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Abstract

Polyglutamine-repeat disorders are part of a larger family of neurodegenerative diseases 

characterized by protein misfolding and aggregation. In spinal and bulbar muscular atrophy 

(SBMA), polyglutamine expansion within the androgen receptor (AR) causes progressive 

debilitating muscular atrophy and lower motor neuron loss in males. Although soluble 

polyglutamine-expanded aggregation species are considered toxic intermediates in the aggregation 

process, relatively little is known about the spectrum of structures that are formed. Here we 

identify novel polyglutamine-expanded AR aggregates that are SDS-soluble and bind the toxicity-

predicting antibody 3B5H10. Soluble, 3B5H10-reactive aggregation species exist in low-density 

conformations and are larger by atomic force microscopy, suggesting that they may be less 

compact than later-stage, insoluble aggregates. We demonstrate disease-relevance in vivo and 

draw correlations with toxicity in vitro.

1. Introduction

Spinal and bulbar muscular atrophy (SBMA) is a slowly progressive X-linked disorder 

caused by an expanded polyglutamine tract in the androgen receptor (AR) protein. 

Clinically, SBMA patients display signs of lower motor neuron loss and muscle atrophy. 

The disease manifestations occur primarily in males, due to the dependence of the disease 

process on ligand binding of either testosterone or dihydrotestosterone (DHT) to the mutant 

AR (Chevalier-Larsen et al., 2004; Katsuno et al., 2002; Takeyama et al., 2002; Walcott and 

Merry, 2002). Several additional native functions of the androgen receptor are required for 

toxicity in model systems, including nuclear localization, an interdomain amino-/carboxyl 
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(N-/C-) interaction, and AR acetylation (Montie et al., 2009; Montie et al., 2011; Nedelsky 

et al., 2010; Orr et al., 2010). A hallmark pathology of SBMA is the formation of nuclear 

inclusions – a feature shared with all 9 of the known neurodegenerative diseases caused by 

polyglutamine expansion, including Huntington’s disease (HD) (reviewed by (Orr and 

Zoghbi, 2007). This suggests that common features may exist between misfolded 

polyglutamine-expanded protein species and cellular toxicity.

We previously reported that motor neurons expressing polyglutamine-expanded AR die 

before detectable inclusion body formation (Heine et al., 2015), implicating a role for pre-

inclusion polyglutamine-expanded AR aggregation species in toxicity. In Huntington’s 

disease, inclusion bodies are thought to promote survival through a process or processes that 

involve the sequestration of misfolded polyglutamine-expanded huntingtin (Arrasate et al., 

2004; Miller et al., 2011) and the restoration of the ubiquitin-proteasome system (Mitra et 

al., 2009). To this end, the protein level, conformation, and stability of pre-inclusion 

huntingtin species are thought to predict toxicity (Miller et al., 2011; Mitra et al., 2009; 

Tsvetkov et al., 2014).

The mechanisms by which misfolded proteins cause toxicity remain unclear. Prevailing 

hypotheses include enhanced functions of the native protein (Duvick et al., 2010; Nedelsky 

et al., 2010), aberrant protein interactions (Ratovitski et al., 2012; Steffan et al., 2000), and 

perturbation of global protein folding homeostasis (Gidalevitz et al., 2006; Olzscha et al., 

2011). While the role of particular subsets of aggregation species in these pathways is 

controversial (reviewed by (Wetzel, 2013)), research using conformation-specific antibodies 

supports the hypothesis that monomeric or low-order early aggregation species may promote 

cell death through a misfolding event that leads to a ‘toxic’ conformation (Miller et al., 

2011; Nucifora et al., 2012). However, gaining an understanding of the biochemical nature 

of such species, as they are formed in the cellular environment, has been challenging. The 

ability to identify species that correlate with toxicity upon manipulation of critical post-

translational modifications (reviewed by (Pennuto et al., 2009)), interdomain interactions 

(Orr et al., 2010), and protein-protein interactions (Lim et al., 2008), may lead to a new 

understanding of the nature of toxic protein aggregation species.

