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Palmitoylation of caspase-6 by HIP14 regulates its
activation

Niels H Skotte'’, Shaun S Sanders’”, Roshni R Singaraja’>*’, Dagmar E Ehrnhoefer', Kuljeet Vaid', Xiaofan Qiu’,
Srinivasaragavan Kannan®, Chandra Verma*>® and Michael R Hayden*'?

Caspase-6 (CASP6) has an important role in axonal degeneration during neuronal apoptosis and in the neurodegenerative
diseases Alzheimer and Huntington disease. Decreasing CASP6 activity may help to restore neuronal function in these and other
diseases such as stroke and ischemia, where increased CASP6 activity has been implicated. The key to finding approaches to
decrease CASP6 activity is a deeper understanding of the mechanisms regulating CASP6 activation. We show that CASP6 is
posttranslationally palmitoylated by the palmitoyl acyltransferase HIP14 and that the palmitoylation of CASP6 inhibits its
activation. Palmitoylation of CASP6 is decreased both in Hip14‘/‘ mice, where HIP14 is absent, and in YAC128 mice, a model of
Huntington disease, where HIP14 is dysfunctional and where CASP6 activity is increased. Molecular modeling suggests that
palmitoylation of CASP6 may inhibit its activation via steric blockage of the substrate-binding groove and inhibition of CASP6
dimerization, both essential for CASP6 function. Our studies identify palmitoylation as a novel CASP6 modification and as a key

regulator of CASP6 activity.
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Caspase-6 (CASP6) belongs to a family of cysteine proteases
that have classically been described as important players in
orchestrating the complex process of apoptosis. However, it
has recently become apparent that they also have non-
apoptotic functions, including regulation of synaptic function
and plasticity’? and developmental neurite pruning.®
Recently, CASP6 has been shown to have a critical role in
neurological disorders, including Alzheimer and Huntington
disease (AD and HD, respectively),* as well as in axonal
degeneration during stroke,® global brain ischemia,® and
inflammatory pain.”

CASP6 activation is a very early event in AD, occurring prior
to clinical diagnosis, and is an important mediator of axonal
degeneration.®~'° Active CASP6 is abundant in neurofibrillary
tangles, neuritic plaques, and neuropils in the AD brains.®
CASPE6 cleaves the intracellular domain of amyloid precursor
protein (APP)'" and the microtubule-associated protein tau,®
which may trigger microtubule destabilization and lead to
tangle formation. Interestingly, mutating the CASP6 cleavage
site (VEVD) at D664 in APP prevents synaptic loss and other
AD phenotypes, including dentate gyral atrophy, memory loss,
and learning deficits in AD mice.'™'®

HD is an adult-onset, autosomal-dominant, fatal neurode-
generative disease characterized by motor, cognitive, and
psychiatric disturbances and is caused by a CAG repeat
expansion in the HTT gene.'®"” In HD, activation of CASP6 is
an early pathogenic event that can be observed prior to onset

of motor symptoms both in human HD brain tissue and in the
YAC128 HD mouse model, a transgenic model expressing
full-length human HTT with 128 CAG repeats that accurately
recapitulates features of HD."® The huntingtin protein (HTT) is
a substrate for CASP6 and cleavage at the CASP6 cleavage
site (IVLD) at D586 is an important step in the pathogenesis of
HD."® YAC128 mice expressing CASP6-resistant (C6R)
mutant HTT, in which the CASP6 cleavage site is mutated
to prevent the generation of the toxic N-terminal 586
amino-acid HTT fragment,®® are protected against striatal
neurodegeneration, behavioural deficits, and biochemical
alterations.’®2122 The implication of CASP6 as a critical
target in the pathogenesis of HD has recently been supported
by a study showing that a novel CASP6 inhibitor protects
presymptomatic HD mice from developing motor dysfunction
and other behavioural abnormalities by preventing the
cleavage of HTT at D586.2%

Furthermore, the genetic ablation of Casp6 in mice is
neuroprotective in an ischemic stroke model® and reducing
CASP6 activity can protect against inflammatory pain in a
formalin-induced pain model.” Together, these studies impli-
cate CASP6 as an important player in numerous disorders of
the central nervous system, making it an attractive molecular
target for the development of neuroprotective therapeutics.
To develop therapeutic approaches to modulate CASPS, it is
crucial to understand the mechanisms regulating CASP6
activation.
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Similar to other caspases, CASP6 is expressed as a
zymogen comprised of a prodomain, large (p20), and small
(p10) subunits and a linker sequence. The active form of
CASPé6 is a heterotetramer of two p20 subunits and two p10
subunits generated from the zymogen following cleavage and
removal of the prodomain and cleavage on either side of the
linker releasing the two subunits.?*2® This process can occur
by an intramolecular auto-activation mechanism where the
catalytic residue C163 cleaves the linker domain®*2® or by
cleavage by other caspases, such as CASP1, CASPS,
CASP7, or CASP9.52728 CASP6 activity can furthermore be
regulated at both transcriptional and posttranslational levels,
including transcriptional initiation, alternate splicing, and
phosphorylation events.2*® However, it remains unclear
which mechanisms are responsible for the increased CASP6
activation in neurodegenerative diseases, such as HD.

Interestingly, we previously showed that the palmitoyl
acyltransferase (PAT) HIP14 (DHHC17) is dysfunctional in
the presence of mutant HTT in the YAC128 mice and displays
a reduced ability to transfer palmitate to its substrates,3*
suggesting that altered palmitoylation of HIP14 substrates
could contribute to the pathogenesis of HD. This is further
supported by our recent work demonstrating a significant
association between palmitoylation and HD in a curated list of
palmitoylated proteins®® and by the finding that mice with a
targeted disruption of the Hip74 gene display HD-like
phenotypes.®* S-palmitoylation (here referred to simply as
palmitoylation) is the reversible, posttranslational covalent
attachment of palmitic acid to cysteine residues of proteins via
a thioester bond.®® Palmitoylation increases the hydrophobi-
city of proteins and thereby regulates membrane association,
subcellular localization,®® and enzyme function and
activity.”*® As CASP6 activation and reduced palmitoylation
of HIP14 substrates are both associated with phenotypes in
HD,®3* we investigated whether CASP6 is palmitoylated and
whether palmitoylation regulates its activation.

