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Huntington’s disease (HD) is caused by an expansion of a CAG trinucleotide sequence that encodes a poly-
glutamine tract in the huntingtin (Htt) protein. Expansion of the polyglutamine tract above 35 repeats causes
disease, with the age of onset inversely related to the degree of expansion above this number. Growing evi-
dence suggests that mitochondrial function is compromised during HD pathogenesis, but how this occurs is
not understood. We examined mitochondrial properties of HeLa cells that expressed green fluorescent
protein (GFP)- or FLAG-tagged N-terminal portions of the Htt protein containing either, 17, 28, 74 or 138 poly-
glutamine repeats. Immunofluorescence staining of cells using antibodies against Tom20, a mitochondrion
localized protein, revealed that cells expressing Htt proteins with 74 or 138 polyglutamine repeats were
more sensitized to oxidative stress-induced mitochondria fragmentation and had reduced ATP levels com-
pared with cells expressing Htt proteins with 17 or 28 polyglutamine repeats. By measuring changes in fluor-
escence of a photoactivated GFP protein targeted to mitochondria, we found that cells expressing red
fluorescent protein (RFP)-tagged Htt protein containing 74 polyglutamine repeats had mitochondria that dis-
played reduced movement and fusion than cells expressing RFP-Htt protein with 28 polyglutamine repeats.
Overexpression of Drp-1K38A, a dominant-negative mitochondria-fission mutant, or Mfn2, a protein that pro-
motes mitochondria fusion, suppressed polyglutamine-induced mitochondria fragmentation, the reduction of
ATP levels and cell death. In a Caenorhabditis elegans model of HD, we found that reduction of Drp-1
expression by RNA interference rescued the motility defect associated with the expression of Htt proteins
with polyglutamine repeats. These results suggest that the increase in cytotoxicity induced by Htt proteins
containing expanded polyglutamine tracts is likely mediated, at least in part, by an alteration in normal mito-
chondrial dynamics, which results in increased mitochondrial fragmentation. Furthermore, our results
suggest that it might be possible to reverse polyglutamine-induced cytotoxicity by preventing mitochondrial
fragmentation.

INTRODUCTION

Huntington’s disease (HD) is a devastating neurodegenerative
disorder whose clinical characteristics include progressive cog-
nitive impairment, abnormal movements, psychiatric disturb-
ance and dementia. Pathologically, HD is characterized by a
predominant loss of neurons in the striatal and cortical areas
of the brain and by formation of neuronal inclusions (1). Geneti-
cally, HD is caused by abnormal expansion of a CAG trinucleo-
tide repeat found in the first exon of huntingtin (Htt) gene,
which becomes translated into long stretch of glutamines in
an �350 kDa protein of unclear function (1,2). Individuals

containing a tract of more than 35 polyglutamine repeats in
Htt protein will develop HD, whereas those with fewer polyglu-
tamine repeats tend not to develop the disease (3). In addition to
HD, there are at least eight other neurodegenerative disorders
that are caused by expansions in polyglutamine tracts in pro-
teins that are otherwise unrelated in sequence (4).

The mechanism(s) by which expanded polyglutamine pro-
teins induce disease is still unclear. However, in the case of
HD, there is growing evidence to suggest that pathogenesis
might be linked directly, or indirectly, to a perturbation of mito-
chondria function (5,6). First, nuclear magnetic resonance
imaging has revealed that HD-afflicted individuals display
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increased production of lactate, which is considered an indicator
of compromised mitochondrial function, in the cerebral cortex
and basal ganglia, compared with unaffected people (7).
Second, biochemical measurements indicate that mitochondria
isolated from HD patients or from transgenic mouse models of
HD have reduced complex II and II–III activity compared
with those isolated from normal human subjects or non-HD
transgenic mice (8). Furthermore, animals treated with mito-
chondrial complex II inhibitors, malonate or 3-nitropropionic
acid, develop a movement disorder that is associated with loss
of medium spiny neurons in the striatum, similar to clinical
and pathological features seen in humans afflicted with HD
(9,10). Third, mitochondria isolated from a knock-in mouse
model of HD contain lower amounts of ATP than those isolated
from non-affected animals (10). Finally, mitochondria isolated
from HD patients or HD-transgenic mouse brains display a
polyglutamine length-dependent perturbation in depolarization
of membrane potential and in calcium homeostasis (11).
Despite these observations, it remains unclear how mitochondria
become injured and dysfunctional in HD.

Mitochondria are the main power-generating organelle of
eukaryotic cells, producing ATP, the primary source of
energy of cells. Interestingly, mitochondria also harbor
several key regulators of cell death including, Bcl-2 family
of proteins, cytochrome c and other pro-apoptotic factors.
When released into the cytoplasm, these factors can trigger
cell death programs. Dysfunction in mitochondrial energy
metabolism can lead to a reduction in ATP production,
impaired calcium homeostasis and enhanced generation of
reactive oxygen species, which, if left unchecked, can even-
tually lead to the execution of the cell death program (5).

Mitochondria are highly dynamic organelles that constantly
change shape and structure in response to different stimuli
and metabolic demands of the cell. Their shape is chiefly regu-
lated by cycles of fusion and fission (12,13). During apoptosis,
mitochondria undergo extensive fragmentation, which precedes
caspase activation, whereas inhibition of the mitochondrial
fission machinery blocks or delays cell death (14). The two
opposing processes, fusion and fission, are controlled by evolu-
tionarily conserved large GTPases belonging to the dynamin
family. In mammals, Opa1, mitofusin 1 (Mfn 1) and mitofusin
2 (Mfn2) regulate fusion, whereas dynamin-related protein 1
(Drp-1) control mitochondrial fission (12,14,15). Recently, it
was demonstrated that mitochondrial fission was causal in oxi-
dative stress-mediated neuronal death (16). Overexpression of
either Mfn 1, a dominant-negative Drp-1 mutant, Drp-1K38A,
or Mfn2 promotes mitochondrial fusion and reduces oxidative
stress-induced cell death (16–19). Since mitochondrial dys-
function has been implicated in HD pathogenesis, we investi-
gated whether Htt proteins containing different lengths of
polyglutamine repeats induce alterations in mitochondrial frag-
mentation. We demonstrate that overexpression of Htt proteins
containing polyglutamine repeats in the pathological range, but
not those in the non-pathological range, increases oxidative
stress-induced mitochondrial fragmentation in HeLa cells,
which correlates with increased caspase-3 activation and cell
death. We further demonstrate that overexpression of proteins
that stimulate mitochondria fusion attenuates the toxicity of
Htt proteins containing expanded polyglutamine tracts in both
cells and animals.

