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Duchenne muscular dystrophy (DMD) is a deadly and common childhood disease caused by mutations that
disrupt dystrophin protein expression. Several miniaturized dystrophin/utrophin constructs are utilized for
gene therapy, and while these constructs have shown promise in mouse models, the functional integrity
of these proteins is not well described. Here, we compare the biophysical properties of full-length dystrophin
and utrophin with therapeutically relevant miniaturized constructs using an insect cell expression system.
Full-length utrophin, like dystrophin, displayed a highly cooperative melting transition well above 3788888C.
Utrophin constructs involving N-terminal, C-terminal or internal deletions were remarkably stable, showing
cooperative melting transitions identical to full-length utrophin. In contrast, large dystrophin deletions
from either the N- or C-terminus exhibited variable stability, as evidenced by melting transitions that differed
by 2088888C. Most importantly, deletions in the large central rod domain of dystrophin resulted in a loss of coop-
erative unfolding with increased propensity for aggregation. Our results suggest that the functionality of dys-
trophin therapeutics based on mini- or micro-constructs may be compromised by the presence of non-native
protein junctions that result in protein misfolding, instability and aggregation.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a common (1 of 3500
live male births) and deadly childhood disease that is charac-
terized by a fragile muscle cell membrane and progressive
rounds of muscle cell death and regeneration (1–3). To date,
many potential therapies have shown promise in animal
models but no cure or effective treatment for human patients
currently exists (4).

DMD is primarily caused by the loss of dystrophin protein
expression due to gene deletions, duplications or mutations
(5). Dystrophin is a large, multi-domain protein that functions
intracellularly in muscle to stabilize cell membranes (6,7).
Dystrophin binds actin filaments through a tandem calponin
homology (CH) domain at its N-terminus and through an elec-
trostatic interaction between basic spectrin repeats 11–17 and
acidic actin (8–11). In addition, a C-terminal domain of dys-
trophin interacts with the transmembrane protein
b-dystroglycan, a component of the dystrophin glycoprotein
complex that in turn is anchored to the extracellular matrix

(ECM) (12–14). Therefore, dystrophin forms a structural
link between the intracellular cytoskeleton and the ECM that
protects muscle from contraction-induced injury (7).

Multiple strategies have been explored to rescue dystrophin
expression in animal models of DMD, including exon skipping
to restore a functional reading frame, stop codon suppression
and viral gene therapy. One of the most promising approaches
has been the expression of miniaturized dystrophin genes
through adeno-associated viral (AAV) delivery (4,15). Since
the packaging capacity of AAV is significantly smaller than the
large dystrophin cDNA (16), a portion of the dystrophin sequence
was internally deleted to decrease its size while retaining critical
ligand binding domains located at the N- and C-termini (15).
Recently, a viral vector encoding such a miniaturized dystrophin
construct was tested in a phase I clinical trial to determine effi-
cacy and safety in DMD patients with large deletions of the dys-
trophin gene (17). Unfortunately, very few muscle fibers were
found to express dystrophin long-term while, at the same time,
an immune response specific for peptides unique to the internally
deleted dystrophin protein was reported (17).
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To circumvent possible immune reactions to exogenously
delivered dystrophin, multiple studies have explored whether
the closely related protein utrophin could serve as a surrogate
in dystrophin-deficient muscle (18). Utrophin is an autosomal
homolog of dystrophin that is upregulated in dystrophin-
deficient muscle and has been shown to functionally substitute
for dystrophin when transgenically overexpressed in dys-
trophic mouse models (19–23). Utrophin is expressed at
high levels in muscle perinatally, but is restricted to the myo-
tendinous and neuromuscular junctions in adult muscle (21).
Additionally, utrophin has been shown to bind actin filaments
and b-dystroglycan (24,25), but through modes of contact dis-
tinct from those employed by dystrophin (11). Multiple gene
therapy studies have used internally deleted utrophin-based
constructs to rescue the dystrophic phenotype in mdx
mice (18,26). Importantly, utrophin is expressed in adult
muscle of DMD patients and is therefore less likely to stimu-
late an immune response. However, expression of utrophin
may not substitute for all of dystrophin’s functions, such
as anchoring neuronal nitric oxide synthase (nNOS) to the sar-
colemma (27).