We recently used SDS-agarose gel electrophoresis (SDS-AGE) to demonstrate that soluble 

and insoluble polyglutamine-expanded AR species contain full-length androgen receptor and 

that the proteolytic event that produces an amino-terminal fragment occurs after the 

formation of nuclear inclusions (Heine et al., 2015). Here we expand our characterization of 

SDS-AGE-resolvable species to determine the nature of the polyglutamine-expanded AR as 

it forms aggregates within the context of the cellular milieu. Using a novel method to isolate 

soluble and insoluble protein species, we captured discrete populations of protein aggregates 

for further analysis. Our results identify previously uncharacterized AR aggregation species 

that correlate with toxicity in vitro, and which are also detected in vivo, in a transgenic 

mouse model of SBMA. Our results suggest a role for these structures in the disease process.
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2. Results

2.1. Soluble, 3B5H10-reactive polyglutamine-expanded AR aggregates bind the toxicity-
predicting antibody 3B5H10 and exist in low-density conformations

We previously demonstrated that SDS-agarose gel electrophoresis (SDS-AGE) is a sensitive 

and specific method for resolving both soluble and insoluble polyglutamine-expanded AR 

aggregation species (Heine et al., 2015). We found that soluble AR aggregation species 

contain full-length androgen receptor and bind the toxicity-predicting antibody 3B5H10. 

Although these species form early in the course of hormone-treatment, before the detection 

of cytological inclusions, they have a slower migration pattern by SDS-AGE when 

compared to insoluble AR aggregation species (Figure 1A). In contrast, the resolution of 

faster-migrating, 3B5H10-non-immunreactive species correlates with the detection of 

nuclear inclusions by fluorescence microscopy (Heine et al., 2015). This, together with their 

relative insolubility (Heine et al., 2015), suggests that fast-migrating species may be the 

biochemical correlate of, or at least associated with, cytological inclusions.

Since we were able to detect soluble 3B5H10-reactive aggregation species that are resistant 

to lysis in 2% SDS, we wondered if the epitope on slow-migrating species that is recognized 

by 3B5H10 is also available under non-denaturing conditions. To test this, we lysed cells 

under mildly denaturing conditions and performed immunoprecipitation (IP) with 3B5H10. 

SDS-AGE analysis following IP with 3B5H10 revealed the recovery of slow-migrating 

species (Figure 1B). By comparison, both slow- and fast-migrating species were purified 

following IP with a non-conformational anti-AR antibody (Figure 1B). SDS-PAGE analysis 

confirmed that 3B5H10 binding is specific to the polyglutamine-expanded form of AR 

(Figure 1C). The reduced IP efficiency with 3B5H10, compared to that of the non-

conformational anti-AR antibody, makes it difficult to conclude that 3B5H10 specifically 

binds slow-migrating species. Regardless, the IP results indicate that slow-migrating species 

are not merely an artifact of the denaturing lysis conditions. Collectively, these results 

suggest that, within cells, the polyglutamine-expanded AR adopts one or more soluble 

conformations that present a 3B5H10-binding epitope.

Because slow-migrating species form early in the course of hormone-treatment, before the 

formation of detectable nuclear inclusions, their delayed migration by SDS-AGE seemed 

counter-intuitive. We reasoned that slow-migrating species may represent the mutant AR in 

an extended conformation, while fast-migrating species may represent the mutant AR in a 

more compact conformation, such as that of a nuclear inclusion. The sedimentation of fast-, 

but not slow-, migrating AR species under conditions of ultracentrifugation (Heine et al., 

2015) supports this interpretation. Moreover, this interpretation predicts that fast-migrating 

species are more dense than slow-migrating species. To test this idea, we used sucrose 

density gradient centrifugation to fractionate slow- and fast-migrating species according to 

their respective densities. We found that fast-migrating species fractionate in sucrose at 

higher densities than do slow-migrating species (Figure 2A). In addition, SDS-PAGE 

analysis of a sample of each density fraction revealed that the monomeric form of 

polyglutamine-expanded AR fractionates at the same densities as slow-migrating species 
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(Figure 2B). Conversely, aggregation species that are retained in the stacking layer during 

SDS-PAGE were detected in the same higher density fractions as fast-migrating species.

2.2. Slow-migrating AR aggregates represent novel biochemical entities

We had previously shown that AR species that are retained in the stacking layer of SDS-

PAGE sediment by ultracentrifugation, suggesting that they are insoluble in solution (Heine 

et al., 2015). This insolubility suggests that the aggregation species that are retained in the 

stacking layer by SDS-PAGE are comparable to the fast-migrating species observed by 

SDS-AGE. Although the species that are retained in the stacking layer by SDS-PAGE have 

been interpreted as oligomers (Li et al., 2007), our results suggest that they may represent 

either higher-order AR aggregates or species that associate with and have similar 

biochemical characteristics as nuclear inclusions. To test this hypothesis, we next sought to 

evaluate the behavior of both slow- and fast-migrating species on SDS-PAGE.

