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SUMMARY
Protein palmitoylation, a reversible lipid modification of proteins, is widely used in the nervous
system, with dysregulated palmitoylation being implicated in a variety of neurological disorders.
Described below is ABE/SILAM, a new proteomic strategy that couples acyl-biotinyl exchange
(ABE) purification of palmitoyl-proteins to whole animal stable isotope labeling (SILAM) to
provide an accurate tracking of palmitoylation change within rodent disease models. As a first
application, we have used ABE/SILAM to look at Huntington disease (HD), profiling
palmitoylation change in two HD-relevant, mouse mutants – the transgenic HD model mouse
YAC128 and the hypomorphic Hip14-gt mouse, which has sharply reduced expression for HIP14
(Dhhc17), a palmitoyl-transferase implicated in the HD disease process. Rather than mapping to
the degenerating neurons themselves, the biggest disease changes instead map to astrocytes and
oligodendrocytes, i.e. the supporting glial cells.
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INTRODUCTION
Protein palmitoylation, the thioesterification of fatty acyl moieties (often, the saturated 16C
palmitate) to selected cysteines, serves both for tethering proteins to membranes and for in-
bilayer localizations to membrane microdomains. For many proteins, palmitoylation is
reversible, allowing dynamic regulation of protein-membrane localization. Palmitoylation is
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widely used at the neuronal synapse (Conibear and Davis, 2010; Fukata and Fukata, 2010;
Young et al., 2012) where, by modulating protein and receptor content at synaptic
membranes, it participates in regulating synaptic plasticity. Perhaps not surprisingly,
dysregulated palmitoylation has been implicated as being causal in a number of neurological
disorders, notably in schizophrenia and mental retardation, as well as in Huntington and
Alzheimer diseases (Young et al., 2012). Below, we describe ABE/SILAM, a new
proteomic strategy that profiles and quantifies brain palmitoylation change within rodent
models of neurological disease.

ABE/SILAM combines acyl-biotinyl exchange (ABE) purification of palmitoylated proteins
(Roth et al., 2006; Wan et al., 2007) with whole animal stable isotope-labeling (SILAM;
stable isotope labeling of mammals (McClatchy et al., 2007a; McClatchy et al., 2007b;
Savas et al., 2012; Wu et al., 2004)) to enable precise sample-to-sample quantification of
palmitoylation change. Our prior application of ABE proteomics to rat brain and rat
neuronal culture identified most all of the known neural palmitoyl-proteins, plus over one
hundred new palmitoyl-protein candidates (Kang et al., 2008). The ABE neural palmitoyl-
proteome, a set of ~300 proteins, includes many well known synaptic regulators – receptors
(e.g. AMPA and NMDA glutamate receptors, G protein-coupled receptors), downstream G
protein signalers (e.g. H- and N-Ras, Gα subunits), as well as the scaffolding proteins (e.g.
PSD-95, SAP97) that organize receptors with downstream signalers within the post-synaptic
density. Non-neuronal brain cells, in particular astrocytes and oligodendrocytes, also are
well surveyed by this analysis. These glial cells, which make up the majority of cells within
the brain, act to support the neuronal circuitry – oligodendrocytes ensheath neuronal axons
in insulating myelin membranes, while astrocytes provide nutritional support. The addition
of SILAM, we expected, would provide our ABE analysis with an internally-controlled,
quantitative capacity that would allow palmitoylation levels on individual palmitoyl-proteins
to be comprehensively monitored across the neural palmitoyl-proteome, providing a new,
deeper look into the neurological disease process.

As a first ABE/SILAM application, we have targeted Huntington disease (HD), where
dysregulated palmitoylation has been suggested to play an important role (Huang et al.,
2010; Huang et al., 2011; Singaraja et al., 2011; Yanai et al., 2006). HD is a progressive,
dominantly-inherited neurodegenerative disease which begins as a movement disorder due
to the early loss of striatal medium spiny neurons. Progression of the neurodegenerative
disease to other brain regions leads to cognitive dysfunction and ultimately, to death. The
HD causal mutation is an expansion of a polyglutamine string within the N-terminal exon of
the disease protein huntingtin (HTT): individuals with polyglutamine tracts of <30 are
disease-free, while those with expanded glutamine tracts of >40 succumb to disease. HD
typically is characterized by a long disease-free latent period, with overt disease symptoms
not becoming apparent until middle age. Mutant HTT (mHTT), i.e. harboring an expanded
polyglutamine tract, is aggregation-prone and the appearance of large mHTT aggregates
within neurons is a prominent molecular hallmark of progressing disease. While mHTT
aggregation likely plays some role in disease pathogenesis, it is now widely thought that the
largest aggregates, by sequestering mHTT, are primarily protective (Arrasate et al., 2004;
Kuemmerle et al., 1999; Saudou et al., 1998; Slow et al., 2005). Indeed, despite its simple
genetics and three decades of research, the process by which mHTT induces neuronal cell
death still remains uncertain, with quite a large array of diverse mechanisms suggested to be
the central disease driver; these include disordered transcription, disordered post-
translational mechanisms, impaired mitochondrial function, impaired vesicular trafficking,
impaired protein homeostasis, increased excitotoxicity, and finally impaired protein
palmitoylation (Ross and Tabrizi, 2011; Zuccato et al., 2010).
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A role for palmitoylation in HD was first suggested by the identification of HIP14
(Zdhhc17) as a 2-hybrid interactor with HTT (Singaraja et al., 2002). HIP14 is one of the
23-member mammalian DHHC protein acyl transferase (PAT) family. These PATs exhibit
different, as well as overlapping, specificity for substrate; together, they appear to mediate
the bulk of the protein palmitoylation within the cell (Fukata et al., 2004; Greaves and
Chamberlain, 2011; Huang et al., 2004; Lobo et al., 2002; Roth et al., 2002; Roth et al.,
2006). Recently, a Hip14-deficient mouse was found to show neuroanatomical, behavioral,
and physiological disease phenotypes that largely recapitulate those seen in mouse models
of HD (Singaraja et al., 2011). The shared disease phenotypes suggested that disease
mechanisms also might be shared. More specifically, impaired palmitoylation of HIP14
substrate proteins may drive neuropathology not only in the Hip14-deficient mouse, but also
perhaps, in HD. Here, we use ABE/SILAM to profile palmitoylation both in the Hip14-
deficient brain and in the YAC128 HD model mouse brain, which expresses a mHTT
transgene with a 128 residue glutamine tract. Significant dysregulations are uncovered in
both brains. ABE/SILAM profiling of the Hip14-deficient brain identifies a number of
proteins showing reduced representations within the ABE palmitoyl-proteome, including
several previously identified HIP14 substrates, namely SNAP-25, the cysteine string protein
(Dnajc5), and synaptotagmin-1 (Greaves et al., 2010; Greaves et al., 2008; Huang et al.,
2009; Huang et al., 2004). More interesting, perhaps is the YAC128 analysis, which
highlights a prominent role for glial support cells in the HD disease process, finding
brainwide reductions for palmitoylated carbonic anhydrase II (CA II), a glial enzyme
involved in the disposable of neuronal CO2 waste, as well as for three central players of the
astrocytic glutamate-glutamine pathway, which acts to maintain low neural levels of the
excitatory neurotransmitter glutamate, reducing, thereby, the potential for excitotoxicity.
Overall, we find ABE/SILAM to be quite an effective tool, able to discern even quite subtle
palmitoylation change in the 5–10% range, which should prove useful in analyzing
palmitoylation dysregulation in other rodent disease models beyond HD.