RESULTS

Differential sensitivity of HeLa cell lines expressing
Htt-exon-1 proteins containing either a normal or
expanded polyglutamine tract to oxidative stress-induced
mitochondrial fragmentation

In our previous report, we showed that HeLa cells stably expres-
sing green fluorescent protein (GFP)-tagged Htt exon-1 protein
containing 74 polyglutamine repeats (GFP-Htt74Q) are more
sensitive to oxidative stress-induced cell death compared with
a cell line expressing the Htt-fusion protein with 28 polygluta-
mine repeats (GFP-Htt28Q) (20). Because of the functional
interrelationship between mitochondrial dysfunction and oxi-
dative stress, we examined whether the differential sensitivity
of the HeLa cell lines to oxidative stress-induced injury was
associated with changes in mitochondria morphology. To
examine this possibility, we exposed HeLa cell lines expressing
GFP-Htt28Q and GFP-Htt74Q, respectively, to culture con-
ditions that would promote low amounts of oxidative stress, by
culturing the cells in either 1.25% fetal bovine serum (FBS) or
25 mM H2O2, and then examining them following immunostain-
ing with antibodies against the outer mitochondrial membrane-
localized protein, Tom20 (21,22). As shown in Figure 1A and
1B, many of the cells stably expressing GFP-Htt28Q fusion
protein when cultured in medium containing low serum con-
tained mitochondria that were both elongated and dispersed
throughout the cytoplasm, similar to the phenotype seen in the
parental HeLa cell line from which the stable GFP-Htt28Q
clone was derived (data not shown). By contrast, most of the
cells expressing GFP-Htt74Q fusion contained mitochondria
that appeared to be cluster around the nucleus and which
were smaller in length, indicative of mitochondrial frag-
mentation (Fig. 1A and B). The heightened sensitivity of
GFP-Htt74Q-expressing cells to oxidative stress-induced mito-
chondrial fragmentation after serum deprivation (Fig. 1C) was
also seen upon treatment of the cells with H2O2 (Fig. 1D). Inter-
estingly, even when cultured in normal growth conditions (10%
FBS), we observed a low, but a noticeable increase in basal mito-
chondrial fragmentation in the GFP-Htt74Q-expressing cells
compared with the GFP-Htt28Q-expressing cells (Fig. 1C).

Electron microscopic examination of the GFP-Htt-expressing
cell lines treated with 25 mM H2O2 revealed a pronounced
difference in the morphology of mitochondria at the ultra struc-
tural level in GFP-Htt74Q-expressing cells compared with
GFP-Htt28Q-expressing cells (Fig. 2). Notably, �88.99+
12.17% of the mitochondria in GFP-Htt74Q-expressing
cells contained highly disorganized cristae and, furthermore,
regions of their mitochondrial matrix were considerably less
electron-dense (indicated by arrows, Fig. 2B and C), which is
in contrast to only 16.45+12.17% that displayed this phenotype
in GFP-Htt28Q-expressing cells (Fig. 2A and C). The presence
of disorganized cristae and dilution of the mitochondria matrix
are a reflection of mitochondrial damage. Thus, the expression
of GFP-Htt74Q not only appears to sensitize cells to an increase
in H2O2-induced mitochondrial fragmentation but also leads
to defects in the structure of mitochondria. Taken together,
these results suggest that the expression of the expanded
GFP-Htt74Q protein sensitizes cells to increased damage and
fragmentation of mitochondria.
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Expanded Htt-polyglutamine proteins induce
mitochondrial fragmentation and dysfunction
in transiently transfected cells

To confirm our findings that Htt proteins with expanded poly-
glutamine tracts induce mitochondrial fragmentation, we
repeated the analysis this time using transient transfection to
express the two GFP-tagged Htt28Q and Htt74Q constructs.
As shown in Figure 3A and B, �30% of the transiently trans-
fected HeLa cells that expressed GFP-Htt74Q fusion protein

contained a preponderance of fragmented mitochondria,
when cultured in low serum, compared with only 13% of
the cells that expressed GFP-Htt28Q, a result similar to that
found with the stable expressing lines. To ensure that these
differences were not unique to using the short N-terminal
Htt exon-1 fragment (57 amino acids long) or GFP to tag
the constructs, we repeated these experiments using a FLAG-
tagged N-terminal 548 amino acid fragment of Htt containing
either 17 or 138 polyglutamine repeats (23) and again found
the construct with the longer polyglutamine tract induced

Figure 1. Oxidative stress-induced mitochondrial fragmentation in HeLa cells stably expressing GFP-Htt polyglutamine fusion proteins. HeLa cell lines stably
expressing either GFP-Htt28Q or GFP-Htt74Q proteins were either treated with 25 mM H2O2 for 30 min or incubated in culture medium containing a lower
concentration of FBS (1.25%) for 18 h and then fixed with paraformadehyde and immunostained with a monoclonal anti-Tom20 antibody. (A) Representative
microscopy images of GFP fluorescence (left panels) and Tom20 staining (right panels) of the same group of cells viewed with a 40� objective lens in cells
stable expressing either GFP-Htt28Q (upper panels) or GFP-Htt74Q (lower panels) fusion proteins. Note that GFP-Htt74Q-expressing cells display increased
mitochondria fragmentation. Bar: 10 mm. (B) Same as (A), except imaged with a 100� objective lens. Bar: 10 mm. (C) Quantification of cells containing frag-
mented mitochondria in the GFP-Htt28Q and GFP-Htt74Q expressing cell lines when cultured under normal growth conditions (10% FBS; control) or in the
presence of 1.25% FBS. Approximately 300 GFP-Htt28Q- and 1014 GFP-Htt74Q-expressing cells were counted for these analyses, respectively. Data shown
are shown as mean+SDM (�P , 0.05). (D) Quantification of mitochondrial fragmentation in untransfected HeLa cells and in the GFP-Htt28Q and
GFP-Htt74Q-expressing cell lines when cultured in the presence of 25 mM H2O2 for 30 min. Approximately 1000 cells were analyzed for this analysis.
GFP-Htt74Q-expressing cells exhibited significantly greater mitochondrial fragmentation compared with untransfected HeLa cells or GFP-Htt28Q-expressing
cells. �P , 0.05.
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greater mitochondria fragmentation than the construct with the
shorter polyglutamine tract (Fig. 3C). To further demonstrate
that mitochondrial fragmentation was influenced by the
length of the polyglutamine tract and not by the tags used in
our constructs, we repeated these experiments using untagged
versions of the Htt17Q and Htt138Q constructs. Again, we
found that the untagged Htt138Q construct induced greater
mitochondrial fragmentation than the untagged Htt17Q con-
struct (Fig. 3D–F).

To determine whether the structural changes of mitochon-
dria are accompanied by changes in mitochondria function,
we measured ATP levels in cells transfected with the
GFP-tagged Htt constructs. As expected, ATP levels in cells
transfected with the GFP-Htt74Q construct were significantly
lower (30%) than cells transfected with the GFP-Htt28Q con-
struct (Fig. 3G). These results suggest that expanded polyglu-
tamine proteins not only induce mitochondrial fragmentation
but also lead to compromised ATP production.