Here we show that CASP6 can indeed be palmitoylated and
that this posttranslational modification has a significant role in
regulating CASP6 activity.

Results

Caspase 6 is palmitoylated by HIP14. We first sought to
determine whether CASP6 is palmitoylated. Immunoprecipi-
tation of CASP6 from transfected COS7 cells followed by
Acyl-Biotin Exchange assay (ABE)®° showed that CASP6 is
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robustly palmitoylated (Figure 1a). To confirm this finding,
we treated COS7 cells transfected with CASP6 with
2-bromopalmitate (2-BP), an irreversible inhibitor of PAT
activity.*® Treatment of cells with increasing concentrations
of 2-BP resulted in a dose-dependent reduction in palmitoyla-
tion (Figure 1b), confirming that CASP6 is indeed palmitoy-
lated. Next, to determine whether HIP14 palmitoylates
CASP6, we co-transfected COS7 cells with CASP6 and
HIP14. As a control for transfection conditions and protein
expression, we used an inactive HIP14 mutant with the entire
DHHC-cysteine-rich domain deleted (HIP14ADHHC).*" In the
presence of active HIP14, a significant ~73% increase in
CASPS6 palmitoylation was observed, indicating that HIP14 is
a PAT for CASP6 (Figure 1c). To further confirm that HIP14 is
a PAT for CASP6, we assessed the levels of CASP6
palmitoylation in Hip14~~ mice by immunoprecipitation of
CASP6 from brain lysates followed by the ABE assay.
Compared with wild-type (WT) littermates, palmitoylation of
CASP6 was decreased by ~30% in the brains of Hip14~~
mice (Figure 1d). These data confirm that CASP6 is
palmitoylated both in vitro and in vivo and that HIP14
modulates the palmitoylation of CASP6.

Palmitoylation regulates CASP6 activation. In order to
determine whether the reduced palmitoylation of CASP6
results in altered function of CASP6, we treated CASP6-
transfected COS7 cells with 2-BP and assessed the activa-
tion of CASP6. Generation of the p10 CASP6 fragment,
which occurs when full-length CASP6 is processed into its
active form, can be used as a surrogate marker for CASP6
activation and can be quantified directly by western immuno-
blotting (WB)."®3" We detected a 2-BP concentration-
dependent increase in the p10 fragment with an increase of
~255% at the highest dose tested (Figure 1e), suggesting
that reduced palmitoylation of CASP6 results in increased
activity. We next sought to determine whether increasing
palmitoylation of CASP6 would correspondingly reduce its
activation. We assessed the levels of the p10 fragment in
COS7 cells co-transfected with CASP6 and either HIP14 or
HIP14ADHHC. Compared with inactive HIP14ADHHC, a
significant decrease in the generation of p10 CASP6
fragment by ~75% was observed in cells transfected with
HIP14, confirming that the HIP14-mediated increase in
palmitoylation of CASP6 results in a decrease in CASP6
activation (Figure 1f).

<

Figure 1 CASP6 is palmitoylated by HIP14. (a) COS7 cell lysates were subjected to the acyl biotin exchange (ABE) assay, which showed that immunoprecipitated CASP6
was robustly palmitoylated (HAM+ lane). The top panel shows palmitoylation (BMCC-Biotin detected with Streptavidin (str)). No paimitoylation signal was observed in the HAM-
negative control lane. Total CASP6 immunoprecipitated is shown in the middle panel (CASP6), and an overlay of the two (str in red and CASP8 in green) is shown in the bottom
panel. (b) Treatment with increasing doses of palmitoylation inhibitor 2-BP demonstrates a reduction in CASP6 palmitoylation (Kruskal-Wallis: H=9.09, P=0.011; N=4). (c) In
the presence of overexpressed HIP14, the palmitoylation of CASP6 is significantly increased compared with inactive HIP14ADHHC as assessed by the ABE assay (Student's -
test, P=0.0039; N=29). (d) ABE assays were performed on immunoprecipitated CASP6 from the 5-month-old Hip74~~ brains, and CASP6 palmitoylation was found to be
significantly reduced by 30% (Student's ttest: P=0.0016; N=7). The top panel shows the palmitoylation signal (Streptavidin (str)), the middle panel shows total CASP6
immunoprecipitated (CASP6), and the bottom panel shows an overlay of the two (str in red and CASP6 in green). (e) Treatment with increasing dose of 2-BP demonstrates a
significant increase in CASP6 activation measured by the level of CASP6 processing (p10 fragment) (one-way analysis of variance: P=0.0009; N=4; Tukey’s post hoc test).
(f) HIP14 overexpression significantly reduces CASP6 activity compared with inactive HIP14ADHHC (Student’s t-test: P=0.0009; N= 3). The cropped representative images in
panels (a) or (c) are from the same WBs. *P<0.05; **P<0.01; **P<0.001; ****P<0.0001. ns, not significant
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Figure 2 Palmitoylation of CASP6 is reduced in HD models. (a) Using ABE assays, we found that palmitoylation of CASP6 from the 9-month-old YAC128 mouse brains is
significantly reduced by 15% (Student’s ttest: P=0.0066; N = 5), agreeing with the fact that HIP14 is dysfunctional in the presence of mutant HTT in the YAC128 mice. The top
panel shows the palmitoylation signal (Streptavidin (str)), the middle panel shows total CASP6 immunoprecipitated (CASP6), and the bottom panel shows an overlay of the two
(strin red and CASP®6 in green). (b) Using the ARAC assay, we found a significant 53% decrease in CASP6 palmitoylation in STHahQ111 compared with STHAhQ7 (Student’s
ttest: P=0.0004; N=6 and 7, respectively). The top panel shows CASP6 levels in the input samples and in the ARAC purified HAM+ and HAM — samples, and the bottom
panel shows GAPDH (glyceraldehyde 3-phosphate dehydrogenase) in the input to show equal loading. Palmitoylation levels are calculated as a ratio of signal from the HAM+
ARAC purified lanes over signal from the corresponding input lane. The cropped representative images in panels (a) or (c) are from the same WBs. (c) Using the MSD assay to
measure the cleavage of lamin A, we found a 55% increase in CASP6 activity in STHdhQ111 compared with STHdhQ7 (Student’s ttest: P=0.017; N=3, respectively). (d)
FRET (fluorescence resonance energy transfer) analysis showed a 250% increase of the 586 HTT fragment when normalized to total HTT for STHdhQ111 compared with
STHdhQ7 (Student's ttest: P<0.0001; N=8). *P<0.05; **P<0.01; **P<0.001; ****P<0.0001