To determine if slow-migrating species enter or are retained in the stacking layer of SDS-

PAGE, we developed a method to purify them from the agarose matrix in a manner that 

preserves their biochemical properties. The recovery of slow-migrating species by electro-

elution into dialysis tubing was poor compared to the recovery of fast-migrating species 

(Figure 3A). We observed that slow-migrating species were retained in the agarose gel 

despite an additional 36 hours of electro-elution (data not shown), suggesting that they had 

become entrapped in the agarose matrix. To circumvent this problem, we adapted an 

established method, developed for the cryo-extraction of nucleic acids from agarose gels 

(Kurien and Scofield, 2002; Thuring et al., 1975), for the purification of protein aggregates. 

By snap-freezing sections of the agarose gel in liquid nitrogen, we were able to purify both 

slow- and fast-migrating species, respectively (Figure 3B). Importantly, this method 

preserved the intrinsic biochemical properties of each subset of species: cryo-extracted slow-

migrating species retained their slow-migrating, 3B5H10-reactive characteristics while cryo-

extracted fast-migrating species remained fast-migrating and 3B5H10-unreactive.

We next sought to determine how the purified slow- and fast-migrating species behaved in 

one of the most common assays for evaluating biochemical aggregation species: retention in 

the stacking layer of SDS-PAGE. We found that slow-migrating species migrated in 

identical fashion to monomeric AR by SDS-PAGE, while fast-migrating species were 

detected in both the stacking and resolving gels (Figure 3C). This finding suggests that slow-

migrating species either consist of monomeric AR or can be dissociated under SDS-PAGE 

conditions to monomeric AR. To determine if any of the aggregation species were too large 

to enter the stacking layer of SDS-PAGE, we poured an agarose plug (0.1% SDS-1% 

agarose) into SDS-PAGE wells in an attempt to identify additional species within the larger 

pore size of the agarose gel matrix (Figure 3C). Although we were unable to detect slow-

migrating species in the agarose plug, we cannot rule out the possibility that they exist in a 

quantity below the detection threshold. Despite this caveat, the identification of a novel 

slow-migrating SDS-AGE AR aggregation species that is only detectable as a monomer on 

SDS-PAGE suggests that this species has not been previously described.
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2.3. Atomic force microscopy reveals that slow-migrating AR species are larger than fast-
migrating species

Two prior studies revealed distinct AR aggregation species by AFM (Jochum et al., 2012; Li 

et al., 2007). In one study (Jochum et al., 2012), polyglutamine-expanded AR formed 

oligomeric fibrils up to 300–600 nm in length and heights of 5–10 nm (20 nm at the 

termini); in this study, smaller, distinct AR aggregation species were observed even in the 

absence of hormone and an expanded polyglutamine tract. Another study (Li et al., 2007) 

observed polyglutamine-expanded AR within ordered oligomers with heights spanning 2–10 

nM (Li et al., 2007). This height range is consistent with oligomers formed by 

polyglutamine-expanded huntingtin (Angeli et al., 2010; Legleiter et al., 2009; Legleiter et 

al., 2010; Nucifora et al., 2012). However, the Li et al. (Li et al., 2007) study was performed 

with AR aggregation species characterized by retention in the stacking layer of SDS-PAGE. 

We thus investigated how slow- and fast-migrating SDS-AGE species compare with the 

spectrum of structures previously described. To address this question, we carried out AFM 

on cryo-extracted samples from the top and bottom halves of SDS-AGE, which contain 

slow- or fast-migrating species, respectively. Very few particles were detected in the control 

cryo-extracted gel samples extracted after electrophoresis of either buffer alone or 

unexpanded AR10Q-containing protein lysates (Figure 4A–B). In contrast, we detected a 

large number of particles in the hormone-treated AR112Q samples (Figure 4C–D). Purified 

extracts of slow-migrating species contained large, amorphous aggregates with significant 

heterogeneity in height (Figure 4C, E). In comparison, purified extracts of fast-migrating 

species contained smaller aggregates that were more homogeneous in size (Figure 4D, F). 