Expanded polyglutamine proteins interfere with the
normal dynamics of mitochondria fusion and fission

Mitochondria are highly dynamic organelles that frequently
undergo cycles of fusion and fission (12,14,15). We therefore
asked whether the increase in mitochondria fragmentation
induced by expanded Htt polyglutamine proteins is associated
with an alteration in the normal dynamics of mitochondria

fusion and/or fission. To do so, we co-transfected cells with
an expression construct encoding a photoactivated GFP
protein that is targeted to mitochondria (mito-PAGFP) (24)
together with expression constructs encoding either monomeric
red fluorescent protein (mRFP) or mRFP-tagged Htt exon 1
containing 28 polyglutamine repeats (mRFP-Htt28Q) or
mRFP-Htt74Q. Studies have shown that under normal growth
conditions, focal activation of the mito-PAGFP protein in mito-
chondria dissipates throughout the whole mitochondrial
network within the cell over time and that inhibition of mito-
chondria fusion prevents both the dissipation and decay in flu-
orescence in mitochondria (24). Using a similar approach, we
analyzed changes in GFP fluorescence of mitochondria in the
cells that were co-transfected with the PAGFP reporter with
each of the different mRFP constructs. An immunoblot analysis
of proteins from these transfections confirmed that all three
mRFP proteins migrated according to their predicted molecular
mass by SDS–PAGE (Fig. 4A). Furthermore, we found that
over 50% of mRFP-Htt74Q expressing cells contained
fragmented mitochondria compared with only �10% in cells
expressing either mRFP-Htt28Q or mRFP alone.

We next used time-lapse microscopy to follow changes in the
distribution and intensity of GFP fluorescence contained in
photoactivated regions of interest (ROIs) in cells co-expressing
the mito-PAGFP with each of the different mRFP proteins. As
shown in Figure 4B and C, mitochondria in the cell transfected
with the mRFP and mRFP-Htt28Q constructs underwent

Figure 2. Electron microscopic examination of mitochondria in HeLa cells stably expressing GFP-Htt polyglutamine fusion proteins. HeLa cell lines stably
expressing either GFP-Htt28Q or GFP-Htt74Q proteins were treated with 25 mM H2O2 for 30 min, then fixed and examined by electron microscopy. (A) Repre-
sentative electron microscopic image of a section taken through two adjacent cells in the GFP-Htt28Q-expressing cell line. Note the variation in size of the
mitochondria as well as the close-packed cristae. Bar: 2 mm. (B) Representative electron microscopic image of a section taken through the GFP-Htt74Q expres-
sing cell line. Note that the presence of many small damaged mitochondria that have highly disorganized cristae and whose mitochondrial matrix is considerably
less electron-dense (indicated by arrows). Bar: 2 mm. (C) Quantification of the number of abnormal mitochondria (defined as containing both disorganized cristae
and a less electron-dense matrix) by electron microscopic examination in the GFP-Htt28Q and GFP-Htt74Q expression lines. For this quantification, 529 and 809
mitochondria seen in 10 and 16 different GFP-Htt28Q- and GFP-Htt74Q cells, respectively, were counted. Data are shown as mean+SDM (�P , 0.001).
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Figure 3. Mitochondrial fragmentation and ATP levels of HeLa cells transiently transfected with Htt constructs containing different lengths of polyglutamine
repeats. HeLa cells were transfected with plasmid constructs encoding either GFP-, FLAG-tagged or untagged Htt expression constructs containing different
lengths of polyglutamine repeats. After transfection, the cells were grown for 18 h in 1.25% FBS and then fixed and immunostained for Tom20 and for the
FLAG-expressed protein, where appropriate. Mitochondrial fragmentation in these experiments was quantified by counting between 550 and 1050 cells that
stained positive for expression of either the tagged (GFP or FLAG) or untagged Htt-expressed proteins. (A) Representative microscopy images of GFP fluor-
escence (left panels) and Tom20 staining (right panels) of cells transfected with GFP-Htt28Q (upper panels) or GFP-Htt74Q (lower panels) expression plasmids.
Note that the cells expressing GFP-Htt28Q have many tubular mitochondria, whereas those expressing GFP-Htt74Q have numerous small fragmented mitochon-
dria. Bar: 10 mm. (B) Quantification of GFP-expressing cells containing fragmented mitochondria (% of total) following transfection with GFP-Htt28Q and
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relatively rapid remodeling, some of which fused to form long
tubular mitochondria at the indicated time points (see additional
Supplementary Material, Movies S1 mRFP-Htt28Q and S2
mRFP). By contrast, mitochondria in cells transfected with
the mRFP-Htt74Q construct lacked such dynamic behavior.
Instead, they tended to remain static and appeared to fragment
and roundup over time (see Supplementary Material, Movie S3
mRFP-Htt74Q). We quantified how the intensity of GFP fluor-
escence in the photoactivated ROIs changed in cells expressing
the different mRFP proteins over time. In mRFP and
mRFP-Htt28Q-transfected cells, GFP fluorescence decreased
rapidly in the 15 min period after its photoactivation (Fig. 4C,
4D, a and b). In accordance with this result, we also observed
a concomitant increase in the intensity of GFP fluorescence
in the surrounding non-photoactivated regions of the cells,
which we hypothesized to arise from rapid segregation of
the photoactivated mito-GFP protein into the neighboring
mitochondrial network by fusion (Fig. 4D, d and e; Sup-
plementary Material, Movies S1 and S2). In contrast, the inten-
sity of GFP fluorescence in the photoactivated areas of
mRFP-Htt74Q-transfected cells reduced more gradually than
in the mRFP or mRFP-Htt28Q-transfected cells (Fig. 4C and
Dc; Supplementary Material, Movie S3). Moreover, the inten-
sity of GFP fluorescence in the non-activated areas of
mRFP-Htt74Q-transfected cells remained relatively constant
(Fig. 4Df), which is expected in cells that have reduced mito-
chondrial fusion.

Overexpression of Drp-1K38A reduces polyglutamine-
induced mitochondrial fragmentation, diminution of ATP
levels in cells and propagation of cell death

Fission and fusion of mitochondria are regulated by a number
of key proteins including dynamin-related protein 1 (Drp1)
and mitofusin-2 (Mfn2). Recruitment of Drp1 into mitochon-
dria promotes mitochondrial fission, whereas expression of a
dominant-negative mutant, Drp-1K38A, inhibits mitochondrial
fission and promotes mitochondrial fusion (15). To determine
whether overexpression of the dominant-negative Drp-1K38A

mutant reduces mitochondrial fragmentation in cells expressing
expanded polyglutamine proteins, we co-transfected HeLa cells
with either GFP-Htt28Q or GFP-Htt74Q expression plasmids
together with or without the Drp-1K38A expression construct
and examined the cells for mitochondria staining using the
anti-Tom20 antibody. Considerably fewer cells co-transfected
with the Drp-1K38A mutant and GFP-Htt74Q expression con-
structs contained fragmented mitochondria than cells trans-
fected with the GFP-Htt74Q construct alone (Fig. 5A). This
abrogation of mitochondria fragmentation by the Drp-1K38A

mutant was recapitulated in additional experiments in

which we transfected HeLa cells with the FLAG-tagged
Htt17Q and FLAG-Htt138Q expression constructs with or
without the Drp-1K38A mutant (Fig. 5B). Because overexpres-
sion of Drp-1K38A reduced mitochondria fragmentation in
GFP-Htt74Q expressing cells, we measured ATP levels in
protein lysates prepared from the transfected cells to see if it
abrogates the reduction in ATP levels induced by expression
of GFP-Htt74Q fusion protein. As shown in Figure 4C, cells
co-transfected with the Drp-1K38A mutant and GFP-Htt74Q
contained ATP levels comparable to untransfected cells, or
cells transfected with GFP-Htt28Q, which is in sharp contrast
to the reduced levels of ATP seen in cells transfected with the
GFP-Htt74Q construct alone. Furthermore, cytotoxicity
assays revealed that expression of the Drp-1K38A mutant signifi-
cantly reduced cell death induced by expression of the
GFP-Htt74Q construct, as reflected by both decreased nuclear
fragmentation (Fig. 5D) and nuclear staining with terminal
deoxynucleotidyl transferase biotin-dUTP nick-end labeling
(TUNEL) (Fig. 5E). Thus, these experiments demonstrate that
interference of normal mitochondrial fission by forced
expression of the dominant-negative Drp-1K38A mutant protects
cells against expanded polyglutamine-induced mitochondrial
fragmentation, the reduction of ATP levels and cell death.