CASP6 palmitoylation is decreased in STHdhQ111 cells
and in the YAC128 HD mouse brain. As HIP14 is
dysfunctional in the presence of mutant HTT in YAC128
mice,** we assessed the levels of palmitoylation of CASP6 in
the brains from YAC128 mice, as well as in the HD cell model
STHdhQ111 of striatal origin.*? Indeed, the palmitoylation of
CASP6 was significantly decreased by ~15% in the YAC128
brains (Figure 2a). In addition, using the acyl resin-assisted
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capture (ARAC) of palmitoylated proteins,*® we found a 53%
decrease in CASP6 palmitoylation in the HD STHdhQ111 cell
line compared with the control STHAdhQ7 (Figure 2b). Thus
palmitoylation of CASP6 is decreased both in the absence of
HIP14 (Hip14~~ mice) and when HIP14 is dysfunctional in
the presence of mutant HTT.

We have previously demonstrated that CASP6 activity is
increased in the cellular models of HD, YAC128 HD mouse



brain, and human HD brain.'®3' Here we assessed the impact
of decreased CASP6 palmitoylation on CASP6 activity in the
HD STHdhQ111 cell line. Lysates from STHdhQ111 cells
show a ~55% higher cleavage activity for lamin A, a highly
specific CASP6 substrate,** compared with control STHdhQ7
(Figure 2c). As cleavage of mutant HTT at the CASP6
cleavage site (IVLD) at D586 has been shown to have a
central role in the pathogenesis of HD and that blocking
cleavage at this site completely ameliorates the disease
pathogenesis,'®2%2% we assessed the cleavage of HTT at
D586 by FRET and found a ~250% increase in the 586 HTT
fragment in STHdhQ111 compared with STHdhQ7
(Figure 2d), suggesting that the increase in CASP6 activity
potentiates HTT cleavage at D586 in these cells.

CASP6 is palmitoylated at cysteines 264 and
277. Though palmitoylation is well described for many
substrates, a consensus sequence for palmitoylation has
yet to be determined.*® However, programs that predict sites
of palmitoylation based on a database of known sites of
palmitoylation have been developed.*® The palmitoylation
prediction algorithm, SeqPalm (http://lishuyan.lzu.edu.cn/
segpalm)*® predicted C277 as the most likely site of
palmitoylation in CASP6 and C264 as the next highest
predicted site of CASP6 palmitoylation (Table 1). CASP6 has
10 cysteines (Figure 3a) and we generated single mutants of
all cysteines to confirm the sites of palmitoylation of CASP6.
Of all the 10 single mutations of cysteines to serines, only
C264S and C277S showed a reduction in palmitoylation
(Figure 3b and data not shown), with each mutation resulting
in ~30% decrease in palmitoylation. We next generated the
C264/277S double mutant, which showed a ~50% reduction
in palmitoylation (Figure 3b). These data confirm C264 and
C277 not only as the primary sites of CASP6 palmitoylation
but also indicate that other secondary sites of palmitoylation
may exist.

Palmitoylation-deficient mutant display increased CASP6
activation. To directly confirm that the loss of palmitoylation
of CASP6 resulted in its increased activation, we assessed
activation of the C264/277S CASP6 mutant by quantifying
the p10 CASP6 fragment by WB. A significant increase in the
p10 fragment was detected in the C264/277S palmitoylation-

Table 1 In silico prediction of the potential palmitoylation sites in CASP6 using
SeqPalm (http://www.lishuyan.lzu.edu.cn/segpalm)

Predicted palmitoylation site

Amino-acid position Score Yes/no
C68 0.106 No
c87 0.016 No
C113 0.038 No
C116 0.048 No
C148 0.036 No
C163 0.024 No
C209 0.032 No
C233 0.08 No
C264 0.234 No
c277 0.454 Yes
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deficient CASP6 mutant compared with WT CASP6
(Figure 3c), suggesting that reduced palmitoylation results
in increased processing and activation of CASP6. To further
validate this finding, we used the cleavage of lamin A as a
direct measure of CASP6 activity.>' Indeed, a significant
~140% increase in lamin A cleavage was observed by WB in
lysates containing the palmitoylation-deficient C264/277S
mutant when compared with WT CASP6 (Figure 3d),
confirming that reduced palmitoylation results in increased
CASP6 activity.

To determine whether loss of CASP6 palmitoylation affects
mutant HTT cleavage by CASP6, we used an in vitro FRET
assay that uses 128Q HTT amino acids 1—1212 with the four
non-CASP6 caspase cleavage sites mutated (D513A, D530A
D552A, and D589A) (1212 128Q 4C HTT).*” This allows easy
detection of the mutant HTT 586 fragment without any other
cleavage events occurring. We co-transfected 1212 128Q 4C
HTT with WT CASP6 or mutant CASP6 C264/277S and found
a significant ~12% increase in cleavage of mutant HTT and
generation of the 586 HTT fragment by palmitoylation-
deficient CASP6 compared with WT (Figure 3e). These
findings taken together demonstrate that the loss of CASP6
palmitoylation promotes increased cleavage of critical
substrates involved in apoptosis and the pathogenesis of HD.