The height spectrum of fast-migrating species ranged from 2–10 nM, with most particles 

less than 5 nM in height; this is consistent with previously described polyglutamine-

expanded aggregates (Burke et al., 2013a; Legleiter et al., 2009; Legleiter et al., 2010; 

Miller et al., 2011). However, the range of heights detected in samples extracted from slow-

migrating species extended to 25 nm, with ~20% of the observed particles exceeding 10 nM 

(Figure 4D). Although the samples purified from slow-migrating extracts demonstrated a 

correlation between height and diameter, we did not detect a similar relationship in samples 

purified from fast-migrating extracts, suggesting that these species represent discrete 

structures (Figure 4G).

2.4. Slow-migrating AR species correlate with toxicity in vitro and in vivo

The reactivity of slow-migrating species with the toxicity-predicting antibody 3B5H10 

suggested that they may correlate with toxicity. If 3B5H10-reactive slow-migrating 

polyglutamine-expanded AR species correlate with toxicity, we hypothesized that we would 

see a reduction in slow-migrating species in cell lines expressing protective mutations in an 

otherwise toxic polyglutamine-expanded AR. We previously showed that acetylation of the 

AR is necessary for toxicity and aggregation (Montie et al., 2011); therefore, we evaluated 

the presence of 3B5H10-immunoreactive slow-migrating species in cells expressing a 

mutation (lysine to arginine) in the polyglutamine-expanded AR that renders it incapable of 

becoming acetylated. Our results reveal that cells expressing the protective acetyl-null 

mutation in the polyglutamine-expanded AR form fewer slow-migrating, 3B5H10-reactive 

species (Figure 5A), consistent with the hypothesis that slow-migrating species are 

correlated with cellular toxicity.
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We had previously shown that both slow- and fast-migrating SDS aggregation species are 

detected in vivo (Heine et al., 2015), and that slow-migrating species appear as early as 7.5 

weeks of age in transgenic male SBMA mice, after the rise of androgen levels and just prior 

to the onset of motor symptoms. In contrast, fast-migrating species, while detectable at 7.5 

weeks, accumulated later in the course of disease, at 21 wks of age (Figure 5B), and 11 

months (Heine et al., 2015) when significant nuclear inclusions are present. These 

aggregation species are also seen in the cortex of transgenic mice (Figure 5B); continuing 

studies will evaluate the biochemical similarities and differences between aggregation 

species observed in distinct brain regions. Collectively, these data support the idea that slow-

migrating species appear early in the disease course and correlate with toxicity, both in vitro 

and in vivo.

3. Discussion

The studies described here reveal the identification what appears to be a previously 

uncharacterized polyglutamine-expanded AR aggregation species that is strongly correlated 

with toxicity. Moreover, we developed a novel protein extraction method to demonstrate 

that soluble, 3B5H10-reactive aggregation species exist in low-density conformations but 

are larger by atomic force microscopy, suggesting that they may be less compact than 

insoluble aggregates (Figure 6). We found that cell lines expressing an acetylation-deficient 

polyglutamine-expanded AR, previously shown to protect against hormone-dependent 

toxicity (Montie et al., 2011), contain reduced levels of the 3B5H10-reactive slow-migrating 

AR aggregation species. The correlation with toxicity, combined with evidence that these 

species exist in vivo, suggests that they may have relevance to the disease process. One 

caveat to these conclusions is that the cell models used here express mutant AR with a 

polyglutamine tract that is longer than that observed in SBMA patients. However, our 

preliminary studies of iPS cells derived from SBMA patients (iPS cells described in 

(Grunseich et al., 2014)) reveal similar fast- and slow-migrating species (data not shown). In 

ongoing studies, we will further characterize these species in iPS cells and other models with 

shorter repeat lengths.