Overexpression of Mfn2 reduces polyglutamine-induced
mitochondrial fragmentation, diminution of ATP levels
in cells and propagation of cell death

We next examined whether promotion of mitochondrial fusion
in the absence of interference of mitochondrial fission would
reduce polyglutamine-induced mitochondrial fragmentation,
the reduction of ATP levels and cell death. Accordingly, we
co-transfected HeLa cells with either GFP-Htt28Q or
GFP-Htt74Q with or without a Myc-tagged Mfn2 expression
construct and then examined the extent of mitochondrial frag-
mentation and cell death in the transfected cells. We confirmed
that the cells transfected with the GFP-tagged polyglutamine
and Myc-tagged Mfn2 constructs overexpressed the app-
ropriate size proteins by immunoblotting, as shown in
Figure 6A. Immunostaining of the cells for Tom20 revealed
that like the Drp-1K38A mutant, Mfn2 significantly reduced
GFP-Htt74Q-induced mitochondrial fragmentation (Fig. 6B)
and restored the decrease in ATP levels induced by expression
of GFP-Htt74Q protein (Fig. 6C). Furthermore, overexpres-
sion of Mfn2 also reduced GFP-Htt74Q-induced cell death
as monitored by an analysis of nuclear fragmentation
(Fig. 6D). The protective effect of Mfn2 might be mediated
through inhibition of cell death through the apoptotic
pathway, since caspase-3 activation was not observed in the
cells co-transfected with both GFP-Htt74Q and Myc-Mfn2

Figure 3. (Continued). GFP-Htt74Q expression constructs and growth in 1.25% FBS. Data are shown in mean+ standard deviation of the mean (SDM).
�P , 0.001. (C) Quantification of FLAG-expressing cells containing fragmented mitochondria (% of total) following transfection with FLAG-Htt17Q and
FLAG-Htt138Q expression constructs and growth in 1.25% FBS. Data are shown as mean+SDM (�P , 0.005). (D) HeLa cells were either mock transfected
(control) or transfected with untagged Htt17Q or Htt138Q expression constructs. After 24 h, lysates were prepared from the transfected cells and equal amounts
of protein were immunoblotted with an anti-huntingtin (upper panel) or anti-actin (lower panel) antibodies. (E) Representative microscopy images of mitochon-
dria visualized by Tom20 staining (right panels) in cells transfected with either Htt17Q (upper panels) or Htt138Q (lower panels) detected with an N-terminal Htt
antibody (left panels). Bar: 10 mm. (F) Quantification of the number of transfected cells expressing untagged Htt18Q or Htt138Q proteins cells with fragmented
mitochondria grown in conditions similar to (A). Data are shown as mean+SDM (�P , 0.01). (G) Normalized ATP levels measured in extracts prepared from
GFP-Htt28Q or GFP-Htt74Q transfected cells. Data are shown as mean+SDM (�P , 0.05).
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Figure 4. Mitochondrial dynamics in living cells analyzed using GFP photoactivation and time-lapse microscopy. HeLa cells were co-transfected with a mito-
chondrial matrix targeted photoactivable GFP (mito-PAGFP) and mRFP, or mRFP-Htt28Q or mRFP-Htt74Q expression plasmids. After 24 h transfection, cells
were subjected to photoactivation studies, or lysates were prepared from the cells for immunoblot analysis. (A) Expression of mRFP, mRFP-Htt28Q and
mRFP-Htt74Q proteins detected by immunnoblotting proteins lysates from the transfected cells with a rabbit polyclonal anti-RFP antibody. (B) Mitochondria
in cells expressing mRFP or mRFP-Htt28Q proteins display more dynamic movement and fusion compared with cells expressing mRFP-Htt74Q protein. HeLa
cells that had been co-transfected with mito-PAGFP and mRFP, or mito-PAGFP and mRFP-Htt28Q, or mito-PAGFP and mRFP-Htt74Q were imaged under a
fluorescent microscope using a 100� objective lens and those displaying RFP fluorescence were targeted for photoactivation of the co-transfected mito-PAGFP
protein by illumination with 405 nm light, and then GFP fluorescence images were captured over the indicated time intervals. Arrowheads point to the mito-
chondria that fused with one another in the time period shown. Please note that in the GFP-Htt74Q transfected cell, mitochondria were smaller, clustered,

Human Molecular Genetics, 2009, Vol. 18, No. 4 743



constructs (Fig. 6E). Consistent with this idea, overexpression
of FLAG-tagged c-IAP (inhibitor of apoptosis-1), an
anti-apoptotic molecule that inhibits caspases and targets
other apoptotic related molecules for degradxation (25), also
reduced caspase-3 activation following exposure of
GFP-Htt74Q and GFP-Htt28Q expressing cell lines to oxidative
stress (Fig. 7A–C). The inhibitory effect of c-IAP was depen-
dent on its ubiquitin ligase activity because overexpression of a
FLAG-tagged c-IAP H588A mutant, which is defective in ubi-
quitin ligase activity (26), was ineffective in suppressing
caspase-3 activation and cell death (Fig. 7B and C).

Reduction of Drp-1 levels in Caenorhabditis elegans
by RNA interference reduces the motility defect
seen in a worm model of HD

We next examined whether reduction in mitochondrial fission
might be beneficial in preventing toxicity of expanded Htt pro-
teins expressed in animals. For this investigation, we used two
C. elegans lines that we had engineered to express the
GFP-Htt28Q or GFP-Htt74Q fusion proteins in muscle cells
of the worm (20). In these worms, the expression of the
GFP-tagged Htt-fusion proteins results in a polyglutamine