A common theme of several proposed DMD treatments is
the generation of proteins encoding non-native junctions
between spectrin-like repeats in dystrophin (4). Two studies
of small recombinant dystrophin fragments examined the stab-
ility of non-native junctions expected from exon skipping
approaches for DMD (28,29). Ruszczak et al. (28) found
that hybrid repeats generated from skipping of exons 43 and
44 were significantly less stable, while skipping exons 44
and 45 had almost no effect on protein stability. Carag-Kreiger
et al. (29) measured forced unfolding for non-native repeat
junctions generated by exon skipping, or resulting from
in-frame deletions of the dystrophin gene found in patients
with Becker muscular dystrophy. The authors reported vari-
able mechanical stability as well as aggregation in the proteins
that were tested (29). These studies highlight the potential for
decreased stability or protein aggregation when non-native
repeat junctions are created in the dystrophin protein.
Similar to exon skipping strategies, the success of a gene
therapy approach is also dependent on the stability of intern-
ally deleted dystrophin or utrophin mini-genes with non-native
spectrin-like repeat junctions. A study by Banks et al. (30)
reported that viral delivery of an internally truncated dystro-
phin micro-gene led to skeletal muscle abnormalities. A
number of human patient studies have documented missense
mutations or small deletions that lead to a loss of dystrophin
protein levels causing disease (31–36). Our previous work
(37), recently confirmed and expanded by Singh et al. (38),
demonstrated that disease-causing missense mutations in dys-
trophin can lead to marked loss of protein stability and
increased aggregation. In order to optimize therapeutic con-
structs for the treatment of dystrophinopathies in humans, it
is imperative to characterize the biophysical consequences of
internal deletions within dystrophin and utrophin. Here, we
report that full-length utrophin exhibits a lower intrinsic
thermal stability compared with dystrophin and displays a
uniform thermal stability from N- to C-terminus. Additionally,
internal deletion of spectrin-like repeats in utrophin is highly
tolerated. In sharp contrast, we show that the thermal stability
of dystrophin varies from N- to C-terminus, and internal

deletion of hinge 2 through repeat 19 causes significant loss
of protein stability.

RESULTS

Biophysical analysis of utrophin and internally deleted
utrophin proteins

In the first biophysical comparison of dystrophin and utrophin,
we performed circular dichroism (CD) spectroscopy on full-
length utrophin and two large fragments encoding the N-terminus
through spectrin-like repeat 10 and repeat 11 through the
C-terminus (Fig. 1A). All three proteins exhibited similar alpha
helical content (Fig. 2A) as previously published for full-length
dystrophin (37). Analysis of thermal denaturation revealed that
all three utrophin proteins exhibited highly cooperative unfolding
transitions at nearly identical melting points (Tm ≈ 498C), which
were 108 lower than the Tm of full-length dystrophin (Fig. 2B and
Table 1).

We also performed CD analysis on four different utrophin
constructs that we are investigating as a potential protein
replacement therapy for DMD (39), each tagged with an 11
amino acid protein transduction domain of the HIV-1 TAT
protein (TAT). All four proteins yielded highly alpha helical
spectra similar to full-length utrophin (Fig. 3). Full-length
TAT-utrophin yielded a spectrum nearly identical to
non-TAT-utrophin, suggesting that the TAT tag did not
grossly affect protein structure. Despite differences in large
internal deletions, all of the TAT-utrophin constructs dis-
played highly cooperative unfolding at very similar melting
temperatures (Fig. 3 and Table 1), which indicates that utro-
phin folding and thermal stability are uniform and unaffected
by internal deletion.

In addition to thermal stability, we examined how the pres-
ence of non-native spectrin-like repeat junctions affected sen-
sitivity to protease digestion. We subjected each protein, at a
constant concentration, to increasing concentrations of the
non-specific protease, proteinase K (PK) (28,40). Proteins

Figure 1. Domain structure of proteins analyzed. (A and B) Tilted rectangles
represent hinge regions, ovals represent spectrin-like repeats, lighter shaded
ovals represent spectrin-like repeats that participate in actin binding and
dashed lines represent deleted region. (A) Utrophin proteins analyzed. (B)
Dystrophin proteins analyzed.