To more directly assess the effects of CASP6 palmitoylation
on substrate access to the catalytic site, we used the
activity-based probe, LE22, that binds the active site cysteine,
C163, and efficiently labels the processed active form of
CASP6 and, to a lesser extent, full-length CASP6.%® Lysates
from CASP6 or CASP6 C264/277S-transfected COS7 cells
were incubated with LE22 and assessed by WB. Similar to the
increase in p10 fragment, we found a significant increase by
~108 and ~79% for the p20 fragment detected by a CASP6-
specific antibody, HD91, or LE22, respectively (Figure 3f),
confirming that reduced CASP6 palmitoylation promotes its
processing and activation. Interestingly, when we evaluated
the LE22 labelling of the unprocessed full-length CASP6 and
the activation intermediate CASP6 lacking the prodomain
(ACASP6), we found an increase in LE22 labelling by
~134 and ~27%, respectively, of the palmitoylation-deficient
CASP6 mutant compared with WT CASP6 (Figure 3g),
suggesting that reduced CASP6 palmitoylation may promote
a conformation where the active site is more accessible to the
LE22 activity probe.

CASP6 palmitoylation is predicted to block substrate
binding and dimerization. To further determine how
palmitoylation of CASP6 might affect its processing and
activation (Figure 4a), we utilized computational molecular
modelling based on the published crystal structures of
CASP6.242549-55  Generation of the model of CASP6
required the construction of coordinates of loop 2 (L2), which
forms the substrate-binding groove (active site) and is not
resolved in any of the several crystal structures available,
presumably owing to high flexibility. The structure of CASP6
has a six-stranded B-sheet flanked by five a-helices and two
small B-strands.2*?® The loops (L1-L4) protrude from the
central B-sheet forming the active site.?*2°

During the molecular dynamics (MD) simulations, the
CASP#6 structure was very stable and remained close to its
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crystallographic state with the loops showing high flexibility, as
expected (Figure 4b). C264 is located at the middle of L4 and
is well exposed. Upon palmitoylation of C264, increased
flexibility of loops L2, L3, and L4 was observed during the
simulations, bringing L2 into close contact with L4, occluding
active site access (Figure 4c). Several intramolecular interac-
tions between loops L2 and L4 stabilize this closed conforma-
tion (Figure 4c). In contrast, no such interactions are observed
during the simulations of non-palmitoylated CASP6
(Figure 4b). In non-palmitoylated CASP6, the C163/H121
catalytic dyad, which initiates the nucleophilic attack on D193
to initiate self-cleavage, is intact, whereas upon palmitoylation
of C264, the catalytic dyad expands (the distance between
C163 and H121 increases from 5.5 to ~7.5 A, the distance
between C163 and D193 increases from 4.0 to ~5.1 A, and
the distance between H121 and D193 increases from 4.5 to
~6.5 A; Figures 4d and e). This increased separation would
prevent C163 from carrying out a nucleophilic attack on D193
and the subsequent initiation of self-cleavage and activation of
CASP6. Finally, the other site of palmitoylation, C277, is
located at the start of the B-strand and the dimer interface.
Palmitoylation of C277 will result in the long palmitoyl chain
sterically impeding the approach of the other molecule of
CASP6, thus preventing dimerization and activation
(Figure 4f).

CASP6 localization is not affected by reduced palmitoy-
lation. Palmitoylation has been shown to regulate protein
membrane association and subcellular localization,® there-
fore we assessed whether loss of palmitoylation at cysteines
264 and 277 affects CASP6 localization. We transfected
COS7 cells with WT CASP6 or mutant CASP6 C264/277S
and evaluated their localization by confocal microscopy.
We observed a diffuse distribution across the cytoplasm
and nucleus for both proteins and found no difference for the
ratio of nuclear to cytoplasmic intensity between CASP6
C264/277S and WT CASP6 (Figure 4g). This finding
supports our results from the molecular modelling studies,
suggesting that loss of palmitoylation regulates CASP6
activity primarily by inducing a conformational change rather
than by altering its localization.

Discussion

Our study provides a novel mechanism for the regulation and
activation of CASP6, which may be particularly relevant in HD,
where HIP14 is dysfunctional.®#%¢ Taken together, our data
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show that CASP6 is palmitoylated by the PAT HIP14 and that
cysteines 264 and 277 are the main sites of palmitoylation.
Most importantly, we demonstrate that reduced palmitoylation
of CASP6 results in its increased activation and that
increasing CASP6 palmitoylation reduces its activation. We
also show that the increased CASP6 activity owing to reduced
palmitoylation leads to cleavage of HTT and generation of the
N-terminal 586 amino acid mutant HTT fragment, which has
been shown in three recent studies to have a central role in the
pathogenesis of HD. First, preventing cleavage at the CASP6
cleavage site in mutant HTT can completely prevent the HD
phenotype.'® Second, the HD-like symptoms in a transgenic
mouse model expressing the 586 mutant HTT fragment
progress faster than full-length HTT models.2° Finally, redu-
cing CASP6 activity pharmacologically protects against the
HD phenotype by preventing the cleavage of HTT at D586.2°

When we mutated all 10 cysteines in CASP6, we only saw a
reduction in palmitoylation when either C264 or C277 were
mutated. However, when changing both sites simultaneously,
we did not observe a complete loss of palmitoylation, which
suggests that other cysteines may be palmitoylated as a
compensatory mechanism.

In both the YAC128 and STHdhQ111 models of HD, we
found significant decreases in CASP6 palmitoylation, which is
consistent with previous findings demonstrating both dysfunc-
tional HIP14%* and increased CASP6 activation in the
presence of mutant HTT.'® The reduction in CASP6 palmitoy-
lation is less when comparing whole YAC128 mouse brain to
the striatal precursor cell line STHdhQ111, which may be a
result of increased impact of mutant HTT in the striatal-derived
cell line or differentially regulated CASP6 palmitoylation
between different neuronal and glial cell types.®’

Interestingly, we did not observe a complete loss of CASP6
palmitoylation in the brains from Hip14~~ mice, and it is thus
possible that other PATs might contribute to CASP6 palmitoy-
lation. This notion is supported by similar findings for HTT,
which can be palmitoylated by both HIP14 and HIP14L
(DHHC13).2® Thus the observed smaller loss of CASP6
palmitoylation in vivo could be a result of a compensation by
PATSs that are expressed and active in vivo but not in vitro.