Figure 4. (Continued). protein by illumination with 405 nm light, and then GFP fluorescence images were captured over the indicated time intervals. Arrowheads
point to the mitochondria that fused with one another in the time period shown. Please note that in the GFP-Htt74Q transfected cell, mitochondria were smaller,
clustered, lacked dynamic movement and fusion events were very infrequent. (C) Same as in (B), except that the images shown were captured using a 40� objec-
tive. The left-hand panels show the mRFP fluorescence seen in a group of cells and the region (indicated by the circle) that was illuminated with 405 nm light to
photoactivate the co-expressed PAGFP-mito protein in the various transfected cells. The subsequent GFP fluorescence images captured at 0, 15 and 30 min after
GFP photoactivation are shown on the right of the RFP fluorescence image captured for each construct. (D) Quantification of the changes in GFP fluorescence
intensity over time in cells transfected with the different mRFP-tagged expression constructs. GFP fluorescence was measured at 0, 15 and 30 min after photoactiva-
tion in the photoactivated (a, b and c) and non-activated regions (d, e and f, respectively) in cells transfected with mRFP or mRFP-Htt28Q or mRFP-Htt74Q
expression constructs, respectively. The plots depict the results obtained in 10 independent experiments (each shown with a different color). Note that GFP fluor-
escence in the photoactivated regions, in general, decreases faster in the cells expressing either mRFP, or mRFP-Htt28Q proteins, compared with those expressing
mRFP-Htt74Q protein. These changes were accompanied by a gradual increase in GFP fluorescent intensity in the non-activated regions of cells expressing either
mRFP or mRFP-Htt28Q proteins, but remained relatively constant in cells expressing mRFP-Htt74Q. These results are consistent with the idea that mitochondria in
cells expressing either the mRFP or the mRFP-HttQ28 proteins exhibit greater mitochondria fusion than cells expressing the mRFP-HttQ74 protein.
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length-dependent reduction in worm motility, which can be
measured by counting the number of body bends flexed by
the animals over a fixed period of time (20). Using these
lines, we measured motility in animals that were fed Escheri-
chia coli transformed with plasmids to either knock down
Drp-1 levels by RNA interference (RNAi) or not. An immuno-
blot of extracts prepared from these worms confirmed that the
worms that had been targeted for genetic interference of Drp-1
had greater than 70% reduction in Drp-1 protein levels
compared with worms in which Drp-1 had not been targeted
for disruption (Fig. 8A). Interestingly, genetic interference of

Drp-1 led to an increase in expression of the GFP-Htt28Q
and GFP-Htt74Q fusion proteins in the worms, by an
unknown mechanism. Despite this elevation, GFP-Htt28Q-
and GFP-Htt74Q-expressing worms in which Drp-1 levels
were reduced displayed increased motility compared with
their counterparts that were fed bacteria transformed with
the L4440 vector alone (Fig. 8B). Motility in the
GFP-Htt28Q-expressing line was restored to that seen in non-
transgenic C. elegans lines [approximately 32 body bends per
minute (20)], whereas in the GFP-Htt74Q-expressing worms,
motility improved 200% over that seen in the absence of

Figure 5. The dominant-negative Drp-1 mutant, Drp-1K38A, reduces mitochondrial fragmentation and cell death. HeLa cells were co-transfected with either
GFP-Htt28Q or GFP-Htt74Q along with a Drp-1K38A construct or a control vector. Twenty-four hours after transfection, cells were fixed and immunostained
with a Tom20 antibody and mitochondrial morphology was analyzed under a fluorescence microscope. Alternatively, the transfected cells were vitally stained
with a DNA binding dye Hoechst to observe nuclear morphology and fragmentation. Mitochondrial fragmentation and cell death in these experiments were quanti-
fied by counting at least 500 GFP-Htt28Q and GFP-Htt74Q-expressing cells, respectively. (A) Overexpression of the Drp-1K38A mutant reduces
GFP-HttQ74-induced mitochondrial fragmentation. Cells with or without fragmented mitochondria (see Materials and Methods) were counted using a fluorescence
microscope using a 100� objective lens. The results show the percentage of cells with fragmented mitochondria in the population of GFP-expressing cells in cells
transfected with or without the Drp1K38A mutant construct (�P , 0.001). (B) Similar to (A), except that the analysis was conduced in cells transfected with FLAG-
tagged Htt-17Q or Htt-138Q constructs. Expression of the Drp-1K38A mutant reduces FLAG-Htt138Q induced mitochondrial fragmentation (�P , 0.05). (C) Similar
to (A), but this time ATP levels were measured in cell extracts obtained after the transfections. Expression of the Drp-1K38A mutant alleviates the
GFP-Htt74Q-induced reduction in ATP levels (�P , 0.01). (D) Same as (A), but this time nuclear fragmentation was measured 20 h after the transfections.
Drp-1K38A reduces GFP-Htt74Q caused nuclear fragmentation (�P , 0.005). (E) Same as (A), but this time DNA damage was measured by TUNEL staining.
Expression of the Drp-1K38A mutant reduces GFP-Htt74Q-induced DNA damage (�P , 0.001). The data in all the graphs shown are the mean+SDM.
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Drp-1 knock-down. These results suggest that inhibition of
mitochondrial fusion is beneficial for reducing the toxicity
of expanded Htt-containing polyglutamine proteins in animals.

GST-Htt-fusion proteins containing an expanded
polyglutamine tract interact preferentially
with mitofusin proteins

The mechanisms by which expanded polyglutamine proteins
induce fragmentation of mitochondria are not known. We
hypothesized that it might stem from increased binding and
interference of the function of mitofusin proteins. Accord-
ingly, we conducted GST pulldown assays examining
whether mitofusin proteins contained in HeLa cell lysates

bind differentially to GST Htt-fusion proteins containing
different lengths of polyglutamine repeats. By these assays,
we found that incubation of HeLa lysates prepared from
cells transfected with a Myc-Mfn2 construct with either
recombinant GST or GST-Htt28Q or GST-Htt74Q proteins
resulted in stronger binding of Myc-Mfn2 with
GST-Htt74Q fusion protein than with GST-Htt28Q or GST
proteins (Fig. 9, top and middle panels). Interestingly, we
also detected binding between endogenous Mfn2 with the
GST-Htt74Q fusion protein, but not the other GST proteins
(Fig. 9, middle panel). Unfortunately, we could not study
binding of Mfn1 protein in these assays because we did
not have access to a good Mfn1 antibody. Nevertheless,
our results suggest that expanded polyglutamine proteins

Figure 6. Overexpression of Mfn2 reduces expanded polyglutamine-induced mitochondrial fragmentation and cell death. HeLa cells were co-transfected with
either GFP-Htt28Q or GFP-Htt74Q expression constructs together with a Myc-tagged Mfn2 expression construct or an empty vector control plasmid. Twenty-
four hours after the transfection, cells were fixed and immunostained with either the anti-Tom20 antibody or Hoechst. Additionally, protein lysates were prepared
from the transfected cells and analyzed for expression of various proteins by immunoblotting. Mitochondrial fragmentation and cell death was quantified by
counting a minimum of 650 GFP-Htt28Q and GFP-Htt74Q-expressing cells. (A) Immunoblots showing the expression of Myc-tagged Mfn2, and GFP-tagged
Htt28Q and Htt74Q proteins probed with an anti-Mfn2 antibody (upper panel, arrow head indicates Myc-tagged Mfn2 and the asterisk, endogenous Mfn2) an
anti-myc antibody (second panel) and anti-GFP antibody (third panel). The actin blot (lower panel) serves to demonstrate equal protein loading. (B) Overexpres-
sion of Mfn2 reduces GFP-HttQ74-induced mitochondrial fragmentation. Cells with or without fragmented mitochondria (see Materials and Methods) were
counted using a fluorescence microscope using a 100� oil objective lens. The resulting data is presented as the percentage of cells with fragmented mitochondria
of the total GFP expressing cells (�P , 0.01). (C) Overexpression of Mfn2 alleviates the GFP-Htt74Q-induced reduction of ATP levels in cells (�P , 0.05). (D)
Overexpression of Mfn2 reduces GFP-Htt74Q-induced nuclear fragmentation (�P , 0.001). (E) Overexpression of Mfn2 inhibits GFP-Htt74Q-induced
caspase-3 activation. The data in all the graphs shown are the mean+SDM.
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might induce an increase in mitochondrial fragmentation
and cell death by binding and interfering with Mfn2
protein function.