RESULTS
ABE/SILAM Analysis

The ABE chemistry substitutes biotin tags for thioester-linked acyl modifications, allowing
the palmitoyl-protein contingent of the proteome to be affinity-purified by streptavidin-
agarose (Drisdel and Green, 2004; Roth et al., 2006). For ABE, denatured protein extracts
are processed through a sequence of three chemical treatments: 1) N-ethylmaleimide-
mediated blockade of free thiols, then 2) cleavage of thioester linkages with neutral pH
hydroxylamine to uncover acylation site thiols, which then are 3) marked with the thiol-
specific biotinylation reagent HPDP-biotin. SILAM applies the powerful quantitative
advantages of stable isotope labeling, which have been quite widely employed in cell culture
analysis (Oda et al., 1999; Ong et al., 2002), to the whole animal (either mouse or rat)
(McClatchy et al., 2007a; McClatchy et al., 2007b; Wu et al., 2004). The analysis below
uses mice, wholly labeled with 15N, generated by raising post-weaned mice for 10 weeks on
a diet where the nitrogen component is exclusively derived from 15N-labeled Spirulina.
Greater than 95% of brain proteins within these reference mice are 15N-labeled (Adibekian
et al., 2011).

The first ABE/SILAM step is a 1:1 mixing of brain homogenates from a 14N-test mouse and
the 15N-reference mouse. The ABE purification is a multi-step, multi-day protocol (Roth et
al., 2006; Wan et al., 2007). The prior homogenate mixing is key to eliminating the
experimental error that would otherwise accumulate during the subsequent ABE protocol.
Together in the same test tube, 14N- and 15N-proteins are subject to exactly the same
experimental forces throughout the ABE purification. Following the ABE purification, the
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mixed samples are proteolyzed and subjected to MS/MS analysis. Because 14N- and 15N-
labeled peptides differ by predictable mass differences, the relative contributions of the 14N-
and 15N-animals can be deconvolved by a downstream data analysis (Park et al., 2008).
Each identified peptide provides a quantitative data point that compares the amount of
protein present within the test animal palmitoyl-proteome to its presence within the
reference palmitoyl-proteome (Fig. 1A). Abundant palmitoyl-proteins typically are
identified by multiple peptides per MS/MS run, providing thus, multiple, reinforcing
measurements.

Hip14-gt Brain Palmitoyl-Profile
We first used ABE/SILAM to analyze brain palmitoylation change within the recently
characterized Hip14-deicient mouse, which is homozygous for a gene-trapped allele of
HIP14 (Hip14-gt) (Singaraja et al., 2011). HIP14 protein expression is reduced by >90% in
Hip14-gt mouse brain (Singaraja et al., 2011). Our comparison of Hip14-gt mouse brain
palmitoylation to isogenic, wild-type (WT) littermates relied on the analysis of eight 14N/
15N, ABE-purified samples, with four samples (three biological replicates plus one
technical replicate) being analyzed for each of the two genotypes (i.e. Hip14-gt and isogenic
WT). The Hip14-gt and WT littermate mice were raised on typical mouse chow and thus
are, in essence, 14N-labeled. Rather than being the control, the 15N-mouse component of
each sample instead provides an invariant reference palmitoyl-proteome, allowing the
amount of each purified 14N-palmitoyl-protein to be measured against a reference level of
15N-palmitoyl-protein. The comparison of interest, i.e. between Hip14-gt and WT
littermates, is assessed by a ratio of ratios approach that compares averaged 14N/15N-ratios
for each protein for the two test mice. Note that in this triangulated scheme, the 15N-
reference mouse need not be of the same age or strain background as the Hip14-gt and WT
test mice.

Figure 1B reports peptide datapoints mapping to the protein flotillin-1 (Flot1) from each of
the eight component MS/MS runs, comprising the Hip14-gt/WT analysis. The individual
peptide datapoints although showing some scatter, do normally distribute around median
values (Fig. 1B). These median values clearly differ for the Hip14-gt and the WT sample
runs, indicating a reduced presence for palmitoylated Flot1 in Hip14-gt relative to WT brain.
Aggregation of like datasets (Fig. 1B, at right), leads us to conclude that palmitoylated Flot1
is reduced by 36% in Hip14-gt brain relative to WT brain. Indeed, Flot1 is one of the
proteins showing the greatest and most significant change in Hip14-gt brain.