2956 Human Molecular Genetics, 2011, Vol. 20, No. 15



with well-structured and compact folding are typically
degraded at a slower rate than proteins with compromised
folding or unstructured regions (41,42). We suspected that
either the large deletions or non-native junctions would lead
to a less stable protein and cause an increased rate of degra-
dation compared with the native protein as previously reported
by Ruszczak et al. (28) for small recombinant fragments of
dystrophin. In contrast, we observed that each of the internally
deleted utrophin proteins showed similar sensitivities to pro-
tease digestion compared with native protein (Fig. 4, Sup-
plementary Material, Fig. S1 and Table 1), which again
suggests that internal deletions and resulting non-native junc-
tions had little effect on utrophin stability. We conclude that
utrophin exhibits a lower intrinsic thermal stability compared
with dystrophin, but is uniformly stable from N- to C-terminus
and is highly tolerant to internal deletion.

Biophysical analysis of truncated dystrophin proteins

In stark contrast to the invariant biophysical properties of all
analyzed utrophin constructs (Figs 2–4, Supplementary
Material, Fig. S1 Table S1), truncated dystrophin proteins
(Fig. 1B) showed more marked differences in biophysical

properties. Two recombinant fragments encoding the N-termi-
nus through the first 10 or 17 spectrin-like repeats
(Dys-N-R10, Dys-N-R17) exhibited significantly lower
melting transitions compared with full-length dystrophin,
while the C-terminal retinal isoform DP260 and a construct
encoding spectrin repeat 18 through the C-terminus
(Dys-R18-CT) melted at 108C higher than the full-length
protein (Fig. 5B and Table 1). Consistent with the results of
Mirza et al. (41), we observed a double transition in DP260 at
50 and 708C (Fig. 5C and Table 1), which is also apparent
upon closer inspection of data previously reported for full-
length dystrophin (37). Our data demonstrate that the thermal
stabilities of dystrophin fragments are context-dependent.
Note that despite differences in Tm between N- and C-terminal
fragments of dystrophin, all displayed highly cooperative dena-
turation transitions (Fig. 5B) indicative of well-folded proteins.

In order to better understand how the differential thermal
stabilities of the N- and C-terminal regions affected the struc-
tural stability of the protein, we compared the PK resistance of
full-length dystrophin protein with that of N- and C-terminally
deleted fragments. We found that the protease sensitivities of
the C-terminal fragments of dystrophin, DP260 and
Dys-R18-CT were similar to the stability of the full-length
protein. In contrast, we found that a construct containing the
N-terminus and the first 17 spectrin-like repeats was signifi-
cantly (P ¼ , 0.01) more susceptible to PK degradation
than either the full-length protein, DP260 or Dys-R18-CT,
suggesting that the folding in the N-terminal region is less
compact (Fig. 6 and Table 1) than in the C-terminal region
of the protein. Since the protease stability of full-length dys-
trophin aligned closely with Dys-R18-CT and DP260 (Fig. 6
and Table 1) but has a lower thermal stability compared
with the same C-terminal fragments (Fig. 5 and Table 1), we
conclude that the correlation between protease sensitivity
and thermal stability for full-length protein and large protein
fragments is not as robust as previously observed for smaller
dystrophin fragments (28,40).

Analysis of internally deleted dystrophin proteins

Finally, we characterized two internally truncated mini-
dystrophin constructs containing non-native junctions

Table 1. Melting point and PK50 values for each protein assayed

Tm (8C) PK50 (ng)

Utrophin 48.7+0.64 7.0+0.08
Utr-N-R10 48.2+0.40 51.1+8.4
Utr-R11-CT 48.2+0.40 22.8+7.7
TAT-Utrophin 49.1+0.19 43.4+11.6
TAT-Utr△R11-22 48.6+0.28 12.8+1.49
TAT-Utr△R7-22 47.6+0.18 18.9+2.38
TAT-Utr△R4-21 49.1+0.12 27.7+0.92
Dystrophin 59.6+0.29 (37) 25.1+2.09
Dys-N-R10 46.1+1.13 Nd
Dys-N-R17 50.9+1.37 0.19+0.10
DysR18-CT 65.5+0.76 29.5+4.9
DP260 50.2+1.63, 69.6+2.73 15.1+3.39
Dys△H2-R19 Na 89.4+22.7
hDys△H2-R19△CT Na 25.25+0.79

Figure 2. CD analysis of utrophin. (A) Far UV spectra of full-length utrophin
(blue line), Utr-N-R10 (red line) and Utr-R11-CT (green line). (B) Thermal
unfolding of utrophin, Utr-NT-R10 and Utr-R11-CT from 20 to 908C.
Dashed line represents previously published full-length dystrophin thermal
unfolding provided for reference.
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Figure 3. CD analysis of TAT-utrophin proteins. (Top) Far UV spectra of TAT-utrophin and internally deleted TAT-utrophin proteins. (Bottom) Thermal unfold-
ing of TAT-utrophin and internally deleted TAT-utrophin proteins.