DISCUSSION

Here, we demonstrate that N-terminal Htt proteins containing
polyglutamine tracts in the pathological range (74 or 138
glutamine repeats) induce greater mitochondrial fragmentation

than proteins containing polyglutamine tracts in the non-
pathological range (17 or 28 glutamine repeats). In addition,
we found that cells expressing the expanded polyglutamine pro-
teins contain lower levels of ATP, suggesting that expanded
polyglutamine proteins interfere with ATP generation by
mitochondria. Our results of the changes in fluorescence of a
photoactivatable GFP protein localized in mitochondria
suggest that expanded polyglutamine proteins reduce mito-
chondria movement and fusion. Remarkably, our results have
demonstrated that methods that drive mitochondrial fusion,

Figure 7. Overexpression of wild-type c-IAP but not a c-IAP H588A RING mutant suppresses expanded polyglutamine induced caspase-3 activation and cell
death. GFP-28Q and GFP-74Q stable expressing HeLa cell lines were either mock transfected or transfected with either a FLAG-tagged wild-type c-IAP or a
c-IAP H588A RING-finger ubiquitin ligase mutant. Following transfection, the cells were cultured in medium containing low serum (1.25% FBS) and cell death
was quantified after staining with Hoechst, or alternatively protein lysates were prepared and immunoblotted for expression of the FLAG-tagged constructs or for
caspase-3 activation. (A) Immunoblot of protein lystates showing expression of the FLAG-tagged c-IAP constructs (upper panel) and actin (lower panel) used as
a loading control. (B) Expression of wt FLAG-tagged c-IAP reduces oxidative stress-induced cell death in GFP-Htt28Q and GFP-Htt74Q-expressing lines com-
pared with the expression of the c-IAP-H588A mutant. The data shown are the quantification of fragmented nuclei in the parental HeLa cell line (HeLa) and the
two daughter GFP-Htt28Q and GFP-Htt74Q-expressing cell lines. At least 500 cells were counted for these quantifications. Mean+SEM (�P , 0.001). (C)
Overexpression of wt FLAG-tagged c-IAP, but not the c-IAP H588A mutant inhibits oxidative stress-induced caspase-3 activation in the GFP-Htt74-expressing
cell line. A HeLa cell lysate from a staurosporine treated culture (right lane) was used as a positive control to detect the caspase-3-cleaved fragment.
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namely overexpression of the dominant-negative mitochondria
fission protein Drp-1K38A, or overexpression of mitochondria
fusion-promoting protein Mfn2, not only prevented mitochon-
drial fragmentation, but that they also restored ATP levels
and reduced cell death induced by expanded polyglutamine
proteins. As further proof of this principle, we found that
reduction in Drp-1 by RNAi, which is expected to reduce mito-
chondrial fusion, reduced the motility defect associated with
expression of expanded Htt-polyglutamine fusion proteins in
a C. elegans model of HD. These results might have important
implications for both understanding the mechanisms and pre-
venting the toxicity of expanded polyglutamine proteins
involved in HD.

There are several other studies that suggest that mitochon-
dria dysfunction might be involved in HD pathogenesis. For
example, studies utilizing cell, animal and human subjects
have shown that HD is associated with a reduction in ATP
levels in cells, increased lactate production, impairment of
calcium homeostasis and enhanced oxidative stress, all of
which can be linked to mitochondria dysfunction (6,7,27–
29). However, how mitochondria become dysfunctional in
HD remains largely unknown, although a recent study
suggests that the N-terminal portion of the Htt polypeptide,
which is the portion of the protein we used in our study,
might play an instrumental role in binding and inhibiting mito-
chondria transport (30). Our results support this idea and fur-
thermore suggest that the N-terminal Htt protein containing an
expanded polyglutamine tract, but not those containing a short
polyglutamine tract, binds preferentially to Mfn proteins,
which are localized to the outer mitochondrial membrane.
We speculate that the increased binding of expanded Htt pro-
teins with Mfn proteins probably compromises the normal
function of Mfn proteins resulting in increased fragmentation
of mitochondria. Recently, it was reported that increased mito-
chondria fragmentation is observed in cells in which the death
promoting protein bax is activated (24), and in oxidative
stress-induced cells (16). It is conceivable that excessive frag-
mentation of mitochondria results in the release of proapopto-
tic proteins that are normally sequestered in mitochondria,
such as cytochrome c, triggering caspase-dependent cell
death cascades.

The notion that expanded polyglutamine proteins increase
cytotoxicity by enhancing mitochondrial fragmentation is sup-
ported by our results showing that overexpression of either
Drp-1K38A, a dominant-negative mutant of Drp1, or Mfn2 not
only reduces mitochondrial fragmentation, but also suppresses
ATP depletion, caspase activation and cell death. There is
growing evidence suggesting that proteins involved in regulat-
ing fission and fusion of mitochondria are essential for cell sur-
vival, division and differentiation (12). Downregulation of
Drp1 or overexpression of Drp-1K38A, a dominant-negative
Drp1, inhibits apoptotic cell death (14,31). It is interesting to

Figure 8. Knock-down of Drp-1 levels in C. elegans by RNAi reduces the motility defect seen in lines expressing GFP-Htt polyglutamine fusion proteins. (A)
Immunoblot analysis of C. elegans GFP-Htt28Q and GFP-Htt74Q lines showing reduction of Drp-1 proteins levels using the bacterial RNAi feeding protocol.
Equal amounts of protein extract prepared from GFP-Htt28Q and GFP-Htt74Q worms that were fed either L4440 vector (control) or L4440-containing Drp-1 to
induce genetic interference of Drp-1 (Drp-1 RNAi) or not, respectively, were immunoblotted with either a Drp-1 antibody (upper panel), a GFP antibody (middle
panel) or an antibody that recognizes an unknown Protein-X, used as a control for protein loading (lower panel). (B) Motility assays of GFP-Htt28Q and
GFP-Htt74Q worm lines that were fed bacteria transformed with plasmids to either induce genetic interference of Drp-1 or not. Note that genetic interference
of Drp-1 by RNAi significantly reduces the motility defect seen in both GFP-Htt28Q and GFP-Htt74Q expressing worms (�P , 0.05).