The above-noted scatter for the peptide ratio data (Fig. 1B) is not a consequence of the
extensive ABE sample processing, since a similar degree of datapoint variance is also seen
for minimally processed 14N/15N samples, generated by a simple mixing of 14N- and 15N-
brain homogenates, i.e. no ABE purification (Fig. S1). In order to overcome uncertainty due
to this scatter, we have focused our analysis on the most abundant proteins within the ABE
palmitoyl-proteome, i.e. proteins like Flot1 (Fig. 1B) that are identified on average by five
or more quantifiable peptides per MS/MS run (see Experimental Procedures). For the
Hip14-gt/WT analysis, this consists of the set of ~300 relatively abundant palmitoyl-proteins
(Table S1). The vast majority of these proteins do not show substantial change in Hip14-gt
versus WT brain, however, 19 proteins do show significant change that is >10% in
magnitude (Table 1 and Fig. S2). Indeed, in addition to Flot1, we find that the Flot1 paralog,
Flot2, also is 36% reduced in Hip14-gt brain. Flot2 is sufficiently diverged from Flot1 (50%
identity) to be identified here fully independently, i.e. by a non-overlapping set of peptides.
The two flotillins share roles in endocytosis and in plasma membrane microdomain
formation (Cremona et al., 2011; Frick et al., 2007; Gkantiragas et al., 2001; Glebov et al.,
2006; Morrow et al., 2002).
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The ABE/SILAM data also has been analyzed for the putative HIP14 substrates that have
been identified by prior reports (Table 1), either by in vitro palmitoylation assays (i.e.
utilizing purified substrate protein and HIP14 enzyme) or by enhanced palmitoylation in
cells, co-transfected together with HIP14 and the putative substrate protein (Huang et al.,
2009; Huang et al., 2004; Ohyama et al., 2007). Six of these seven proteins are well covered
by our ABE/SILAM analysis (Table 2 and Fig. S2). Three, namely synaptotagmin-1 (Syt1),
cysteine string protein (CSP; Dnajc5), and SNAP-25, show small, but significant reductions
within Hip14-gt brain context of 7, 8, and 5%, respectively. For Syt1 and CSP, the high
significance of these changes (P = 5 × 10−5 and 5 × 10−4, respectively) provides an
indication of the power of this approach in discerning even quite subtle change (Fig. S2).

Overall, the palmitoylation change detected in Hip14-gt brain is less pronounced than
anticipated. The two best hits, Flot1 and Flot2, are reduced by only 36% (Table 1).
Furthermore, in contrast to our prior analysis of palmitoylation in yeast strains knocked out
for the different DHHC PATs (Roth et al., 2006), no protein within our abundant palmitoyl-
protein set is found to be fully lost from the Hip14-gt palmitoyl-proteome, suggesting that
none of these proteins is fully reliant upon HIP14 for palmitoylation. In part, this relatively
mild palmitoylation defect likely reflects the well-documented specificity overlaps among
the DHHC PATs (Fukata et al., 2004; Greaves et al., 2010; Hou et al., 2009; Huang et al.,
2009; Roth et al., 2006). Furthermore, the Hip14-gt allele may allow some leaky expression
of wild-type HIP14 gene product. Although the gene-trap moiety, inserted within HIP14
intron-5, is designed for efficient gene product truncation, any residual, low efficiency
splicing around the gene trap moiety will yield wild-type enzyme, potentially dampening the
magnitude of the Hip14-gt palmitoylation defect. Prior immunoblot analysis indicated
HIP14 expression to be reduced in Hip14-gt brain by >90% (Singaraja et al., 2011).
Irrespective of whether HIP14 protein is reduced by 90% or by 99.9% in Hip14-gt brain, this
level of reduction clearly is associated with relatively severe consequences, as evidenced by
the HD-like phenotypes documented for this mouse (Singaraja et al., 2011).

While Hip14-gt palmitoyl-proteome change is dominated by reductions, two proteins,
glutamine synthetase (GS; Glul) and the phosphodiesterase Pde2a, show sharply increased
levels within the Hip14-gt palmitoyl-proteome (Table 1; Fig. S2). Increases could result
from a compensative up-regulation of other PATs, or alternatively, could simply be a
secondary feature of the Hip14-gt disease process (Singaraja et al., 2011), i.e. palmitoylation
and/or expression changes, secondary to the Hip14-gt-induced neural injury. Indeed, as is
further delineated below, palmitoyl-proteome change also can be a consequence of altered
expression. Changes in the transcription or the turnover for a particular palmitoyl-protein
obviously will impact the amount of protein available for purification into the ABE
palmitoyl-proteome. Palmitoylation and expression-level change may also be linked in some
instances, with impaired palmitoylation resulting in mislocalization and consequently,
increased turnover (Valdez-Taubas and Pelham, 2005). A recent proteomic analysis, which
assessed palmitoylation in cells knocked down for the DHHC PAT DHHC5, found that the
vast majority of proteins identified as showing reduced palmitoylation, also showed reduced
expression levels (Li et al., 2012). To assess the impact of expression-level change on the
reduced Flot1 and Flot2 levels measured by ABE/SILAM, we have used immunoblot-based
quantification to analyze and compare levels of these two proteins in whole brain
homogenates from WT and Hip14-gt mice (Fig. 2A). Significant expression-level reductions
of 43% and 28% are seen for Flot1 and Flot2, respectively, well in line with the 36%
reductions found for both by ABE/SILAM (Table 1). This same immunoblot analysis
showed 18% increased expression in Hip14-gt for GS (Fig. 2A). Though not reaching our
significance threshold, the upward trend for GS in this immunoblot analysis is nonetheless
again in line with the highly significant 12% increase seen by ABE/SILAM (Table 1). Thus,
the palmitoyl-proteome change seen for Flot1, Flot2, and GS, appears to be well correlated
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with expression-level change. However, as noted above, cause and effect are not easily
parsed. Reduced expression obviously will reduce the amount of palmitoyl-protein that is
available to be ABE-purified. However, reduced palmitoylation, through effects on
subcellular localization, also may impact protein turnover. Indeed, in addition to the reduced
expression levels found for Flot1 and Flot2 (Fig. 2A), a more focused analysis also finds
reduced levels of palmitoylation per protein in Hip14-gt versus WT brain homogenates (Fig.
S3A).

