this region, suggesting that an
amphipathic helix is unlikely to form; and (2) secondary structure analysis indicated that the
novel sequence encoded by the frameshift lacks helical structure and may be disordered.

In addition to the Q154fs180X frameshift, the I149T mutation also targets a critical residue
within this domain, specifically the isoleucine at a2. However, the threonine substitution did
not disrupt dimerization; rather, it displayed an apparent tendency across experiments to
immunoprecipitate more wtTHAP1-FLAG than was pulled out by V5-wtTHAP1. Leucine
zipper proteins which normally contain threonine at a2 have been characterized (Porte et al.
1997), and a dimer involving a threonine↔isoleucine a↔a′ interaction (as would occur
between I149T and wtTHAP1) is reportedly stable (Acharya et al. 2006). However,
substitutions at a positions may also change the packing geometry between coils to produce
aberrant trimers and even tetramers in place of dimers (Harbury et al. 1993). The behavior
of the I149T mutant in the coimmunoprecipitation assay could suggest a similar effect on
oligomerization by THAP1; if so, then the interaction with its target DNA element might be
altered due to formation of aberrant oligomeric complexes. Nevertheless, further biophysical
analyses are required to test these possibilities.

Bonetti et al. (2009) identified a DYT6-related missense mutation at position 170 (C170R)
and hypothesized that it might negatively affect dimerization based on a proposed structural
model of the coiled-coil domain. Our results confirm the importance of the coiled-coil
domain for THAP1 self-association but suggest that residues beyond position 166 are not
required. The C-terminal portion of the coiled-coil domain may instead mediate binding of
THAP1 to other proteins, although this hypothesis remains to be tested. Lanati et al. (2010)
also proposed a hypothetical model of THAP1 dimerization, predicting that individual
monomers may associate via the zipper-like motif in the coiled-coil domain. The observed
dimerization defect in the Q154fs180X mutant, which loses most of the zipper-like motif,
provides direct evidence to support this prediction. In addition, we extended the previous in
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silico analyses of the THAP1 coiled-coil domain to predict how critical sequences within the
bipartite NLS might be spatially oriented within a potential dimer structure. In cargo
proteins with bipartite NLS sequences similar to THAP1, the upstream and downstream
clusters of basic residues interact with a minor and major binding pocket, respectively, on
carrier proteins such as importin-α that mediate nuclear entry (Conti et al. 1998; Fontes et
al. 2000). We hypothesize that the translocation defect in the Q154fs180X mutant is most
likely due to the loss of the downstream basic cluster, 158KLRKKLK164. Given that the
fractionation/co-immunoprecipitation analysis suggested that THAP1 binds itself within the
cytoplasm, it seems likely that the basic residues of the NLS must be displayed on exposed
surfaces of the resulting dimer to allow interaction with the nuclear import machinery. The
helical wheel and Richardson plots predict such an arrangement.

Although the I149T mutation also falls within the NLS, it did not prevent nuclear
localization. The linker sequence in a bipartite NLS is believed to orient the upstream and
downstream basic clusters in the proper conformation to allow binding to the two pockets on
an importin protein (Lange et al. 2010). Although some mutations within NLS linkers have
been shown to disrupt nuclear trafficking, others have been reported with no apparent effect
(Moore et al. 1998; Lange et al. 2010). Our results demonstrate that the I149T substitution
in THAP1 is an example of the latter. Among the DYT6 mutants tested, the only other
variant to exhibit altered intracellular localization was C54Y, which frequently accumulated
within large perinuclear inclusions that did not colocalize with two markers of the nuclear
envelope (NE), lamin A/C and lamin B receptor. This finding bears some similarity to
previous descriptions of the DYT1 dystonia protein, torsinA, a AAA+ chaperone protein
localized to the lumen of the NE and endoplasmic reticulum (ER) (Granata and Warner
2010; Bragg et al. 2011). The DYT1 mutant form, torsinAΔE, accumulates within
membrane inclusions derived from the NE and ER (Hewett et al. 2000; Kustedjo et al. 2000;
Bragg et al. 2004b; Goodchild and Dauer 2004; Gonzalez-Alegre and Paulson 2004,
Naismith et al. 2004), yet only when expressed at high levels in cultured cells (Bragg et al.
2004c) with only limited and controversial evidence that it may do so in brains of DYT1
individuals (Standaert 2011). It is unclear whether the immunoreactive inclusions in cells
expressing the C54Y mutant are relevant to DYT6 pathogenesis, or if they bear any
relationship to the aberrant membrane structures induced in cultured cells by torsinAΔE. Yet
given that NE dysfunction has been postulated as a mechanism underlying DYT1 dystonia
(for review, see Granata et al. 2009), this observation may suggest that there could be
interactions between THAP1 and the NE that warrant further investigation.