CASP6 can be activated by three different mechanisms in
Mammalian cells: First, as a result of CASP6 auto-activation;
second, as a result of cleavage by the effector CASP3 and
CASP?7 of the full-length CASP6; and third, by cleavage of the
23 amino acid prodomain by initiator caspases followed by
auto-activation.® Once activated, the localization and proximity
to its substrates could add an additional layer of complexity to

Figure 3 CASP6 is palmitoylated at cysteines 264 and 277. (a) Schematic of the cysteines in CASP6 that are potential paimitoylation sites and internal cleavage sites at the
prodomain (D23) and at the linker (D179 and D193). (b) CASP6 palmitoylation is reduced when cysteines 264 and 277 are mutated to serines (Kruskal-Wallis: H=20.30,
P=0.0001, N=8). The top panel shows the palmitoylation signal (Streptavidin (str)), the middle panel shows total CASP6 immunoprecipitated (CASP8), and the bottom panel
shows an overlay of the two (str in red and CASP6 in green). (c) Increased CASP6 p10 fragment is observed by WB (DDK antibody) in cells transfected with paimitoylation-
deficient CASP6 C264/277S (Student’s ttest: P=0.008; N=3). (d) Cleavage of lamin A is significantly increased in the presence of palmitoylation-deficient CASP6 (Student's
ttest: P=0.00027; N=3). (e) Cleavage of HTT 1212 128Q 4C measured by FRET (fluorescence resonance energy transfer) is increased by 12% in the presence of
palmitoylation-deficient CASP6 (Student's ttest: P=0.011; N=9). WB shows the normal expression levels of the two transgenes using actin as a loading control. (f) The CASP6
p20 fragment is increased by 108% and 79% in cells transfected with CASP6 C264/277S compared with WT CASP6 measured by HD91 and LE22, respectively (HD91 antibody:
Student’s +test: P=0.0001; N=6, and LE22 activity probe: Student’s +test: P=0.0018; N=6). (g) An increase in LE22 binding by 134 and 27% is observed for full-length
CASP6 and CASP6 without the prodomain (ACASPS), respectively, for CASP6 C264/277S compared with WT CASP6 (CASP6: Student's ttest: P=0.0001; N=86, and
ACASP6: Student’s ttest: P=0.0016; N=6). “P<0.05; **P<0.01; ***P<0.001; ***P<0.0001
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Figure4 CASP6 modelling suggests that palmitoylation inhibits CASP6 activation by blocking the substrate-binding site and dimerization. (a) Schematic representation of the
cleavage sites in CASP6. Surface and cartoon representation of the structure of unmodified WT CASP6 (b) and CASP6 with C264 palmitoylated (turquoise stick) (c). Interactions
between L2 and L4 are highlighted (dashed lines). Loops L2, L3, and L4 are coloured in magenta, blue and orange, respectively, with rest of the protein in grey. The cleavage site
10TEVD® is highlighted in green. (d) Distance probability distributions in conformations that are sampled during the MD simulations with representative models (e) illustrating
the distance between the active site cysteine C163, dyad histidine H121, and the linker site aspartate D193. (f) Superposition of CASP6 palmitoylated at C277 (turquoise stick),
with the dimeric CASP6 structure, highlighting the steric clash. The palmitoylated CASP6 subunit of the dimer is shown in grey and the other CASP6 subunit is shown as a
transparent purple surface. (g) Representative microscopic images from COS7 cells transfected with WT CASP6 or mutant CASP6 C264/277S show no difference in localization
when comparing the ratios of nuclear and cytoplasmic intensities. CASP6 is visualized by anti-FLAG antibody and the nucleus is stained with DAPI (4,6-diamidino-2-
phenylindole). The two images are merged on the right panel to visualize CASPS distribution (Student’s ttest: P=0.54; N=90 WT CASP6 cells and 88 CASP6 C264/277S cells
from two separate experiments with two transfections per experiment)
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the regulation of substrate cleavage by CASP6. However,
when we investigated whether palmitoylation affected CASP6
localization, we did not find any differences between WT
CASP6 and mutant CASP6 C264/277S, suggesting that the
conformational changes found by molecular modelling is the
main contributing factor to altered CASP6 activity.

We propose two distinct mechanisms for the regulation of
CASP6 activation: First, palmitoylation at C264 negatively
regulates the auto-activation of CASP6 by altering the
conformation of the catalytic site, as well as sterically hindering
access to the substrate-binding groove thus reducing
its activity; and second, palmitoylation at C277 impedes
dimerization of the heterotetramer CASP6 complex.

Our modelling studies show that the C163/H121 catalytic
dyad of CASP6, which is essential for self-cleavage, is intact in
the non-palmitoylated state. When C264 is palmitoylated, the
distance between the residues of the catalyatic dyad expands,
preventing the initiation of self-cleavage and activation of
CASP6 via nucleophilic attack of C163 on D193. As substrate
binding and optimal positioning of the catalyatic dyad is
necessary for caspase proteolytic activity, it is possible that
palmitoylation of C264 locks the protein in an inhibited state by
promoting interactions between loops that occlude the
substrate-binding groove. This finding is strongly supported
by our LE22 labelling data showing increased access to the
active site for the palmitoylation-deficient CASP6 mutant.
Palmitoylation at C264 may be particularly relevant for limiting
auto-activation, as well as restricting substrate access, but
may not prevent activation arising directly from cleavage by
other effector caspases, which does not require an accessible
substrate-binding groove in CASP6.