Interestingly, reduced Flot1 and Flot2 palmitoylation also was highlighted in a recent
proteomic analysis of palmitoylation in neuronal stem cells, deficient for DHHC5 PAT (Li
et al., 2012). Furthermore, co-transfection of DHHC5 with Flot2 into COS cells served to
up-regulate Flot2 palmitoylation, suggesting that Flot2 likely is a DHHC5 substrate (Li et
al., 2012). To test if the flotillins might also be HIP14 substrates, we have used the yeast cell
as a context for co-expression of the mammalian flotillins with mammalian HIP14 (Fig. 2B).
Support for the validity of this yeast approach is provided by a recent report, which assessed
palmitoylation for several mammalian palmitoyl-proteins, co-expressed with a wide panel of
the mammalian PATs in yeast (Ohno et al., 2012). For our analysis, in addition to looking at
Flot1 and Flot2, we also examined SNAP-25, a well-documented HIP14 substrate (Greaves
et al., 2009; Huang et al., 2009; Huang et al., 2004). SNAP-25, we find, is palmitoylated in
HIP14-expressing cells, but not in DHHC5-expressing cells, nor in naive yeast cells, not
expressing any mammalian PATs (Fig. 2B). In contrast, Flot1 and Flot2 are palmitoylated
only in the DHHC5-expressing cells, not in the HIP14-expressing cells. Thus, at least in
yeast, HIP14 is active against SNAP-25, but not the flotillins, while both flotillins are
recognized by DHHC5. Therefore, Flot1 and Flot2 appear not to be bona fide HIP14
substrates. The strong reductions seen for these two proteins in the Hip14-gt palmitoyl-
proteome likely is a secondary manifestation of the Hip14-gt disease process. As DHHC5 is
regulated by a rapid degradative turnover mechanism (Li et al., 2012), we entertained the
possibility that reduced flotillin palmitoylation might be a consequence of reduced DHHC5
levels in the Hip14-gt brain. However, our ABE/SILAM analysis does not reveal any major
change in palmitoylated DHHC5 levels in Hip14-gt versus WT brain (Fig. S3B).

ABE/SILAM Analysis of the HD Mouse YAC128
We have also analyzed YAC128, a well-characterized mouse model of HD that expresses a
full-length human mHTT transgene containing a 128 residue-long poly-glutamine string
(Slow et al., 2003). As with the human disease, the YAC128 mouse shows a disease-free
latent period, with frank disease becoming evident in terms of striatal atrophy and associated
motor defects at ~10–12 months of age. For our ABE/SILAM analysis, 12 month-old
YAC128 mice were compared to their WT littermates. Our analysis again focuses on the
abundant palmitoyl-protein set (Table S2), with the 19 proteins showing significant change
of >10% being listed in Table 3. Prominent within this list are a number of glial-specific
proteins, including: carbonic anhydrase II (CA II; Car2), which is present mainly in
astrocytes and oligodendrocytes; two myelin-associated oligodendrocyte proteins, the
phosphodiesterase CNP and the transmembrane protein Mog; as well as three well known
components of the astrocyte glutamate-glutamine pathway, namely glutamine synthetase
(GS; Glul) and the two glutamate transporters GLT-1 (Slc1a2) and GLAST (Slc1a3).
GLT-1, GLAST, and GS act together to limit brain levels of the excitatory neurotransmitter
glutamate, limiting thus, potential excitotoxicity. GLT-1 and GLAST localize to the
astrocytic plasma membrane where they act to clear glutamate from excitatory synapses to
the astrocyte cytoplasm where it is converted into the less toxic glutamine by GS.
Excitotoxicity is implicated as a key driver of neuronal cell death in many
neurodegenerative disorders, including HD (Lau and Tymianski, 2010; Raymond et al.,
2011). Reduced function of any of these three proteins (GLT-1, GLAST, or GS) would be
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expected to enhance the potential for excitotoxicity. CA II, the protein with the most
prominent YAC128 reduction (Table 2), also likely plays an important role in maintaining
the healthy brain environment. CA II, the most abundant brain carbonic anhydrase isoform,
accelerates the equilibrium of CO2 and H2O with HCO3

− and H+ and thus helps to maintain
the proper brain acid-base balance, by ridding the brain of the excess CO2 waste produced
by the high rate of neuronal respiration (Deitmer, 2002; Deitmer and Rose, 2010).

Although ABE/SILAM detection infers palmitoylation, neither CA II nor GS have yet been
definitively reported to be palmitoylated. As a test of this, we have assessed the
hydroxylamine-dependence of their ABE purification (Fig. 3A). Hydroxylamine (HAm),
with its cleavage of the acyl-cysteine thioester linkage, plays a central role in ABE. Indeed,
parallel, minus-HAm reactions are often employed in ABE proteomic analyses to help
distinguish palmitoyl-proteins from contaminant proteins that may purify non-specifically;
bona fide palmitoyl-proteins show HAm-dependent purification (Kang et al., 2008; Roth et
al., 2006; Wan et al., 2007; Yang et al., 2010). Using the acyl-RAC simplification of the
ABE protocol (Forrester et al., 2011), CA II and GS both show strong, HAm-dependent
purifications indicative of palmitoylation (Fig. 3A). Additional support for GS and CA II
palmitoylation can be gleaned from the published literature: GS was detected in our large-
scale ABE analysis of rat brain palmitoylation (Kang et al., 2008), while CA II was
identified as a palmitoyl-protein in a click chemistry-based proteomic analysis in mouse
brain (Li et al., 2012). In theory, both enzymes could have their functionality altered by
palmitoylation. Both CA II and GS have been suggested to participate in membrane-
localized metabolons, with import/export efficiency being enhanced by the direct association
of the enzyme with the relevant plasma membrane transporter (Moraes and Reithmeier,
2012). Palmitoylation may help these enzymes gain access to their cognate membrane-
localized transporters. For GS, an association with GLT-1 and GLAST glutamate
transporters would allow for efficient conversion of glutamate into glutamine as it is brought
into the astrocytes (Moraes and Reithmeier, 2012). While an interaction of GS with these
transporters remains undocumented, some small support for this speculation comes from a
co-localization for GS and GLAST at the surface of retinal Muller glial cells (Derouiche and
Rauen, 1995). The CA II metabolon stands on firmer ground, with CA II documented to
associate with several different plasma membrane bicarbonate and proton transporters (Li et
al., 2002; Loiselle et al., 2004; Sterling et al., 2002; Vince and Reithmeier, 1998).
Localization of such CA II metabolons to the astrocytic membrane sites that juxtapose with
the cerebral vasculature (i.e. the astrocytic foot) could facilitate the coupled excretion of
respiratory waste products from the brain.