Figure 4. Protease sensitivity analysis of TAT-utrophin proteins. (A) Exponential decay plots representing the fraction (ng) of TAT-utrophin protein remaining
over a range of PK concentrations. Data were plotted using a log scale and fit to a first-order exponential decay function using regression analysis. Error bars
represent standard error of the mean (SEM). (B) Representative Coomassie stained SDS polyacrylamide gels.
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(Fig. 1B). hDys-DH2-R19DCT is the cDNA that demonstrated
the greatest efficacy in rescuing the dystrophic phenotype
when transgenically overexpressed in mdx mice (15).
mDysDH2-R19 is the corresponding mouse construct gener-
ated for the current study, which differs from
hDys-DH2-R19DCT in that it encodes an intact C-terminus.
CD analysis revealed that the mouse construct with the
intact C-terminus was highly alpha helical while the human
construct lacking a portion of the C-terminus showed a stron-
ger minimum at 209 nm (Fig. 7A), suggesting that an alterna-
tive fold had been adopted. Most surprisingly, we failed to
detect a cooperative melting transition for either of the mini-
dystrophin proteins (Fig. 7B). In fact, the unfolding isotherms
(Fig. 7B) were most similar to those exhibited by full-length

dystrophin mutants bearing a variety of disease-causing mis-
sense mutations in the tandem CH domain (37). Despite the
loss of cooperative unfolding with thermal denaturation
(Fig. 7B), both hDys-DH2-R19DCT and mDys-DH2-R19 dis-
played wild-type sensitivities to PK digestion, suggesting they
were as stable as full-length dystrophin (Fig. 7C and D and
Table 1).

To assess whether the protease stability of
hDys-DH2-R19DCT and mDys-DH2-R19 was caused by
aggregation, we measured the fraction of hDys-DH2-R19DCT
and mDys-DH2-R19 pelleted by high-speed sedimentation
compared with several well-folded, highly soluble controls
(Fig. 8A). We found that hDys-DH2-R19DCT but not
mDys-DH2-R19 exhibited a significantly higher percentage
of aggregated protein after purification compared with all
other proteins tested (Fig. 8B), which may help to explain
the robust stability to protease challenge (Fig. 7C and D). In
addition to the solubility of proteins after purification, we
examined the propensity of hDys-DH2-R19DCT and
mDys-DH2-R19 to aggregate immediately after lysis of
infected insect cells. Previously, we demonstrated that disease-
causing missense mutations in ABD1 cause a large percentage
of the mutant protein to be redistributed to the insoluble frac-
tion of insect cells (37). We performed a similar analysis with
hDys-DH2-R19DCT and mDys-DH2-R19 compared with full-
length utrophin and internally deleted TAT-micro-utrophin
△R4-21 (Fig. 8C). Both utrophin and TAT-Utr-△R4-21
were found predominantly in the soluble fraction while both
mini-dystrophin proteins were equally distributed between
the insoluble and soluble fractions (Fig. 8C). Thus, while
prior studies clearly demonstrate that hDys-DH2-R19DCT
can fully rescue the dystrophic phenotype of mdx mice when
overexpressed (15), our in vitro biophysical analyses suggest
that its thermal stability and solubility are compromised in
comparison with full-length dystrophin, utrophin and numer-
ous truncated constructs. Furthermore, because N- and C-
terminal fragments of dystrophin were all highly soluble
(Fig. 8A and B) and displayed highly cooperative unfolding
transitions (Fig. 5B), we suggest that the compromised stab-
ility/solubility of mini-dystrophins may be due to the presence
of non-native protein junctions.