Our modelling studies also suggest that palmitoylation at
C277 may sterically interfere with the dimerization of CASP6,
which is an essential step for its activation, and may work
independent of effector caspases. Although our predictions
suggest that the two sites of palmitoylation may regulate
CASP6 activity through different mechanisms, it remains
unclear whether these sites of palmitoylation work indepen-
dently or together and whether they may regulate other
CASPG6 posttranslational modifications.

Interestingly, phosphorylation of CASP6 at S257 also
inhibits its activation. Crystal structure studies of the
phospho-mimetic S257D suggested that phosphorylation of
S257 inactivates CASP6 through a steric clash with the proline
side chain of residue P201 in the L2 loop,*® causing
reorganization of the L2 loop into an inactive position.®®
Indeed, removal of the clashing proline side chain of P201
(P201G) reversed the S257 phosphorylation-mediated inhibi-
tion of CASP6 activity, suggesting that steric hindrance was
the underlying mechanism of inhibition.>®

This is similar to our proposition that palmitoylation-
mediated inhibition of CASP6 activation may result from steric
hindrance. Interestingly, protein palmitoylation has been
shown to regulate phosphorylation of several proteins.®%
However, it remains to be investigated whether CASP6
phosphorylation and palmitoylation regulate each other and
whether they work synergistically or independently to regulate
CASP6 activation. Thus further studies on the interaction
between phosphorylation and palmitoylation of CASP6 are
needed.
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Here we demonstrated that CASP6 activation is decreased
by HIP14-mediated palmitoylation, a novel mechanism for the
regulation of this protein with a critical role in the pathogenesis
of both HD and AD. Future studies will be critical to explore the
potential of modulating the activity of HIP14 in in vivo models of
both diseases to reduce CASP6 activity and associated
toxicity.

Materials and Methods

CASP6 and palmitoylation mutants. Human CASP6 plasmid with a DDK
(FLAG) tag was purchased from Origene (Rockville, MD, USA) and used for all
in vitro studies. Potential palmitoylation site cysteine mutants were generated using
a PCR-based protocol as previously described.®* HIP14-GFP and HIP14ADHHC-
GFP were previously described.*!®®

Cell culture. The COS7 cells were cultured at 37 °C in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum, 1x Penicillin/ Streptomycin (Gibco), and 2 mM L-glutamine
(Gibco) (complete  DMEM). COS7 cells were transfected using Fugene
X-tremeGENE (Roche, Mississauga, ON, Canada) and incubated for 24 h. For
the 2-BP experiments, the cells were transfected for 16 h and subsequently treated
with 15 or 50 uM 2-BP for 8 h. The immortalized striatal neuronal cell lines
STHdhQ7 and STHAhQ111 were cultured at 33°C in complete DMEM
supplemented with 0.5 mg/ml active G418 (Gibco). Cells were grown in a
humidified atmosphere containing 5% CO, and harvested by scraping the cells
in media.

Palmitoylation assays. COS7 cells overexpressing CASP6 alone, CASP6
with HIP14 or HIP14ADHHC, and CASP6 palmitoylation mutants were harvested,
washed, snap frozen, and stored at —80 °C. ABE assays were performed as
previously described.®*® Cell pellets were resuspended in 500 ul Lysis Buffer
(150 mM NaCl, 50 mM Tris, 5mM EDTA, 1% Triton X-100 pH 7.4, 1x Roche
Complete protease inhibitor tablets, 5 M zVAD (Calbiochem, San Diego, CA, USA;
Caspase Inhibitor 1)) with 100 mM N-ethylmaleimide (NEM; Sigma, St. Louise, MO,
USA), to block free cysteines, sonicated, and cleared by centrifugation for 10 min at
14 000 r.p.m. Cleared lysates were incubated with protein-G DynaBeads (Thermo-
Fisher, Waltham, MA, USA) and anti-DDK (Origene, Rockville, MD, USA, 4 ul per
sample) antibody directed to the CASP6 DDK tag overnight to immunoprecipitate
CASP8. The beads were then washed with Lysis buffer, divided into two portions,
and one was treated with 1 M hydroxylamine (HAM) at pH 7.0 (HAM+) and the other
with Lysis Buffer (HAM—) for 1 h at room temperature to remove palmitate.
Following HAM treatment, the beads were washed and then treated with EZ-Link
BMCC-Biotin (ThermoFisher) to label the previously palmitoylated cysteines with
biotin.® Samples were eluted from beads using 1x LDS sample buffer
(ThermoFisher) with 100 mM dithiothreitol (DTT) and run on 10% SDS-PAGE
gels. Palmitoylation was detected using Alexa Fluor 680-conjugated Streptavidin
(ThermoFisher, 1 : 5000), and total CASP6 immunoprecipitated was detected with
anti-Flag antibody (rabbit, Sigma, 1:1000) and IRDye 800 goat anti-mouse
antibody (Rockland, Limerick, PA, USA, 1:5000). All antibody incubations were
performed in 5% bovine serum albumin in PBS with 0.1% Tween-20. The
fluorescence was scanned and quantified using the Odyssey Infrared Imaging
System (Li-COR Bioscience, Lincoln, NE, USA). Palmitoylation was calculated as a
ratio of signal from Streptavidin over signal from the Flag antibody.

For palmitoylation assays from brain samples, the brains were harvested and
immediately snap frozen in liquid nitrogen and stored at — 80 °C. Frozen brains were
homogenized in 4 ml lysis buffer (same as above) with 100 mM NEM. Endogenous
CASP6 was immunoprecipitated using an in-house antibody against CASP6 (HD88,
20 ul/IP) and ABE assays were performed as described above. Samples were eluted
from beads using 1x LDS sample buffer (ThermoFisher) with 100 mM DTT and run
on 10% SDS-PAGE gels. Palmitoylation was detected using Alexa Fluor 680-
conjugated Streptavidin (ThermoFisher, 1 : 5000) and total CASP6 immunoprecipi-
tated was detected using HD88 (rabbit, in-house, 1 : 250) and IRDye 800 goat anti-
rabbit antibody (Rockland, 1:5000). All primary antibody incubations were
performed in 5% milk in TBS with 0.1% Tween-20, and all secondary incubations
were performed in 5% bovine serum albumin in PBS with 0.1% Tween-20. The
fluorescence was scanned and quantified using the Odyssey Infrared Imaging
System (Li-COR Bioscience). Palmitoylation was calculated as a ratio of signal from
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Streptavidin over signal from the Flag antibody. The HD88 was generated as
previously described® by immunizing a rabbit with a synthetic peptide
GFYKSREVFDPAEQ corresponding to the N-terminus of mouse Casp6. The
antibody was purified by protein A and peptide affinity chromatography.