CA II and GS are generally appreciated to be soluble enzymes, which reside in the
cytoplasm. Palmitoylation may apply to only a minor, membrane-targeted sub-population.
The current palmitoylation detection methodologies do not provide information regarding
palmitoylation stoichiometry and thus it is generally unclear if 90 or only 0.1% of the
protein population is being modified. Here, to investigate this issue, we have used a
modified acyl-RAC protocol (Forrester et al., 2011). Following the NEM-mediated thiol
blockade and subsequent HAm-mediated thioester cleavage steps, the fraction of the protein
population that is available for thiopropyl-Sepharose-mediated pull-down is assessed. The
palmitoylated sub-population should bind to the resin and thus be removed, while the non-
palmitoylated sub-population should remain unbound. We have examined CA II and GS,
along with the two flottilins, as well as PSD-95 and Gαs (Fig. 3B). Flot1, Flot2, PSD-95,
and Gαs all are efficiently captured, with 70–90% of each population being depleted in the
plus-HAm condition, but not in the minus-HAm control condition. Thus, in WT brain, these
proteins appear to be mainly palmitoylated. These results with the two “control” proteins,
i.e. PSD-95 and Gαs, are significant, since both proteins are well known to undergo
dynamic palmitoylation, cycling between palmitoylated and de-palmitoylated states
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(Conibear and Davis, 2010), with essentially nothing being known about their basal
palmitoylation status in vivo. This analysis indicates that the palmitoylated forms of these
two proteins predominate. In contrast to the high palmitoylation stoichiometries seen for
four of the six proteins tested, CA II and GS both are quite poorly depleted by the thiol-
Sepharose resin (Fig. 3B), indicating that palmitoylation likely applies only to a minor
population of these two proteins (<10%). Using the assumption that both the capture by, and
elution from, the thiol-Sepharose affinity resin is 100% efficient, we estimate a lower limit
for the palmitoylation of CA II and GS of ~0.5% (Fig. S4), indicating that ~0.5–10% of
these two protein populations are palmitoylated. This relatively low palmitoylation level
may yet prove critical for targeting sub-populations of these enzymes to membranes,
perhaps facilitating interaction with relevant membrane transporters.

The 42 and 29% decreases for CA II and GS detected by ABE/SILAM in YAC128 brain
(Table 3), indicate sharp reductions for the palmitoylated sub-populations of these two
enzymes. To test if reduced levels of the palmitoyl-forms, might reflect broader expression-
level changes, whole brain homogenates from YAC128 and WT littermate mice were
subjected to quantitative immunoblot analysis (Fig. 4A). Indeed, CA II and GS both show
reduced expression levels in YAC128 homogenates that are roughly consistent with
decreases seen by ABE/SILAM: CA II shows a significant 35% reduction (P = 0.017), while
the 28% reduction detected for GS (P = 0.13) fell short of our significance threshold.
Additional support for sharp and significant expression-level reductions for these two
proteins is provided both by a whole proteome SILAM analysis of WT and YAC128 brain
homogenates (data not shown), and by immunoblot analysis of dissected WT and YAC128
brain regions (Fig. 4B). In light of the low palmitoylation stoichiometries detected for both
proteins (Fig. 3B), the sharply reduced expression levels measured here suggest that the
large disease-induced changes detected by ABE/SILAM for CA II and GS likely are
fundamentally the result of disordered expression, not disordered palmitoylation.

In human HD and in the YAC128 model, neuronal cell death is first evident in the striatum,
with progression then to cortex and hippocampus and then finally, to the rest of the brain
(Slow et al., 2003). To analyze the distribution of GS and CA II expression-level changes
within the brain, we applied our quantitative immunoblot analysis to homogenates of
striatum, cortex, and cerebellum dissected from YAC128 and WT littermate mice (Fig. 4B)
at 15 months, a relatively late stage in the YAC128 disease process (Slow et al., 2003).
Consistent with the spreading pathology typically seen at this stage, significant reductions
for CA II and GS are seen in all three sub-regions, with the most extreme and significant
reductions focused within the striatum (Fig. 4B).

Comparison of Hip14-gt and YAC128 Palmitoyl-Profiles
In light of the hypothesis that HIP14 dysfunction plays a causal role in HD pathogenesis
(Singaraja et al., 2011), we were interested to compare the palmitoylation changes
documented here for Hip14-gt and YAC128 brain. Do the two mice show similar
palmitoylation derangements? For this, the 13 top Hip14-gt hits (Table 1) were assessed for
correlated change in the YAC128 brain (Fig. 5A) and in a reciprocal analysis, the 10 top
YAC128 hits (Table 3) were assessed for correlated Hip14-gt change (Fig. 5B). Overall,
palmitoylation derangements for the two mice are not well correlated. Indeed, some
proteins, e.g. Flot2, Arhgap21, Ank2, Gdi2, Gαs, and most notably GS, show significant
change that is opposite in sign in the two mutant palmitoyl-proteomes. For instance, GS
shows a highly significant 29% decrease in the YAC128 palmitoyl-proteome (P = 4 × 10−5),
while showing significant 12% increase in the Hip14-gt palmitoyl-proteome (P = 3 × 10−4).
Correlated change is however seen for some proteins, notably for CA II, Cnp, and Pde10a. It
will be interesting to see if the proteins within this correlated subset play some driving role
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in the shared Hip14-gt/YAC128 pathologies (Singaraja et al., 2011). In addition, we have
examined the Hip14-gt and YAC128 ABE/SILAM data for eight proteins previously
identified as HIP14 substrates (Table 2). Some of these, notably CSP, SNAP-25, and
PSD-95, do show subtle downward trends in both Hip14-gt and YAC128 brains, consistent
with our prior report, which found HIP14 PAT activity to be reduced in YAC128 brain
(Singaraja et al., 2011). Thus, while HIP14 dysfunction likely plays an important part in HD
pathogenesis (Huang et al., 2011; Singaraja et al., 2011; Yanai et al., 2006), the absence of a
strong correlation between Hip14-gt and YAC128 palmitoyl-proteome change suggests that
HIP14 dysfunction is unlikely to be the sole disease driver.