Figure 9. Expanded polyglutamine proteins interact with mitofusin proteins.
Bacterial expressed GST, GST-HttQ28 and GST-HttQ74 fusion proteins
were purified by GS-agarose affinity chromatography. Next extracts were pre-
pared from HeLa cells transfected with the myc-tagged Mfn2 expression con-
struct, which were then passed over the GS-agarose columns, repeatedly. After
extensive washing, the proteins that bound to the column were analyzed by
immunoblotting. Upper panel: proteins immunoblotted with an anti-myc anti-
body reveal that the myc-tagged mfn2 protein binds preferentially to
GST-HttQ74 fusion protein, but not GST alone or GST-HttQ28 fusion
protein. Middle panel: proteins immunoblotted with an anti-Mfn2 antibody
reveal preferential binding of both endogenous (arrow head) and exogenous
myc-tagged (asterisk) Mfn2 proteins with GST-HttQ74 protein. Lower
panel: immunoblot of the lysates with a anti-GST antibody detects the appro-
priate size GST proteins used for the bindings assays.
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note that Drp1 might also mediate caspase-independent cell
death (32). Similarly, there is strong evidence that indicates
that Mfn2, a mitochondrial fusion protein, plays an important
role in cell survival. Mutations in Mfn2 have been linked to
autosomal dominant Charcot–Marie–Tooth type 2A disease,
a peripheral neuropathy (13,33). Moreover, Chen et al. (19)
demonstrated that Mfn2, but not Mfn1, is required for differen-
tiation and survival of Purkinje cells in vivo. Finally, Mfn2 was
also showed to protect neuronal cells against oxidative
stress-induced cell death (18,34).

The two methods we used to enhance mitochondria fusion
are quite different in the molecular mechanisms by which
Mfn2 and Drp-1K38A are thought to stimulate mitochondria
fusion (19,35). This observation leads us to speculate that
methods that simply tip the balance towards mitochondria
fusion, rather than fission, might have a beneficial role in
HD therapy. A practical illustration of the utility of such a
therapy is our demonstration that inhibition of mitochondrial
fission in a C. elegans model of HD can reduce the toxicity
of expanded Htt proteins. Obviously, any method that inter-
feres with the normal dynamics of mitochondrial fusion and
fission would have to be carefully regulated so as not to
drive the dynamics too far in the opposite direction, which
might lead to other abnormalities.

We are especially intrigued by the known properties of
Mfn2 in conferring protection against cell death, which
might explain its protective role against expanded polygluta-
mine proteins described here. One possibility is that Mfn2
might interfere with the apoptotic function of Bax. During
apoptosis, Bax appears to co-localize with both Mfn2 and
Drp1 (36). Studies have shown that overexpression of Mfn2
can interfere and block the apoptotic action of Bax (34). A par-
ticularly interesting finding leading us to believe that Mfn pro-
teins might indeed play an important role in HD pathogenesis
was our demonstration that expanded polyglutamine repeats
bind more strongly with Mfn2 proteins than GST proteins con-
taining 28 polyglutamine repeats. One simple possibility we
propose is that this binding interferes with the normal function
of Mfn proteins in mitochondria fusion. In support of this idea,
overexpression of Mfn2 rescued polyglutamine-induced mito-
chondria fragmentation. Another possibility that we cannot
discount is that expanded polyglutamine proteins might
somehow cause cytotoxicity by impeding mitochondria move-
ment. Consistent with this idea, we found that mitochondria in
cell expressing expanded polyglutamine proteins were indeed
compromised in movement. This is in accord with other
studies that have shown mutant huntingtin proteins impair
mitochondrial trafficking (30,37,38). Regardless of the mech-
anism by which expanded polyglutamine increase mitochon-
dria fission, our results clearly demonstrate that methods to
modulate mitochondria fusion and fission, particularly those
that promote fusion, might have a beneficial role in treatment
of HD.

MATERIALS AND METHODS

Plasmid DNA constructs

Mammalian cytomegalovirus (CMV) expression constructs
encoding either GFP, GFP-Htt28Q or GFP-Htt74Q were

described previously (20,39). Mammalian CMV expression
constructs encoding FLAG-tagged Htt17Q and FLAG-
Htt138Q fusion proteins were generously provided by
Dr Shengyun Fang (UMBI) and were described previously
(23). The latter constructs were used generate untagged
versions of the proteins by subcloning an N-terminal NcoI
fragment of Htt into our own CMV expression plasmid, result-
ing in constructs encoding untagged-Htt17Q and untagged-
Htt138 encompassing codons 1–549 of Htt. To express
GST-Htt exon 1 fusion proteins containing different lengths
of polyglutamine repeats in bacteria, pCMV-EGFP-Htt28Q or
pCMV-EGFP-Htt74Q expression plasmids were each digested
with BglII and EcoRI restriction enzymes and the resulting
fragments encoding human Htt exon 1 containing either 28Q
or 74Q, but devoid of GFP sequences, were fused in-frame
and downstream of GST in the pGST-T1 expression vector
(Pharmacia) between its BamHI and EcoRI sites. The same
Htt28Q and Htt74Q exon 1 fragments was also inserted
between the BglII and EcoRI sites in a mRFP-C1 expression
plasmid to make CMV mammalian expression constructs
encoding mRFP fused at the N-termini of Htt28Q or
mRFP-Htt74 fusion proteins, respectively. The mitochondrial-
matrix-targeted photoactivatable GFP (mito-PAGFP), the
dominant-negative Drp1 mutant, Drp-1K38A, and myc-tagged
Mnf2 plasmid constructs have been described previously (36).
The cIAP constructs were described previously (26); the only
difference was that the constructs were tagged with a FLAG
epitope rather than the original Myc-tag.

Cell culture and transfection

HeLa cells were grown at 378C on glass cover slips in 6- or
24-well culture plates containing DMEM medium sup-
plemented with 10% FBS. They were transfected with
plasmid DNAs using either the calcium phosphate
co-precipitation method (20) or using Lipofectamine 2000
reagent (Invitrogen). Both transfections lasted for 4 h and
were conducted in medium lacking serum, after which it
was replaced with a medium containing either 10% or
1.25% FBS, as indicated. For H2O2 treatment, cells were
exposed to 25 mM H2O2 in complete medium for 30 min. For
serum deprivation treatment, cells were incubated in a
medium containing DMEM supplemented with 1.25% FBS
for at least 18 h.

Stable cell lines expressing Htt-fusion proteins

Cells stably expressing either GFP-Htt28Q or GFP-Htt74Q
have been described previously (20). Cells were cultured on
glass cover slips in six-well culture plates in complete
medium (DMEM supplemented with 10% FBS) and exposed
to H2O2 or serum deprivation as described above.

Quantification of cell death

Cell death was quantified by two methods: by counting the
number of GFP or RFP expressing cells that were also positive
for TUNEL staining or by counting the number of GFP or RFP
expressing cells whose membrane integrity had been
destroyed as indicative by their failure to exclude staining
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with the DNA dye Hoechst 33342 (20). TUNEL staining of
fixed cells was performed with the DeadEnd colorimetric
TUNEL staining kit (Promega). Cells whose membrane integ-
rity had been destroyed were identified by adding Hoechst
33342 (1 mg/ml final conc.) to the culture medium for
20 min prior to examination by live fluorescence microscopy
with a Zeiss 100 inverted microscope the number of GFP or
RFP expressing cells that exhibited nuclear DNA staining.