For palmitoylation assays from STHdhQ7 and STHahQ111 cells, a modified ARAC
assay was used.”® Cells were harvested and immediately frozen and stored at
—80 °C. Samples were resuspended in 1 ml RIPA Buffer (50 mM HEPES pH 7.4,
150 mM NaCl, 1 mM MgCl, 0.5% sodium deoxycholate, 1% Igepal CA-630, 0.1%
SDS, 1x Roche Complete protease inhibitor tablets, 5 uM ZVAD (Calbiochem,
Caspase Inhibitor 1)) with 100 mM NEM, sonicated, cleared by centrifugation at
14 000 r.p.m. for 10 min, and lysates were incubated overnight at 4 degrees with
rotation to block free cysteines. The samples were then subjected to a chloroform—
methanol precipitation to remove excess NEM, and protein concentrations were
determined by the DC Protein Assay Kit (Bio-Rad, Mississauga, ON, Canada). A total
of 50 g (20%) of the total protein was saved at this point as input protein for each
sample. Also, 250 ug of each sample was incubated with 1 M hydroxylamine at pH
7.0 (HAM+) or with lysis buffer (HAM — ) for 4 h at room temperature in the presence
of 200 ul (50/50 bead/buffer) slurry of Thiopropyl sepharose beads (GE Healthcare,
Mississauga, ON, Canada) to simultaneously cleave palmitate groups and capture
palmitoyl proteins. Proteins were captured on the Thiopropyl Sepharose beads by the
formation of a disulphide bond between the beads and the newly free cysteine
residues allowing the capture of the entire palmitoyl proteome. Beads were then
washed and proteins eluted using 150 mM fresh DTT and run on 8% BIS-Tris SDS-
PAGE gels along with the 20% input of each sample. Blots were probed with
HD88 (rabbit, in-house, 1:250) and IRDye 800 goat anti-rabbit antibody
(Rockland, 1 : 5000) to detect CASP6 in the input and ARAC-purified HAM+ and
HAM — samples. All antibody incubations were performed in 5% BSA in PBS with
0.1% Tween-20. The fluorescence was scanned and quantified using the Odyssey
Infrared Imaging System (Li-COR Bioscience). Palmitoylation was calculated as a
ratio of ARAC HAM+ signal over input signal.

Western immunoblotting. Cell pellets were lysed in lysis buffer including
protease inhibitors (50 mM Tris pH 8.0, 150 mM NaCl, 1% Igepal/NP40, 40 mM
p-glycerophosphate, 10 mM NaF, 1 mM sodium vanadate, 1 mM PMSF, 5 uM
zVAD, and 1x Roche Complete). Protein concentration was measured by the DC
Protein Assay Kit (Bio-Rad) and lysates were separated on 4-12% Bis-Tris Gels
(Invitrogen, Waltham, MA, USA). For LE22 labelling, cell pellets were lysed in
complete lysis buffer without caspase inhibitor zVAD. Aliquots corresponding to
50 ug protein were diluted to 20 ul and final concentrations of 0.5 M LE22 and
0.5mM DTT were added.”® All subsequent steps were performed in the dark.
Samples were incubated for 2 h at 37 °C, mixed with SDS sample buffer, and
separated on 12% Bis-Tris Gels (Invitrogen). Following transfer to PVDF Immobilon-
FL membranes, proteins of interest were detected using the following antibodies.
CASP6 was detected with anti-DDK antibody (1:1000; Origene, Rockville, MD, USA)
detecting the DDK tag, or HD91 (1:1000; in-house®). For the quantification of
CASP®6 levels, both the full-length and ACASP6 bands were estimated together
except for the LE22 experiment, where they were estimated separately. Lamin A
was detected with anti-Lamin A/C (1:1000; Cell Signaling, Danvers, MA,USA) and
anti-cleaved lamin A (1:1000; Cell Signaling) antibodies. Secondary antibodies goat-
anti-mouse or goat-anti-rabbit conjugated to either Alexa Fluor 680 or 800 IR dye
(1: 5000 for both; ThermoFisher or Rockland, respectively) were used for detection
of primary antibodies using the LiCor Odyssey Infrared Imaging System.

FRET assay for CASP6 activity. The N-terminal 1212 amino acids of HTT
with 128Q and the 4C mutations (D513A, D530A D552A, and D589A) were
transiently transfected and overexpressed together with WT CASP6 or mutant
CASP6 C264/277S in COST7 cells for 24 h.*” Cell pellets from COS7 cells or Q111
and Q7 cells were lysed with SDP+ lysis buffer®® and diluted in SDP+ lysis buffer to
a final protein concentration of 2 .ig/ul.®®¢” The detection of the 586 HTT fragment
was performed using a combination of the monoclonal BKP1 antibody raised
against the HTT N-terminus and an in-house 586 neo-epitope antibody raised
against the C-terminus of 586 cleaved HTT.*” The level of 586 HTT fragment was
normalized to total HTT measures with the combination of BKP1 and 2166 raised
against exon 2. BKP1 was labelled with terbium and 2166 and Neo-586 were
labelled with D2 (Cisbio Bioassays, Bedford, MA, USA) fluorescent tags. Antibody
pairs were mixed in 100 mM Tris (pH 7.4), 150 mM NaCl, 0.1% BSA, 0.05% Tween-
20 at 1 ng/ul BKP1-terbium and 10 ng/ul Neo-586-HTT-D2. In all, 2 ul of antibody
master mix was added to each sample in a white 384-well plate and incubated
overnight at 4 °C. For total HTT (BKP1/2166) and 586 HTT fragment, 20 and
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200 ug protein was used, respectively. The plate was measured with a xenon lamp
Victor Plate Reader (Perkin Elmer, Waltham, MA, USA) after excitation at 340 nm.
The relative HTT concentration is represented by the 665/615-nm ratio.%