DISCUSSION
ABE/SILAM

ABE/SILAM builds upon our prior ABE/spectral count-based MS approaches that were
used, for instance, to map the yeast palmitoyl-proteins with their modifying DHHC PATs
(Roth et al., 2006). The SILAM addition substantially improves quantification: rather than
the 2- to 5-fold differences, discernable by spectral count-based methods (Roth et al., 2006),
ABE/SILAM allows significant change in the 5–10% range to be reliably detected. While
ABE/SILAM should prove useful for analyzing other diseases where dysregulated
palmitoylation is implicated (Cheng et al., 2009; Mansouri et al., 2005; Mizumaru et al.,
2009; Mukai et al., 2008; Raymond et al., 2007; Tarpey et al., 2009; Vetrivel et al., 2009), it
also may prove valuable even when palmitoylation is not directly involved. For instance, we
have seen that the proteins showing the biggest palmitoyl-proteomic changes, e.g. Flot1 and
Flot2 in Hip14-gt brain, and CA II and GS in YAC128 brain, also show correlated
expression-level change. In theory, this change also could have been detected by a whole
proteome SILAM analysis, omitting the cumbersome ABE purification steps. A big
advantage of including the ABE purification, however, is that it focuses the analysis on just
a limited set of functionally important proteins. MS-based proteomic analyses tend to be
dominated by the most abundant sample proteins, with abundant housekeeping functions
often obscuring interesting regulatory proteins, typically present at lower stoichiometries.
By purifying the palmitoyl-proteome, ABE focuses the analysis on a much smaller set of
proteins, with an outsized regulatory role. Indeed, the neural palmitoyl-proteome includes
many of the well-known synaptic regulators (e.g. receptors, G proteins, scaffolds, and
SNAREs), many of the ion channels that serve to initiate and propagate the nerve impulse,
as well as many of the transmembrane proteins, mediating the cell-cell adhesions that wire
the neuronal circuitry (Kang et al., 2008). Glial cell regulators, as the present work
highlights, also are well represented. Overall, ABE/SILAM provides a look at neurological
disease that is both detailed and broad.

YAC128 Palmitoyl-Proteome Change
The two proteins showing the most pronounced change in the YAC128 palmitoyl-proteome
are CA II and GS, being reduced by 42% and 29%, respectively (Table 3). Both also show
correlated expression-level reductions (Fig. 4A). As only small subpopulations of both
enzymes appear to be palmitoylated (Fig. 3B), it is likely that expression-level change and
not dysregulated palmitoylation is mainly responsible for the reduced ABE/SILAM
detection. Indeed, reduced expression for both proteins has been previously documented in
profiling analysis of other HD mouse models (Deschepper et al., 2011; Hodges et al., 2008;
Kuhn et al., 2007; Luthi-Carter et al., 2000). Neither enzyme has yet been well studied
within the HD disease process context. Both could well play important roles. As discussed
below, reduced GS activity would be expected to elevate brain glutamate levels, enhancing
excitotoxicity potential. CA II is the most abundant brain carbonic anhydrase, being
predominantly expressed in oligodendrocytes and astrocytes, where it likely participates in
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the excretion of the large amounts of CO2 waste produced by the high neuronal respiratory
rate. CO2 diffuses across out of neurons and into glial cells, where it is trapped by its CA II-
mediated conversion into the ionic HCO3

−, allowing for vectorial excretion to the
circulatory system, likely by astrocytic bicarbonate transporters. Proper CO2 removal,
obviously, is important to avoid toxic acidification. In humans, CA II-deficiency results in
marble brain syndrome, a mental retardation that is part of wider syndrome that includes
non-neural symptoms, such as osteopetrosis and impaired kidney function (Sly et al., 1983).
The substantial brainwide reduction in CA-II, reported here, could easily play a major role
in the HD disease process.

The GLT-1 (Slc1a2) glutamate transporter has been previously identified as a potential
player in HD pathogenesis, showing reduced function and expression both in mouse HD
models and in human HD (Arzberger et al., 1997; Behrens et al., 2002; Estrada-Sanchez et
al., 2009; Hassel et al., 2008; Huang et al., 2010; Lievens et al., 2001; Nicniocaill et al.,
2001). Indeed, we have previously reported reduced palmitoylation and transporter function
for GLT-1 in YAC128 brain (Huang et al., 2010). Here, in addition to GLT-1, we also find
significant reductions for two other key players in the astrocyte’s glutamate retrieval
mechanism, these being GLAST (Slc1a3), a second astrocyte glutamate transporter that also
participates in glutamate re-uptake from the synapse, and the astrocytic enzyme GS, which
acts downstream of the transporters to convert the internalized glutamate into glutamine.
Reduced function of any of these proteins would be expected to contribute to excitotoxic
stress. The co-reduction of all three together, as we find here in YAC128 brain, provides
strong support for excitotoxic models of HD pathogenesis.

Glial-Specific Change – Cause or Effect?
What is to be drawn from the preponderance of astrocytic and oligodendrocytic proteins
among our top YAC128 hits (Table 3)? Distinguishing the causal change that drives the
disease process from change that may be induced in response to the initial injury generally is
difficult in profiling analyses like the present one. Both types of change may be
therapeutically relevant. Interruption of the causal chain provides an obvious therapeutic
strategy. On the other hand, secondary change often is part of the body’s natural
ameliorative response. Thus, inducing or augmenting these secondary changes presents a
second therapeutic path. The glial change identified here could well be secondary. Indeed,
reactive gliosis, a process that involves proliferation, migration, and reprogramming of
astrocytes, is a well-known neural response to brain injury (Allaman et al., 2011). Reactive
gliosis can be induced either by trauma or by neurodegenerative injury and is well
documented in HD (Vonsattel et al., 1985). However, down-regulation of the glutamate-
glutamine pathway as is reported here, generally is not part of the gliotic response
(Sofroniew, 2009). Nevertheless, such changes could well be part of the HD-specific
response to mHTT-induced injury. Alternatively, some of the identified glial change could
be causal. HD is a neurodegenerative disease and its disease symptomology is best
understood as resulting from neuronal cell death. Thus, over the years, it has made most
sense to look within the neuron for the disease origins. However, neuronal cell death can
also be the result of reduced glial support. Interestingly, transgenic mice, engineered to
express mHTT exclusively within astrocytes, recapitulate key HD pathologies (Bradford et
al., 2009), while mice engineered to express mHTT in discrete neuronal populations,
including within striatal medium spiny neurons (MSNs), surprisingly, do not manifest HD-
like phenotypes (Gu et al., 2007; Gu et al., 2005). Thus, impaired glial cell support could
well be a major disease driver. In conclusion, our analysis lends further credence to models
that see mHTT-induced glial dysfunction as being a major contributor to HD pathogenesis.
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EXPERIMENTAL PROCEDURES
ABE/SILAM Proteomic Analysis