The DYT6 mutants tested here are associated with a range of clinical phenotypes, both in
terms of disease onset (early vs. late) and somatic distribution of symptoms (generalized vs.
focal). The clinical spectrum of DYT6 dystonia has grown more heterogeneous as additional
THAP1 mutations have been identified, and it has been difficult to account for the
phenotypic variability at the level of genotype. Among the descriptions of DYT6 mutations
reported to date, there does not appear to be a consistent genotype:phenotype relationship in
terms of symptom distribution, but there is a potential trend related to disease onset. Early
onset dystonia has typically been documented for THAP1 mutations within the N-terminal
DNA binding module and in C-terminal mutations which disrupt the NLS; whereas the
mutations associated with late onset disease have generally been C-terminal variants not
predicted to alter nuclear localization (Fuchs et al. 2009; Bressman et al. 2009; Djarmati et
al. 2009; Bonetti et al. 2009; Paisan-Ruiz et al. 2009; Xiao et al. 2010; Groen et al. 2010;
Houlden et al. 2010; Söhn et al. 2010; de Carvalho Aguiar et al. 2010; Cheng et al. 2011;
Zittel et al. 2010; Clot et al. 2011; Schneider et al. 2011; Jech et al. 2011). In that regard,
our observation of normal nuclear localization by the I149T mutation in the NLS appears
consistent with this trend, as this mutation has been linked to late onset dystonia. A potential
exception is the ΔF132 mutation which falls outside the N-terminal binding domain and
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NLS yet is associated with early onset generalized dystonia. However, unlike most of the
known DYT6 mutations, the ΔF132 deletion was detected on both alleles, which may
account for the severity of the phenotype.

In summary, this study performed a phenotypic analysis of wtTHAP1 and a collection of
DYT6 mutant forms in cultured cells, with an emphasis on probing the effects of different
mutations on the protein’s ability to bind itself. The demonstration that the Q154fs180X
mutant is defective in both dimerization and nuclear translocation confirmed the importance
of specific residues within the coiled-coil domain for both of these functions. Given that
other DYT6 mutations have been identified within this region, these data may ultimately
guide further structure:function analyses of this domain, which could prove useful in
understanding the heterogeneous clinical phenotypes associated with different DYT6 disease
variants.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

aa amino acid

AAA+ ATPases Associated with a variety of cellular Activities superfamily

bZIP basic region leucine zipper transcription factors

bHLH basic region helix-loop-helix transcription factors

DMEM Dulbecco’s Modified Eagle Medium

ER endoplasmic reticulum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HDAC1 histone deacetylase-1

HEK-293 human embryonic kidney-293 cells

HD-ZIP homeodomain leucine zipper transcription factors

HRP horseradish peroxidase

IgG immunoglobulin

MADS-box transcription factor family named for four members (MCM1, Agamous,
Deficiens, SRF)

ORFs open reading frames

NE nuclear envelope

NFκB nuclear factor κB family

NLS nuclear localization signal
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PBS phosphate buffered saline

PDB Protein Databank

pRb/E2F retinoblastoma tumor suppressor protein/E2F transcription factor family
pathway

PSIPRED Protein Structure Prediction Server

RRM1 ribonucleotide reductase M1

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

STATs signal transducers and activators of transcription

TBS-T tris-buffered saline-Tween

THAP1 thanatos-associated [THAP] domain-containing apoptosis-associated
protein 1