DISCUSSION

Dystrophin and utrophin are related proteins that share mul-
tiple common structural domains (7,21). Not surprisingly,
the highest level of sequence identity occurs in the N-terminal
actin binding and the C-terminal dystroglycan binding
domains. The central rod regions of dystrophin and utrophin
display the lowest sequence identity with one another. Mul-
tiple studies have investigated the biophysical properties of
dystrophin rod domain fragments and demonstrated marked
heterogeneity in the stability of individual spectrin-like
repeats (28,40). Despite these intrinsic differences between
isolated modules, we recently demonstrated that full-length
dystrophin unfolds in a highly cooperative, two-state manner
(37). To assess whether the low level of sequence identity
between dystrophin and utrophin translates into differences
in protein stability, we performed the first biophysical

Figure 5. CD analysis of dystrophin proteins. (A) Far UV spectra of
Dys-N-R10 (red), Dys-N-R17 (green), DP260 (blue) and DYS-R18-CT
(light blue). (B) Thermal unfolding analysis of Dys-N-R10, Dys-N-R17,
DP260 and Dys-R18-CT. (A and B) Dashed line represents previously pub-
lished data for full-length dystrophin for reference. (C) Detailed thermal
unfolding of DP260 showing two transitions states. Error bars represent
SEM from three independent purifications and experiments.
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Figure 6. Protease sensitivity analysis of dystrophin proteins. (A) Exponential decay plots representing the fraction (ng) of dystrophin protein remaining over a
range of PK concentrations. Data were plotted using a log scale and fit to a first-order exponential decay function using regression analysis. Error bars represent
SEM. (B) Coomassie stained SDS polyacrylamide gels of a representative protease sensitivity assay.

Figure 7. Analysis of mini-dystrophin proteins. (A) Far UV spectra of mouse and human mini-dystrophin proteins. (B) Thermal unfolding of mouse and human
mini-dystrophin. No cooperative transition is observed for either protein. (C) Protease sensitivity decay isotherm for human and mouse mini-dystrophin proteins.
Error bars represent SEM. (D) SDS polyacrylamide gels representing typical protease sensitivity assays for human and mouse mini-dystrophin.
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characterization of full-length utrophin as well as an array of
N-terminal, C-terminal and internal truncated dystrophin and
utrophin proteins. We report that like dystrophin, utrophin
unfolds in a highly cooperatively manner, but with a lower
melting temperature. Although utrophin exhibits lower
thermal stability compared with dystrophin, it must be noted
that utrophin is nonetheless a highly stable protein as it only
unfolds at a temperature well above 378C.

We recently reported that dystrophin displays a melting
point of �608C (37), but here we show that this value is an
amalgamation of the differing thermal stabilities of the N-
and C-terminal portions (Fig. 5) of the full-length protein.
The N-terminal half of dystrophin exhibits a cooperative tran-
sition at �508C while the C-terminal half exhibits a coopera-
tive transition at .708C. In contrast, utrophin showed little
change in stability from N- to C-terminus and we observed
nearly identical unfolding transitions for several internally
deleted utrophin constructs. Most notable from the perspective
of therapeutic development, we observed no cooperative tran-
sition during thermal denaturation and significant protein
aggregation for two internally deleted dystrophin mini-gene
constructs (Figs 7 and 8). One of the mini-dystrophin con-
structs analyzed here has previously been shown to effectively
prevent dystrophy in the mdx mouse, albeit at expression
levels that greatly exceeded dystrophin expression in normal
skeletal muscle (15). Because our analyses relied on proteins
expressed in insect cells, it remains possible that mini-
dystrophin folding may be more efficient in mammalian

cells, or muscle cells in particular. Equally notable,
however, our findings with mini-dystrophins expressed in
insect cells were analyzed in parallel with an array of 11 dys-
trophin and utrophin constructs that displayed full solubility
and highly cooperative unfolding transitions. Therefore, we
believe that our biophysical analyses of recombinant dystro-
phin and utrophin constructs provide the basis for a rapid
and highly sensitive assay of protein stability that may be
useful in optimizing mini- or micro-gene constructs prior to
extensive testing in animals.

Our results establish the importance of protein stability as a
new factor to consider in the design of therapeutic vectors for
the treatment of DMD. While our results on a limited number
of internally deleted dystrophin and utrophin constructs
immediately suggest that utrophin is more amenable to the
sequence deletions necessary for AAV-mediated gene
therapy approaches, we believe they also provide the basis
for a functional assay to engineer more stable miniaturized
dystrophin constructs as well. Finally, further analysis of junc-
tions within internally truncated dystrophins modeling exonic
deletions in Becker muscular dystrophy patients may provide a
basis for the variability in protein expression and phenotype
seen in these patients (43,44).