The two ABE/SILAM analyses of this report compared brain palmitoyl-proteomes for 3
month-old Hip14-gt mice to their WT littermates (non-transgenic siblings) and 12 month-old
YAC128 mice to their WT littermates. These mutant and WT mice were raised on standard
mouse chow and thus are, in effect, 14N-labeled. To generate these comparisons,
palmitoylation in the individual mutant and WT test mouse brain were first compared to
palmitoylation in the 15N-labeled reference mouse brain, these mice being wild-type C57Bl/
6 mice raised on a diet for which the protein component was comprised exclusively of
pelletized, 15N-labeled Spirulina algae. For these first level comparisons, palmitoyl-proteins
were prepared by ABE purification from a 1:1 mixing of whole brain homogenates from the
individual mutant and WT14N-test mice each with 15N-reference mouse homogenate.
Details of the ABE protocol, which effects the exchange of thioester-linked acyl moieties for
biotin tags and then purifies the tagged palmitoyl-proteins via streptavidin-agarose binding,
are provided in the Supplemental Experimental Procedures. These ABE-purified, N14/N15-
samples were then prepared for mass spectrometry by TCEP reduction, iodoacetamide
alkylation, and overnight trypsinization. Samples were analyzed by MuDPIT (LC/LC/MS/
MS) on a LTQ Orbitrap XL instrument (Thermo Finnigan, Palo Alto, CA) (for details, see
Supplemental Experimental Procedures). Tandem mass spectra were searched against a
combined light (14N) and heavy (15N) versions of the EBI-IPI mouse protein database
(EBI-IPI_mouse_01-01-09), with each identified peptide being subsequently matched to
either its heavy or light counterpart peptide by Census, a software suite designed for
quantitative analysis of MS/MS data from stable isotope-labeled samples (Park et al., 2008).
In brief, for each identified 14N- or 15N-peptide, Census constructs a chromatogram from
the MS1 data and then, based on the predicted 14N- and 15N-peptide mass differences, finds
the MS1 peak for the counterpart peptide. A comparison of 14N- and 15N-peak volumes
yields a 14N/15N-ratio for each identified peptide, essentially a datapoint reporting on the
relative abundance of the associated palmitoyl-protein in test and reference brain. Abundant
palmitoyl-proteins typically are identified by multiple peptides per MS/MS run, thus,
multiple datapoints. As described above (Results section), our analysis has largely focused
on the ~300 palmitoyl-proteins, identified, on average, by five or more quantifiable peptides
per MS/MS run. The comparison of interest, the comparison of individual palmitoyl-protein
abundance levels within the mutant palmitoyl-proteome to levels within the isogenic WT
palmitoyl-proteomes, is then derived via a ratio of ratios of approach, which compares the
median 14N/15N-peptide ratio from mixed 14N/15N-mutant samples to the median ratio
derived from the WT sample. For the Hip14-gt analysis, a total of eight samples were
analyzed, four 14N/15N samples analyzed each for Hip14-gt and for WT littermate mice,
corresponding to three individual mice plus one technical replicate for each genotype. The
YAC128 relied on the analysis of four YAC128 brains and two WT littermate brains.

Data sharing—RAW files and complete parameter files will be publically available at
http://fields.scripps.edu/published/ABE_SILAM upon publication.

Antibodies and Immunoblot Quantification
See Supplemental Experimental Procedures.

Analysis of Substrate Specificity in Yeast
For this analysis, which assessed the palmitoylation activity of two mammalian DHHC
PATs, HIP14 and DHHC5, against several potential mammalian substrates, namely Snap25,
Flot1, and Flot2, cDNAs both for the PATs and for the substrate proteins were subcloned as
epitope-tagged constructs into appropriate yeast expression vectors, allowing their co-
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expression in yeast cells. Substrate protein palmitoylation was assessed via a click-labeling
protocol (Charron et al., 2009; Roth et al., 2011), for which cultured, co-expressing yeast
cells were metabolically labeled with the alkynated palmitate analog, 17-octadecynoic acid
(ODYA; Cayman Chemical Corp.; Ann Arbor, MI). Subsequently, extracts were prepared,
allowing PAT and substrate proteins to be purified by immune-precipitation and then click-
reacted with Alexa Fluor 647 Azide (Life Technologies; Grand Island, NY). Palmitoylation
then was assessed by SDS-PAGE followed by fluorography. Details of both the plasmid
constructions and the click labeling are provided within the Supplemental Experimental
Procedures.

Acyl-RAC-Based Analysis and Palmitoylation Stoichiometry
As detailed within the Supplemental Experimental Procedures, a modified acyl-RAC
protocol (Forrester et al., 2011) was used both to confirm palmitoylation several proteins
identified by the ABE/SILAM analysis and to examine fractional palmitoylation status for
selected individual proteins. The starting points for both analyses were whole brain
homogenates deriving from 3 month-old wild-type mice, i.e. the f1 progeny from a C3H x
C57Bl/6 cross.

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

• ABE/SILAM proteomically tracks brain palmitoylation change.

• ABE/SILAM provides a broad and accurate survey of the palmitoyl-proteome.

• Disease-induced changes in a mouse model of Huntington Disease were
analyzed.

• Major hits include carbonic anhydrase-II and regulators of glutamatergic
excitotoxicity.
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SIGNIFICANCE