U2OS human osteosarcoma cells

WGA wheatgerm agglutinin

wt wild-type
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Fig. 1. DYT6 mutations in THAP1
(A) Schematic depicting THAP1 functional domains and DYT6 mutations examined in this
study. The N-terminal THAP domain (THAP) encodes the DNA-binding module including
four zinc ligands (C5, C10, C54, H57) and a motif, AVPTIF, which is conserved among
THAP proteins and critical for DNA binding. The C-terminus contains a predicted coiled-
coil domain (COIL) within which is a predicted nuclear localization signal (NLS; boxed
residues). This sequence resembles a bipartite NLS consisting of two clusters of basic
arginines and lysine residues (bold) separated by a 9-aa linker. DYT6 mutants tested here
included 2 variants in the N-terminal DNA binding domain (C54Y and F81L) and 5 within
the C-terminus (ΔF132, T142A, I149T, Q154fs180X, A166T). (B) Expression of V5 fusions
of wild-type or mutant THAP1 in HEK-293T cells as detected via western blot with anti-V5
antibody. All variants were expressed with similar efficiency and migrated at the predicted
molecular weight.
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Fig. 2. Wild-type THAP1 binds itself and most DYT6 mutants, but not Q154fs180X
(A) Representative immunoblot demonstrating coimmunoprecipitation of wild-type THAP1-
FLAG (wtTHAP-FLAG) by different V5-tagged THAP1 variants in lysates from transfected
HEK-293T cells. No wtTHAP1-FLAG was immunoprecipitated by anti-V5 from control
lysates expressing wtTHAP1-FLAG alone. All of the V5-tagged THAP1 variants
coimmunoprecipitated wtTHAP1-FLAG except for the Q154fs180X mutant, which lost the
interaction. (B) Relative differences in levels of wtTHAP1-FLAG immunoprecipitated by
each V5-tagged THAP1 variant. Data for each DYT6 mutant are expressed as mean fold
changes relative to V5-wtTHAP1, +/− standard errors from four independent experiments.
Normalization of densitometry values is described in Materials and Methods.
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Fig. 3. Nuclear localization is altered in some DYT6 mutants
V5-tagged THAP1 variants in U2OS cells localized via immunofluorescence using anti-V5
monoclonal antibody (red), wheatgerm agglutinin-Alexa488 (membranes; green), TO-
PRO®-3-iodide (nuclei; blue). (A–D) V5-wtTHAP1 was expressed in both nucleus and
cytosol of transfected cells. (E–H) The C54Y mutant was frequently observed in robustly
labeled, perinuclear inclusions (arrows) which were never observed in cells expressing
wtTHAP1 or any of the other DYT6 mutants. (I–L) Although the I149T mutation falls
within the predicted NLS, it did not disrupt nuclear import as shown by strong nuclear
labeling in cells expressing this mutant. (M–P) The Q154fs180X mutant was localized
exclusively within the cytoplasm, indicating impaired nuclear entry due to disruption of the
NLS. The remaining mutants (F81L, ΔF132, T142A, A166T) produced staining patterns
similar to that of wtTHAP1 (Fig. S1). Images shown were captured by laser confocal
microscopy at 100X final magnification under oil immersion. Scale bars = 10 μM.
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Fig. 4. Dimerization of THAP1 does not require nuclear localization
Fractionation of U2OS cells expressing wtTHAP1-FLAG in the absence or presence of V5-
wtTHAP1. Sequential detergent extraction generated four fractions: cytosol, membrane,
nuclear soluble (S), and nuclear chromatin (C). Markers for each compartment (GAPDH,
calnexin, HDAC1, histone H3) behaved as predicted. The V5- and FLAG-tagged fusions of
wtTHAP1 were primarily detected in the cytosol and nuclear soluble fractions, although
wtTHAP1-FLAG was also detected in membrane and nuclear chromatin fractions possibly
due to higher expression level. Coimmunoprecipitation of wtTHAP1-FLAG by V5-
wtTHAP1 was achieved from both cytosolic and nuclear soluble fractions, indicating that
the interaction occurred in both cellular compartments and did not depend on nuclear
import.
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Fig. 5. Wild-type THAP1 interacts with the deletion mutant, THAP1Δ167-213
A) Schematic depicting a truncated THAP1 mutant which was generated to define residues
required for THAP1 to bind itself. (B) THAP1Δ167–213-FLAG in U2OS cells was
localized in both nucleus and cytoplasm, similar to wtTHAP1, although some cells were
observed in which the transgene appeared to accumulate in the perinuclear region (arrows).
Images captured at 100X magnification; scale bar = 10 μM. (C) V5-wtTHAP1
immunoprecipitated the FLAG-tagged deletion mutant with similar efficiency as it did
wtTHAP1-FLAG, indicating that residues beyond position 166 are not necessary for THAP1
to bind itself.
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Fig. 6. Predicted structural model of THAP1 dimerization
(A) Sequence of wtTHAP1 and the Q154fs180X corresponding to amino acids 142–169,
representing the first four heptads of the predicted coiled-coil domain in wtTHAP1. Heptad
position (abcdefg) is denoted below each residue, and the novel sequence encoded by the
frameshift mutation is shown in red. Secondary structure analysis predicts a helical structure
(H) for the wild-type sequence but not for most of the sequence encoded by the frameshift.
Confidence scores for the secondary structure prediction determined by the PSIPRED
Protein Structure Prediction Server are shown below each residue. (B) Helical wheel
analysis of wtTHAP1 and Q154fs180X mutants. Examples shown represent residues 146–
163. In wtTHAP1, clustering of hydrophobic residues on one face with basic/polar residues
on the other suggests an amphipathic helix in this region. The Q154fs180X mutant loses this
continuous stretch of hydrophobic residues due to polar serines which replace leucines at d3
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and a4. (C) Richardson diagrams predicting the three-dimensional arrangement of
hydrophobic (green), basic (blue), noncharged polar (tan), and acidic (pink) residues in this
region. A potential hydrophobic interface is predicted in wtTHAP1 which is partially
missing in Q154fs180X. (D) Predicted structural model of THAP1 dimerization at this
potential hydrophobic interface. Model generated with Pymol software based on parallel
coiled-coil domain of residues 164–191 of Protein Data Bank (PDB) 3Q0X. Side view of
interacting monomers shown as stick (upper left) and space-filling (lower left) models.
Alternate view from C-terminal (right) illustrates that basic arginine and lysine residues
would be clustered on the outer, exposed faces of the predicted dimer structure.
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