Immunocytochemical staining of mitochondria

We followed the published procedure (40) to fix cells and stain
mitochondria. Briefly, cells grown on glass cover slips were
fixed with 4% paraformaldehyde for 30 min, permeabilized
with 0.15% Triton X-100 for 15 min and then blocked with
10% bovine serum albumin for 45 min at room temperature.
The cover slips were then incubated with a mouse monoclonal
anti-Tom20 (1:250; BD Biosciences, NJ, USA), followed by
incubation with goat anti-mouse Alexa Fluor 546 antibody
(1:200; Molecular Probes, Eugene, OR, USA). Immunostained
cells were observed with a fluorescence microscope (Zeiss
Axiovert 200) using a 100� oil objective and images were
captured with a Hamamatsu camera using the C-imaging soft-
ware. We utilized the method described by Barsoum et al. (16)
to categorize cells into those that contained fragmented or
non-fragmented mitochondria. In this procedure, cells that
contain elongated tubular mitochondria were scored as posses-
sing non-fragmented mitochondria, whereas cells that con-
tained �90% small, round mitochondria were scored as
possessing fragmented mitochondria. Expression of untagged
Htt17Q and Htt138Q proteins were detected with a rabbit
polyclonal antibody (sc8767) specific for the N-terminal
portion of Htt protein (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA).

Electron microscopy

Cells grown on 35 mm plastic dishes were fixed in 2% glutar-
aldehyde in 0.1 M cacodylate with 3% sucrose and 3 mM CaCl2
and postfixed for 1 h with reduced osmium tetroxide. The cells
were dehydrated through graded ethanol changes and
embedded in Eponate 12 Resin (Ted Pella, Redding, CA,
USA). Thin sections cut on a Reichert-Jung E microtome
were placed on 200 mesh copper grids and stained with
uranyl acetate followed by lead citrate. The grids were exam-
ined on a Philips CM 120 transmission electron microscope
with a Gatan Orius SC 1000 4 digital camera.

Photoactivation studies of mitochondria

We utilized an expression construct encoding a photoactivata-
ble GFP protein that is targeted to the mitochondria matrix
(mito-PAGFP) (24) to study fusion, fission and movement of
mitochondria in living cells over time. The mito-PAGFP
protein, when expressed in cells, can be photoactivated by
focal illumination with 405 nm light, enabling mitochondria
containing the photoactivated GFP protein to be visualized
under the microscope. Furthermore, by time-lapse fluor-
escence microscopy, it is possible to track movement, fusion
and fission of mitochondria (24). Accordingly, we grew

HeLa cells on cover glasses and co-transfected them with
the mito-PAGFP construct together with either mRFP-tagged
Htt28Q or Htt74Q constructs using Lipofectamine 2000 (Invi-
trogen). Approximately 20 h after transfection, a cover glass
containing the transfected cells was placed in a 378C FCS2
temperature-regulated chamber (Bioptechs, Inc., Butler, PA,
USA) where all subsequent imaging of the cells was done
using a 100� oil objective and a Hamamatsu Orca camera
attached to an inverted Zeiss microscope. Transfected cells
were identified by expression of the different mRFP-tagged
proteins, and an ROI of these cells was photoactivated with
405 nm light for 5–10 s. Immediately after photoactivation,
GFP fluorescence in the whole cell was monitored over a
period of several minutes. The images were analyzed using
the C-imaging software to detect fusion, fission and movement
of mitochondria. Changes in fluorescence intensity in mito-
chondria and other regions of the cell were quantified using
the C-imaging software.

ATP measurement

ATP measurement was performed with an ATP determination
kit (Invitrogen) by following the manufacturer’s instruction
and normalized against measured total protein of the cell
lysates.

Immunoprecipitation, immunoblotting
and GST pulldown assay

Immunoprecipitation and immunoblotting were performed as
described before (41). The antibodies used for western blotting
were a rabbit polyclonal anti-GFP (1:3000, generated to
recombinant GST–GFP fusion protein by us), a rabbit poly-
clonal anti-RFP (1:3000, generated to recombinant GST–
RFP fusion protein by us), a rabbit polyclonal anti-Mfn2
(1:1000), a rabbit polyclonal (sc-32898, Santa Cruz Biotech-
nology) and a mouse monoclonal anti-Drp1 (DLP-1; 1:1000,
BD Biosciences), a mouse monoclonal anti-Mfn1 (clone
3C9, Novus Biologicals, CO, USA) or a goat polyclonal anti-
actin (1:2000) antibody (Santa Cruz Biotechnology). GST
pulldown assays were performed as described previously
(23). Briefly, GST, GST-Htt28Q and GST-Htt74Q fusion pro-
teins were expressed in BL21 E. coli cells by IPTG induction
and immobilized onto glutathione-agarose beads. Next, HeLa
cells were transfected with or without myc-tagged Mnf2 and
the cells were lyzed in buffer containing 0.5% Triton X-100
and protease inhibitor cocktails in PBS. The protein–gluta-
thione–agarose bead complexes were incubated with HeLa
cell lysate supernatants transfected with myc-tagged Mfn2.
The beads were washed with pulldown buffer (0.5% Triton
X-100 in PBS) and the bound proteins eluted with SDS–
protein gel loading buffer. The eluted proteins were separated
by SDS–PAGE and transferred to nitrocellulose membrane
and immunoblotted with a rabbit polyclonal anti-Mfn2 anti-
body (34) or a mouse monoclonal anti-myc antibody (Santa
Cruz Biotechnology, Inc.) or an anti-GST antibody.

C. elegans methods

Nematodes were maintained and grown under standard culti-
vation conditions (42). The generation and characterization
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of transgenic lines expressing GFP-tagged Htt28Q or Htt74Q
fusion proteins in muscle cells of the worm were described
previously (20).

Expression of Drp-1 was knocked down using the
bacteria-induced RNAi feeding protocol used in worms
(43,44). The RNAi clone, T12E12.4, containing Drp-1
cloned in L4440 vector was obtained from Open Biosystems
(Huntsville, AL, USA) and both this and the L4440 vector
alone were transformed into E. coli strain HT115 (DE3),
using standard methods. Individual colonies from the resulting
transformants were inoculated into Luria broth containing
ampicillin (50 mg/ml) and tetracycline (12.5 mg/ml) and
grown overnight at 378C. Cultures were diluted 1:100 and
allowed to grow to an OD600 of approximately 0.4 after
which time isopropyl b-D-thiogalactoside (IPTG) was added
to 0.4 mM and incubation was continued for another 4 h to
induce synthesis of double-stranded RNA. Bacteria were
then seeded onto NGM plates containing ampicillin and
IPTG and allowed to dry overnight.

For motility assays, individual animals were picked to fresh
plates and allowed to feed on the IPTG-induced bacteria for
48 h after which time the number of body bends propagated
in a 1 min interval of continuous movement was counted for
50 independent animals using a Leica dissection stereomicro-
scope. Statistical significance of the results was determined by
a t-test.

Preparation of protein lysates and immunoblotting were per-
formed as described previously (20). Antibodies against GFP
and Drp-1 were obtained from Roche Applied Science (India-
napolis, IN, USA) and Santa Cruz Biotechnology, respect-
ively. An unknown protein, which we called Protein-X,
whose expression was not altered by the RNAi procedure
was used as a control for protein loading.

Statistical analysis

To perform statistical analysis, Student’s t-test will be used for
comparison of parametric data from cell populations and
one-way analysis of variance will be applied. Data shown is
the mean+ standard deviation of the mean (SDM) and P ,
0.05 are considered as statistically significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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