ABE/SILAM tracks palmitoylation change within the whole animal, providing broad and
accurate looks, able to discern subtle change in the 5–10% range. With the emerging
connections that now link dysregulated palmitoylation to neurological disease and
cancer, this approach should help identify the key palmitoylation-dependent targets and
pathways that drive the disease process. Furthermore, as drugs are developed to modify
disease course through inhibition either of the individual palmitoyl transferases that add
these modifications or the thioesterases that remove them, ABE/SILAM will provide a
way of assessing drug actions in vivo. Here, the first ABE/SILAM applications to mouse
models of HD highlight both the power and limitations of this approach. Intriguingly,
much of the change identified in the HD model mouse YAC128 maps to glial-specific
palmitoyl-proteins, with major reductions seen for carbonic anhydrase-II, an enzyme
which helps rid the brain of its otherwise toxic CO2 waste, and also for three well-known
regulators of glutamatergic excitotoxicity, these being glutamine synthetase and the
GLT-1 and GLAST glutamate transporters.
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FIGURE 1.
Example data for flottilin-1 (Flot1) from the ABE/SILAM analysis of palmitoylation in
Hip14-gt and WT littermate brains. (A) Example chromatograms are shown for two Flot1
peptides from a 14N/15N-WT sample run (at left) and from a 14N/15N-Hip14-gt sample run
(at right). Each chromatogram compares the abundance of the 14N-test peptide (red trace)
deriving from either the WT littermate (at left) or Hip14-gt animal (at right) to the
corresponding 15N-reference peptide (black trace). The ratio of the peak volumes for the
test and reference peptides is reported below. (B) Graphical summary of the ABE/SILAM
peptide data for Flot1, for the eight MS/MS runs that comprise the Hip14-gt analysis. For
the two test genotypes analyzed, i.e. Hip14-gt and WT littermate, four mixed 14N/15N-ABE
samples were prepared from three mice (m1, m2, and m3) plus one technical replicate (m1-
t2). 14N/15N-peak ratios are reported for each Flot1 peptide, identified from each MS/MS
run are reported. At right, the data aggregated from the four component MS/MS runs is
shown with the median value and standard deviation indicated (***, P = 4 × 10−12). See
related Figure S1.
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FIGURE 2.
Flot1 and Flot2 expression levels and DHHC PAT specificities. (A) Quantitative
immunoblotting was used to analyze expression-level change in Hip14-gt and WT brains for
carbonic anhydrase II (CA II), flotillin 1 (Flot1), flotillin 2 (Flot2), and glutamine synthetase
(GS). Whole brain homogenates from Hip14-gt and WT animals were analyzed by
immunoblotting with specific antibodies. SNAP-25 was used as the normalization control.
Example immunoblots are shown at left and quantified results represented as means +/− SD
are shown at right (n = 3, * P = 0.01, ** P = 0.003). (B) Analysis of HIP14- and DHHC5-
mediated palmitoylation of Flot1 and Flot2 in yeast. Yeast cells were co-transformed with
two plasmids, a plasmid that drives constitutive expression of a DHHC PAT (HIP14,
DHHC5, or empty vector control) and a plasmid for GAL1 promoter-inducible expression of
the test substrate protein (SNAP-25, Flot1, or Flot2). Palmitoylation was assessed using a
click chemistry-based approach in the expressing yeast cells were metabolically labeled with
the alkynated palmitate analog ODYA (see Experimental Procedures). Substrate and enzyme
proteins, anti-FLAG immune precipitated from protein extracts, were click-reacted with
azido-Alexa647 allowing fluorographic detection. Anti-HA immunoblotting was used to
monitor the levels of these proteins both within the immune precipitation (at left) and within
the initial protein extracts (at right). See related Figure S3.
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FIGURE 3.
Analysis of carbonic anhydrase II (CA II) and glutamine synthetase (GS) palmitoylation.
(A) CA II and GS both show hydroxylamine-dependent ABE purification indicative of
palmitoylation. WT mouse brain homogenates were processed through parallel acyl-RAC
purifications, either in the presence or absence of hydroxylamine (HAm). The two purified
samples were blotted with antibodies specific to the two proteins (“palm.”). (B) Fractional
palmitoylation was assessed by thiol-Sepharose-mediated depletion of indicated proteins,
following acyl-RAC work-up of WT whole brain homogenates. As for panel A,
homogenates were processed through parallel plus- and minus-HAm protocols, with the
portion of the samples that failed to bind to the thiol-Sepharose (unbound) being compared
to the starting homogenate (total) by immunoblotting with the indicated specific antibodies.
See related Figure S4.
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FIGURE 4.
Carbonic anhydrase II (CA II) and glutamine synthetase (GS) expression level changes (A)
Expression-level analysis of CA II and GS in 12 month-old YAC128 and WT littermate
whole brain homogenates. An immunoblot analysis identical to that in Fig. 1C was
employed (WT, n=2; YAC128, n=4). (B) Brain distribution of CA II and GS expression
reductions. Homogenates from striatum, cortex and cerebellum dissected from five 15
month-old YAC128 and WT littermate brains were subjected to quantitative immunoblot
analysis. Results are depicted as means +/− SD. Significance: * P < 0.05, ** P < 0.01, *** P
< 0.001.
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FIGURE 5.
Correlating the Hip14-gt and YAC128 palmitoylation profiles. (A) Hip14-gt: YAC128
comparison. The thirteen proteins identified with the most significant ABE/SILAM change
in Hip14-gt relative to WT littermates (from Table 1; red bars) were analyzed for change in
YAC128 brain relative to its WT littermates (blue bars are indicative of significant change,
while light blue bars indicate non-significant change). Significance levels: *P < 0.05, **P <
0.01, ***P < 0.001. Proteins are denoted by gene symbol, except for CA II (Car2; carbonic
anhydrase II) and GS (Glul; glutamine synthetase). (B) YAC128:Hip14-gt comparison. The
ten proteins identified with the most significant ABE/SILAM change in YAC128 (Table 2;
blue bars) were analyzed for change in Hip14-gt (red bars for significant change, while
change denoted by light red bars does not pass the significance threshold). Note that the
change reported for each protein is change in mutant ABE palmitoyl-proteome levels
relative to that derived from isogenic, age-matched WT littermates.
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Table 2
ABE/SILAM data for proteins identified by prior work to be likely HIP14 palmitoylation
substrates

(Huang et al., 2009; Huang et al., 2004; Ohyama et al., 2007).

Gene Symbol Description Hip14-gt Change YAC128 Change

Dnajc5 Cysteine string protein (CSP); may be involved in Ca2+-dependent
neurotransmitter release

−8%*** −7% (ns)

Syt1 Synaptotagmin 1; synaptic vesicle integral membrane protein; may be Ca2+ sensor
for vesicle release.

−6%*** −1% (ns)

Snap25 SNAP-25; neuronal SNARE protein that acts together with Vamp2 and Stx1 to
effect synaptic vesicle release. −5%* −7%*

Dlg4 PSD-95; SAP-90; MAGK scaffolding protein that clusters NMDA glutamate
receptors at synapse. −5% (ns) −13%*

Gad2 GAD-65; glutamate decarboxylase 2; GABA neurotransmitter biosynthesis;
tethers to GABA-containing synaptic vesicles. +2% (ns) +2% (ns)

Gap43 GAP-43; may play a role in neurite outgrowth and nerve regeneration. +7% (ns) +12% (ns)

Htt Huntingtin; disease protein of HD. not detected not detected

Lck Lymphocyte-specific protein tyrosine kinase not detected not detected

The change detected in Hip14-gt brain palmitoyl-proteome relative to WT brain palmitoyl-proteome is reported (Significance levels: * P < 0.05; **
P < 0.01; *** P < 0.001). See Figure S2 for graphical depictions of the peptide-level data for the proteins of this table.
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