Previous studies of polyglutamine-expanded AR aggregates have identified species with 

heights ranging from 2–10 nm (Jochum et al., 2012; Li et al., 2007). One study (Li et al., 

2007) interpreted this height range to be consistent with multiple amino-terminal fragments 

of the polyglutamine-expanded AR; this conclusion was based, in part, on the assumption 

that protein density is consistent between aggregated forms. While this calculation is a 

conventional method for estimating the number of particles in an individual aggregate, our 

data suggest that this may not be an accurate assessment for aggregates formed by the 

polyglutamine-expanded AR. Moreover, the slow-migrating, low-density AR aggregation 

species evaluated here consist of full-length, rather than proteolyzed fragments of, AR 

(Heine et al., 2015). Whether the heterogeneity in densities of polyglutamine protein 

aggregation species is applicable to other polyglutamine-expanded diseases is further 

challenged by recent evidence that aggregates formed by polyglutamine-expanded 

atrophin-1 also display heterogeneous densities (Hinz et al., 2012). Finally, although the 

analyses of SDS-AGE-resolvable polyglutamine-expanded huntingtin species relied on 

molecular weight estimates to predict aggregate size (Legleiter et al., 2010; Miller et al., 
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2011), our data suggest that conformation and density are critical parameters in determining 

aggregate size.

Our results raise several questions with regard to the uniqueness of the protein species 

described here. Numerous groups have used SDS-AGE to resolve polyglutamine-expanded 

aggregation species (Legleiter et al., 2009; Legleiter et al., 2010; Miller et al., 2011; 

Nucifora et al., 2012; Sontag et al., 2012; Weiss et al., 2008), yet the presence of distinctly 

migrating species has not been previously reported. One possible explanation for this 

difference is that slow-migrating species are a unique feature of the polyglutamine-expanded 

AR. It is unlikely that this is due to a difference in the size of the AR protein. Data from 

cells expressing huntingtin with a range of polyglutamine expansion tracts demonstrate that 

longer polyglutamine tracts, and thus a larger protein size, seems to accelerate the migration 

of aggregation species by SDS-AGE (Legleiter et al., 2010). The faster migration observed 

with longer polyglutamine tracts is consistent with our hypothesis that more compact 

conformations may result in faster migration. The novel observation of slow-migrating AR 

species may reflect intrinsic features of specific AR functional domains. It may be that slow-

migrating species have lipophilic properties, resulting from the presence of lipophilic 

hormone in the ligand-binding pocket, or from interactions with lipid membranes, as has 

been shown with other polyglutamine-expanded peptides (Burke et al., 2013b; Chaibva et 

al., 2014). Alternatively, the low density of slow-migrating species might arise from 

aberrant conformation of AR structural domains.

The transient nature of slow-migrating species (Fig 1A) suggests that this is a short-lived 

aggregation species that forms early and decreases in abundance with increasing hormone-

treatment time. The analysis of early hormone-treatment times using this sensitive 

biochemical method may have facilitated the identification of these species. Whether these 

species are produced chronically during disease progression is under investigation.

A major unanswered question is whether slow-migrating species become fast-migrating 

species or whether they represent off-pathway intermediates. Studies of polyglutamine-

expanded huntingtin showed that 3B5H10-reactive mutant huntingtin conformers are 

sequestered into inclusion bodies (Miller et al., 2011), thus protecting neurons from ‘toxic’ 

conformations of polyglutamine-expanded huntingtin that may participate in aberrant 

protein interactions or cause protein folding stress. Moreover, in mutant AR-expressing 

cells, diffuse nuclear 3B5H10 immunofluorescence was reduced to background levels upon 

the first appearance of nuclear AR puncta, the precursors to mature nuclear inclusions 

(Heine et al., 2015), consistent with the absence of 3B5H10 immunoreactivity in fast-

migrating SDS-AGE species. Experiments to determine if 3B5H10-reactive slow-migrating 

species become sequestered by the formation of fast-migrating insoluble species may shed 

insight on the role of aggregation species in SBMA. Determining whether and how aberrant 

protein interactions form with 3B5H10-reactive AR species is likely to also shed valuable 

mechanistic insight. Further investigations are necessary to understand the fate of slow-

migrating species and determine their role in toxicity.
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4. Experimental Procedures

4.1. Immunoprecipitation

AR expression was induced in PC12 cells (AR112Q- and AR10Q-containing) and cells were 

treated with DHT (10 nM) for 120 hrs. Cells were lysed with RIPA lysis buffer (50 mM 

Tris-HCl, pH 8.0, 0.15 M NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 

and protease inhibitors) and 500 μg of protein from each sample was incubated overnight at 

4°C with or without 1.5 μg of antibody (AR(H280) or 3B5H10. Capture of the 

immunoprecipitated AR was carried out using Protein G Dynabeads (Invitrogen) for 30 

minutes at room temperature, followed by separation from the unbound sample using a 

Dynal magnet. Samples were eluted from Dynabeads with 2x SDS-AGE Laemmli buffer 

and boiled for 5 minutes. Samples were evaluated by SDS-AGE and western analysis was 

performed using AR(H280) (1:1000), AR(441) (1:100), or 3B5H10 (1:10,000). Following 

AR(441) detection, membranes were stripped and probed for 3B5H10 and then probed for 

AR(H280).