MATERIALS AND METHODS

Cloning

TAT-Flag-utrophin protein coding sequences were assembled
using PCR as described in (39). The construction and charac-
terization of DP260 have been previously described by Prins
et al. (45). Flag DysR18-CT was also assembled using PCR
and cloned into pFastBac Dual. The human mini-dystrophin
cDNA was obtained from the Chamberlain laboratory and
cloned into pFastBac using PCR and restriction digest.
Mouse mini-dystrophin was assembled by PCR from full-
length cDNA and cloned into pFastBac using restriction
digest.

Expression and purification

All proteins for this study were expressed by Kinnakeet Bio-
sciences in Sf9 insect cells using the Bac-to-Bac expression
system (Invitrogen). Expressed proteins were purified using
Flag affinity chromatography (Sigma-Aldrich) and dialyzed
in two changes of phosphate buffered saline (PBS) at pH
7.5. After purification, proteins were concentrated using
either 50 or 100 kDa cut-off centrifuge-based concentrators
(Millipore). Protein concentration was determined by Dc

protein assay (Bio-Rad) with a bovine serum albumin standard
curve.

Circular dichroism

CD spectra and melt curves were acquired as previously
described (37). Briefly, measurements were acquired on a
Jasco J-815 spectropolarimeter. Temperature was varied
from 20 to 908C using an attached Peltier thermal regulator.
Each protein was assayed with at least two different purifi-
cations and at least two different concentrations between

Figure 8. Aggregation and solubility of mini-dystrophins. (A) High-speed
sedimentation assessment of purified protein aggregation levels. Supernatant
and pellet fractions for each protein tested. (B) Densitometry analysis of
SDS gels in A. Analysis was performed on three to five independent exper-
iments. Error bars represent SEM. (C) Anti-Flag immunoblots of the soluble
and insoluble fractions of Sf21 insect cells expressing utrophin,
TAT-Utr△R4-21, mDys△H2-R19 or hDys△H2-R19△CT.
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0.15 and 0.5 mg/ml. CD spectra were collected between 200
and 260 nm at 208C at pH 7.5 in PBS. Melting point analysis
was assayed by collecting spectra between 200 and 240 nm for
every degree of temperature change and displayed by plotting
the change at 222 nm. Data were fit using regression analysis
in Sigma Plot (Systat Software) using a two-state unfolding
model to obtain a melting point (46).

Protease sensitivity assay

Each protein was assayed at a constant concentration of
0.15 mg/ml for sensitivity to a non-specific protease, PK,
similar to Ruszczak et al. (28). Samples were subjected to
no PK and a range of PK from 1.5 to 0.003 ng. Every other
sample represents a 1 : 10 dilution. Each series was incubated
at 378C for 30 min and then subjected to SDS-PAGE. Poly-
acrylamide gels were stained with Coomassie blue and the
remaining full-length protein was quantitated using software
from UVP Bioimaging Systems. Values were fit using first-
order exponential decay regression analysis in Sigma Plot to
obtain a value that represents the PK concentration (ng)
where half of the full-length protein is still present (PK50).

Analysis of aggregates and insoluble protein

For sedimentation analysis of purified proteins, each protein
was subjected to ultracentrifugation at 100 000g to separate
large molecular weight aggregates from soluble protein. The
resulting supernatant and pellet fractions were separated by
SDS-PAGE and the Coomassie stained gels were quantitated
using densitometry. Analysis of soluble and insoluble proteins
was performed in Sf21 insect cells by baculovirus expression.
An identical viral load to large-scale expressions was used to
standardize expression levels. Cells were infected and incu-
bated for 72 h. The resulting cell pellets were lysed and solu-
bilized identically to large-scale purifications as before (37).
Each sample was centrifuged at 14 000g for 20 min to separate
the soluble and insoluble fraction of the lysed insect cells. The
pellet was resuspended in 6 Mm urea in PBS and incubated at
508C to solubilize aggregated protein. 5× SDS protein sample
buffer was then used to solubilize any remaining protein. The
soluble and insoluble fractions were then separated by
SDS-PAGE and transferred to polyvinylidene fluoride mem-
branes. Membranes were then immunoblotted using a mono-
clonal anti-Flagw antibody (Sigma) as recommended by the
manufacturer. Goat anti-mouse Li-cor secondary antibody
was used to detect primary antibodies and resulting mem-
branes were imaged on a Li-cor Odyssey infrared scanner.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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