Mesoscale for cleavage lamin A. Cells were lysed in MCB buffer (50 mM
HEPES, pH 7.4, 100 nM NaCl, 0.1% CHAPS, 2nM EDTA, 1% NP-40, 10%
Glycerol, 1x Roche Complete) and adjusted to 2 g/ul in 10 wl. In all, 100 ng lamin
A (Abcam, Atlanta, GA, USA) in 10 ul of caspase cleavage buffer with fresh DTT
was added to the lysate and incubated for 3 h at 37 °C. Also, 5 ul of sample was
spotted onto Mesoscale ELISA plates and processed as previously described.*
First, the samples were incubated for 60 min at room temperature and then the
wells were blocked with 5% BSA in PBS for another 60 min. The wells were washed
three times with 150 ul PBS-T (PBS with 0.05% Tween-20) and incubated for
60 min with 25 ul antibody mix (cleaved lamin A antibody (Cell Signaling 2036,
1:100) and goat anti-mouse sulpho-tag secondary antibody (MSD Technology,
1:500) in 1% BSA/PBS) added to each well. The wells were washed three times
with 150 x| PBS-T and 150 ul 2 x reading reagent (MSD Technology, Rockville, MD,
USA) was added. The plates were read on the Mesoscale platform
electrochemiluminescence reader (MSD Technology) according to the manufac-
turer's instructions.

CASP6 molecular modelling. The initial model of CASP6 was developed
using the crystal structure 41YR.pdb.*® This is the structure of CASP6 zymogen with
structural information missing from residues 173-187. These missing regions were
built using the program Modeller (version 9.12; San Francisco, CA, USA, https://
salilab.org/modeller/).?® Several models were generated and the models with the
best physicochemical properties (decided by DOPE score within modeller and
visual inspection) were refined further using all atom MD simulations.

Three starting models of CASP6 were prepared for the studies using the program
Amber11%° (University of California, San Francisco, http://ambermd.org): CASP6 with
no modifications, CASP6 with palmitoyl group attached covalently at C264, and
CASP6 with palmitoyl group attached covalently at C277. Hydrogen atoms were
added to the structures using the Xleap module of the Amber11 package.®® The net
charges on all the systems were neutralized by the addition of counter ions. The
neutralized systems were solvated with TIP3P”® water molecules to form a truncated
octahedral box ensuring a 10-A shell between the solute atoms and the edges of the
box. MD simulations were carried out with the Sander module of the AMBER11
package in combination with the parm03 force field.”" Force field parameters for
palmityolated cysteine were taken as previous described.” All the systems were first
subjected to 100 steps of energy minimization. This was followed by MD simulations,
for which the protein was initially harmonically restrained (25 kcal/mol/A?) to the
energy minimized coordinates, and the system was heated up to 300 K in steps of
100 K followed by gradual removal of the positional restraints and a 1-ns unrestrained
equilibration at 300 K. All production runs were carried out in explicit solvent at 300 K.
During all the simulations, the long-range electrostatic interactions were treated with
the particle mesh Ewald method using a real space cutoff distance of 9 A.” The
settle algorithm was used to constrain bond vibrations involving hydrogen atoms, ™
which allowed a time step of 2 fs during the simulations. For each system, three
independent MD simulations (assigning different initial velocities) were carried
out for 100 ns, and conformations were saved every 10 ps. Simulation trajectories
were visualized using VMD”® and figures were generated using
Pymol (https://www.pymol.org/).”®

Confocal microscopy. Immunofluorescence experiments were performed as
previously described.”” COS7 cells were grown on glass coverslips and transfected
with WT or C264/277S CASP6. Twenty-four hours posttransfection, cells were
washed and fixed in 4% paraformaldehyde/PBS for 15min. Cells were
permeabilized with 0.1% Triton/1% paraformaldehyde/PBS for 1 min and blocked
in 0.2% Gelatin/PBS for 15 min. Coverslips were incubated for 1 h with primary
antibody (Rabbit anti-FLAG, 1 : 400; Sigma-Aldrich, St. Louise, MO, USA) diluted in
0.2% Gelatin/PBS. Cells were washed and incubated in the same way with
secondary antibody (Alexa Fluor 594 Goat anti-Rabbit, 1 : 400; Invitrogen). Washed
coverslips were mounted on microscope slides with one drop of ProLong Gold
Antifade Reagent with DAPI (Invitrogen). Images were captured using a Leica SP8
confocal microscope at 40 times magnification and Leica Application Suite X
software (Leica Microsystems Inc., Concord, ON, CA). All steps were performed at
room temperature. Images were analysed using the ImageJ software (Andrej Sali,
Bethesda, MD, USA; https://imagej.nih.gov/ij/). The nucleus was outlined manually
using the DAPI stain and the intensity of FLAG staining within the nucleus was



calculated. Three representative regions of interest were then drawn in the
cytoplasm and the average FLAG staining intensity of the three was calculated. The
ratio of nuclear FLAG intensity to cytoplasmic FLAG intensity was calculated to give
the relative CASP6 nuclear localization.

Statistical analysis. Data were graphed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA) as the average value + S.E. from at
least three independent experiments unless otherwise indicated. Data were
analysed by Student's t-test, ANOVA, or nonparametric tests as indicated. Analyses
for P-values were calculated with GraphPad Prism 5.0. Differences were considered
statistically significant when P<0.05. P-values are illustrated with asterisks
(*P<0.05; **P<0.01; ***P < 0.001; ***P < 0.0001).
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