4.2. SDS-agarose gel electrophoresis (SDS-AGE)

PC12 cells were lysed in 2% SDS (2% SDS, 10 mM Tris pH 8.0, 150 nM NaCl) and diluted 

1:1 in non-reducing Laemmli sample buffer. Samples were boiled for 5 minutes and 

electrophoresed through a 0.1% SDS-1% agarose matrix as previously described.22 PC12 

cell lysates (100 ug) were electrophoresed for 10–11 hrs at 4°C on a 14 cm-long x 8 cm-

thick 1% agarose gel containing 0.1% SDS in 375 mM Tris-HCL, pH 8.8. Lysates were then 

transferred to PVDF membrane at 200 mA for 1.5 hrs using a semi-dry transfer apparatus 

(Owl HEP Semidry Electroblotting Systems, Thermoscientific). A 4 kg weight was placed 

on top of the transfer apparatus to accommodate thinning of the agarose gel during transfer. 

Western analysis was performed using AR(H280) (1:1000) or 3B5H10 (1:10,000).

4.3. Solubility Assay

PC12 cells were induced to express equivalent amounts of AR10Q or AR112Q and treated 

with 10nM DHT for 120hrs. Cells were lysed in 2% SDS (see above) and centrifuged at 

314,000 x g for 30 min at 15°C using a TLA100.1 Beckman rotor. The supernatant was 

collected and the pellet was washed twice in 2% SDS. The supernatant, containing soluble 

protein, and the pellet, containing insoluble protein, were analyzed by SDS-AGE and SDS-

PAGE.

4.4. Density fractionation

Cell lysates from AR112Q-expressing PC12 cells treated for 120 hrs in DHT were 

fractionated on a 10–60% w/v sucrose gradient (dissolved in 375 mM Tris-HCL containing 

0.1% SDS). Briefly, 1.5 mg of protein was centrifuged at 35,000 rpm for 16 hrs at 15°C 

using a Sorval WX rotor. Fractions of equal volume were collected and concentrated using 

30,000 kDa Amicon Centricon tubes (Millipore) and electrophoresed by SDS-AGE. To 

determine at which sucrose density AR monomers fractionate, 10% of each fraction was 

electrophoresed by SDS-PAGE.
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4.5. Electro-elution

Lysates (200 μg) from PC12 cells induced to express AR112Q and treated for 120 hrs with 

DHT were electrophoresed by SDS-AGE for 10–11 hrs as described above. Vertical lanes 

(~1 cm wide) were cut from the agarose gel; the gel segments were cut in half 6 cm from the 

top of the well, with the top half containing slow-migrating species and the bottom-half 

containing fast-migrating species (as confirmed by parallel western analyses). The gel 

segments were then placed in dialysis tubing (Spectra/Por 1, MWCO 6000–8000) containing 

SDS-AGE running buffer. The dialysis tubes containing the agarose gel segments were then 

submerged in an electrophoresis chamber in a direction perpendicular to their original 

orientation and subjected to an electrical field of 100–120V for 12–36 hrs at 4°C. The buffer 

within the dialysis tubing, containing the electro-eluted protein species, was collected 

(~1mL total) and concentrated using 30,000 kDa Amicon Centricon filters (Millipore). The 

concentrated samples were then electrophoresed by SDS-AGE to evaluate recovery. To 

determine if protein species were left in the agarose gel, the gel segments from the dialysis 

tube were transferred using a semi-dry apparatus (described above) and subjected to western 

analysis using an anti-AR antibody (AR(H280)).

4.6. Cryo-extraction

PC12 cells were induced to express AR112Q and treated with DHT for 8 hrs or 120 hrs. To 

purify slow-migrating species, cells treated for 8 hrs were lysed in 2% SDS and 30–50 mg of 

protein was resolved by SDS-AGE. The gel was cut at a distance 6 cm from the well and the 

top-half (containing slow-migrating species) was placed into 6 pre-gauged 15 ml 

polystyrene conical tubes and snap-frozen in liquid nitrogen. To purify fast-migrating 

species, cells treated with DHT for 120 hrs were lysed in 2% SDS (2% SDS, 10 mM Tris pH 

8.0, 150 nM NaCl) and 15–20 mg of protein was resolved by SDS-AGE. The gel was cut at 

a distance 7 cm from the well and the bottom-half was snap-frozen in liquid nitrogen. The 

15 ml conical tubes containing segments of frozen agarose were then placed in 50 mL 

conical tubes as a receptacle for the aqueous extract. The agarose was then pelleted by 

centrifugation at 3,000 x g for 20 min at 4°C. The aqueous extract, containing the protein 

species, was collected and concentrated using 30,000 kDa Amicon Centricon filtration 

devices (Milllipore). Samples were divided into thirds and subjected to an additional snap-

freeze to control for sample processing for atomic force microscopy. Every sample that was 

analyzed by AFM was also evaluated by SDS-AGE to ensure the nature of slow-migrating 

3B5H10-reactive species and fast-migrating 3B5H10-unreactive species

4.7. Atomic force microscopy

Cryo-extracted samples were deposited on freshly cleaved mica and left on the substrate for 

1 min. The mica substrate was then washed with 200 μL of ultrapure water and dried with a 

gentle stream of nitrogen. These samples were imaged via ex situ AFM using a Nanoscope 

V MultiMode scanning probe microscope (Veeco, Santa Barbara, CA) equipped with a 

closed-loop vertical engage J-scanner. Images were taken with diving board-shaped oxide-

sharpened silicon cantilever with a nominal spring constant of 40 N/m and resonance 

frequency of 300 kHz. AFM images were analyzed with Matlab equipped with the image 

processing toolbox (Mathworks, Natick, MA) as described (Legleiter et al., 2010). For this 
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analysis, particles were defined as features taller than 0.7 nM that contained at least 8 pixels. 

Volumes presented represent raw experimental values and contain some error associated 

with the size and shape of the imaging tip; this error is relatively uniform across all images 

since they were collected with the same tip.

4.8. Mouse nuclear extracts

Spinal cords were dissected from male transgenic mice expressing human AR with either 24 

CAGs or 112 CAGs (Chevalier-Larsen et al., 2004) at 7 weeks or 21 weeks of age. Nuclear 

extractions were performed through homogenization of freshly dissected tissue in a 

hypotonic lysis buffer (10 mM HEPES, pH 7.9 at 4°C, 1.5 mM MgCl2, 10 mM KCL, 0.5 

mM DTT). The spinal cord lysates were centrifuged at 3,000 x g for 10 min at 4°C. The 

pellets, containing the nuclear extract, were then resuspended in 2% SDS lysis buffer (2% 

SDS, 10 mM Tris pH 8.0, 150 nM NaCl). 2 mg of spinal cord lysates was concentrated and 

resolved by SDS-AGE. Western analysis was performed using AR(H280) (1:1000).
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Highlights

• B5H10-reactive polyglutamine-expanded AR species are slow-migrating and 

less dense than non-3B5H10-reactive species.

• Slow-migrating AR species have heterogeneous sizes by AFM.

• Slow-migrating AR species correlate with toxicity in vitro.
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Figure 1. Soluble, 3B5H10-reactive polyglutamine-expanded AR aggregation species precede the 
formation of nuclear inclusions
(A) DHT-treated PC12 cells expressing AR10Q or AR112Q were lysed in 2% SDS and 

resolved by SDS-agarose gel electrophoresis (SDS-AGE). Two distinct populations 

(indicated) of AR aggregation species were resolved in a DHT- and polyglutamine-length 

dependent manner. Slow-migrating species form early in the course of hormone-treatment 

and bind the toxicity-predicting antibody 3B5H10.

(B) PC12 cells expressing AR10Q or AR112Q were treated for 120hrs with DHT. Cells 

were lysed in RIPA and subject to immunoprecipitation with a conformation-specific 

antibody, 3B5H10, or a pan-AR antibody, AR(H280). Western analysis was performed with 

AR(441), which detects the full-length protein; the blots were then stripped and reprobed 

with 3B5H10, followed by AR(H280). To evaluate the efficiency of the IP and 10% of each 

immunoprecipitate was run on SDS-PAGE; levels of monomer were evaluated through 

western analysis with AR(H280).
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Figure 2. Slow-migrating polyglutamine-expanded AR aggregates are less dense than fast-
migrating polyglutamine-expanded AR aggregates
(A) PC12 cells expressing AR10Q or AR112Q were treated with DHT and lysates were 

fractionated according to density on a 10–60% sucrose gradient. Slow-migrating species are 

retained in low-density fractions.

(B) Ten percent of each sucrose fraction was resolved by SDS-PAGE. AR112Q monomer is 

largely found in low-density fractions while high molecular weight species that are retained 

in the stacking layer of SDS-PAGE predominate in high-density fractions.
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Figure 3. Slow-migrating polyglutamine-expanded AR species are not detected by SDS-PAGE
(A) Poor recovery of slow-migrating species compared to fast-migrating species following 

electro-elution. (B) A cryo-extraction method to purify protein preserves the migration 

pattern of slow- and fast-migrating species. Briefly, either the top half of the gel (containing 

slow-migrating species) or the bottom half of the gel (containing fast-migrating species) was 

snap-frozen; the agarose was then pelleted and the aqueous protein extract was collected. 

Slow-migrating AR112Q species retain 3B5H10 immunoreactivity following cryo-

extraction (right panel). cryo = cryo-extraction.

(C) Purified slow-migrating AR112Q species are not detected in the stacking layer by SDS-

PAGE. Purified fast-migrating AR112Q species are detected in the stacking layer by SDS-

PAGE. 8S = Slow-migrating AR112Q species purified from PC12 cell lysates treated for 

8hrs with DHT. 120F = Fast-migrating AR112Q species purified from PC12 cell lysates 

treated for 120hrs with DHT. Italic font indicates samples run with the addition of a 0.1% 

SDS-1% agarose plug layered into the well of the SDS-polyacrylamide gel lane.

Berger et al. Page 16

Brain Res. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Slow-migrating polyglutamine-expanded AR species form large, heterogeneous 
aggregates as detected by atomic force microscopy
(A–B) Few particles are detected in AFM images of cryo-extracted samples from the buffer 

alone and from AR10Q cell lysates treated for 8hrs or 120hrs with DHT.

(C) AR112Q cells were lysed after 8hrs in DHT, at a time that precedes the formation of 

significant nuclear inclusions. Lysates were resolved by SDS-AGE and top of the gel, 

containing slow-migrating species, was subject to cryo-extraction and imaging by AFM. 

Large, amorphous particles were detected on the mica.

(D) AR112Q cells were lysed after 120hrs in DHT, when considerable nuclear inclusions 

have formed. Lysates were resolved by SDS-AGE and the bottom of the gel, containing fast-

migrating species, was subject to cryo-extraction and imaging by AFM. The detected 

particles were smaller and amorphous.

(E–F) Quantification of numbers of particles per unit area for slow- and fast- migrating 

species.

(G) Correlation analysis between slow- and fast-migrating species demonstrates distinct and 

non-overlapping populations.
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Figure 5. Slow-migrating species correlate with toxicity in vitro and in vivo
(A) PC12 cell lines expressing AR with protective mutations form fewer slow-migrating, 

AR- and 3B5H10-reactive species. K3-110Q refers to polyglutamine-expanded AR (110Q) 

with intact lysines at residues 630, 632 and 633. R3-110Q refers to polyglutamine-expanded 

AR (110Q) with mutations of lysines 630, 632 and 633 to the acetylation-null amino acid 

arginine (Montie et al., 2011).

(B) Spinal cord nuclear extracts (left) from male PrPAR112Q transgenic mice display slow- 

and fast-migrating aggregation species. Slow-migrating species are detected as early as 7 

weeks, at an age that precedes the formation of large nuclear inclusions. Cortical nuclear 

extracts (right) reveal both slow- and fast-migrating species at 11 months of age. Spinal cord 

samples represent concentrated nuclear extracts from 2 mg of protein extract; cortical 

sample represents unconcentrated nuclear extract from 500 μg of protein extract.
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Figure 6. Schematic of proposed aggregation pathway
Polyglutamine-expanded AR entities that misfold early in the course of disease are 

distinguished by 3B5H10-immunoreactivity, lower densities, and larger sizes. Later-stage, 

insoluble aggregates display higher densities and smaller sizes, and are unable to bind 

3B5H10. Whether slow-migrating polyglutamine-expanded AR species become fast-

migrating polyglutamine-expanded AR species is under investigation.
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