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Abstract
Classical late neuronal ceroid lipofuscinosis (LINCL) is a fatal neurodegenerative disease of children
caused by mutations in TPP1, the gene encoding the lysosomal protease tripeptidyl peptidase 1.
LINCL is characterized by lysosomal accumulation of storage material of which only a single protein
component, subunit c of mitochondrial ATP synthase, has been well established to date. Identification
of other protein constituents of the storage material could provide useful insights into the
pathophysiology of disease and the natural substrates for TPP1. We have therefore initiated a
proteomic analysis of storage material in brain from a LINCL mouse model. One protein, glial
fibrillary acidic protein (GFAP), was found to be elevated in the LINCL mice compared to normal
controls in both isolated storage bodies and a lysosome-enriched subcellular fraction that contains
storage material. To determine whether GFAP accumulates within the lysosome in LINCL, we
examined its intracellular distribution using subcellular fractionation and morphological methods.
These experiments demonstrate that GFAP is not a component of the storage material in LINCL,
suggesting that reports of GFAP storage in other NCLs may need to be reexamined. A number of
other proteins were elevated in the storage material and/or lysosome-enriched fraction from the
LINCL mice but it remains unclear whether these proteins are true constituents of the storage material
or, like GFAP, if they associate with this material upon purification.
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INTRODUCTION
The neuronal ceroid lipofuscinoses (NCLs) are a group of hereditary neurodegenerative
diseases that primarily affect children and adolescents [1]. Originally classified by age of onset
and subcellular pathology, the identification of defects in multiple genes that can lead to NCL
now allows for definitive diagnosis at the genetic level. To date, mutations in 8 different genes
have been associated with the NCLs (reviewed in [2,3]): congenital NCL caused by defects in
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cathepsin D; infantile NCL (INCL) caused by defects in palmitoyl protein thioesterase 1;
classical late infantile NCL (LINCL) caused by defects in tripeptidyl peptidase 1 (TPP1);
variant late infantile NCLs caused by defects in either of the CLN5, CLN6 or CLN8 proteins
or the major facilitator superfamily domain-containing protein-8 (CLN7); and juvenile NCL
(JNCL) caused by defects in the CLN3 protein. There are also individuals with adult onset
NCLs that may represent attenuated forms of other NCLs or lysosomal storage diseases [4,5],
or which may have a genetically distinct but unknown basis.

The different forms of NCL share clinical characteristics with a progressive course that includes
visual loss, seizures, mental retardation, movement disorders and shortened life span. Most of
these symptoms reflect CNS involvement and there is a significant loss of neurons as well as
astrocyte activation and gliosis accompanying neurodegeneration [6]. At the cellular level,
NCLs are characterized by lysosomal accumulation of storage material, loosely termed ceroid
lipofuscin, that is detectable using a wide range of excitation and emission wavelengths when
viewed using a fluorescent microscope. When visualized by electron microscopy, the storage
material exhibits characteristics that may be indicative of the particular disease: for example,
granular osmiophilic deposits are found in INCL, curvilinear inclusions in LINCL and
fingerprint profiles in JNCL (reviewed in [1]).

The precise composition of the NCL storage material is not clear but, based on biochemical
analysis of “storage bodies” (insoluble material prepared by centrifugation), it does appear to
consist mostly of protein [7]. The autofluorescence observed by microscopy is likely due to
protein stacking rather than the presence of a stored fluorophore [8]. Analysis of a sheep NCL
model linked to CLN6 [9,10] revealed that a major component of the storage material is subunit
c of mitochondrial ATP synthase (SCMAS) [11]. This small, highly hydrophobic protein was
subsequently identified to be a major component of storage material in LINCL and most other
NCLs except INCL and congenital ovine NCL [7,11-14]. SCMAS also accumulates within
lysosomes in a mouse model of mucopolysaccharidosis III B [15], a lysosomal storage disorder
caused by mutations in the gene encoding alpha-N-acetylglucosaminidase that is not classified
as an NCL, and has also been reported to accumulate in other lysosomal storage diseases
[16,17]. The widespread presence of SCMAS storage in multiple genetically-distinct diseases
strongly suggests that in some cases its accumulation may be a secondary response to lysosomal
dysfunction. However, the possibility that the missing gene products in these diseases,
including TPP1 in LINCL, directly participate in the degradation of SCMAS cannot be
discounted [18].

Lysosomal storage of several other proteins has also been reported in some NCLs. In INCL
and congenital ovine NCL, the hydrophobic saposins A and D are a major protein component
of storage material [19,20]. The basis for their accumulation in these disorders is not clear, but
saposins are endogenous lysosomal proteins that are upregulated in multiple lysosomal storage
disorders [21]. In addition, in a recent study of an affected Tibetan terrier of unknown genetic
etiology that represents an adult-onset NCL model, glial fibrillary acidic protein (GFAP) and
histone H4 were reported to specifically accumulate within isolated storage bodies [22].

For lysosomal diseases in general, understanding the composition of the storage material can
provide valuable insights into the physiopathology of disease and may reveal possible targets
for therapeutic intervention. For LINCL, despite extensive characterization of the in vitro
substrate specificity of TPP1 [23], little is known about the physiological substrates for the
enzyme or, other than SCMAS, the composition of proteins and peptides that might be stored.
In this study, we have used standard proteomics/mass-spectrometric methods to investigate
storage material present in the brain of a mouse LINCL model. We find that a number of
potential protein constituents including GFAP are elevated. However, further analyses clearly
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demonstrate that GFAP is not located within the lysosome but instead appears to adventitiously
associate with lysosomes and storage bodies during isolation.

MATERIALS AND METHODS
Animals

All experiments and procedures involving live animals were conducted in compliance with
approved Institutional Animal Care and Use Committee protocols. The Tpp1-targeted LINCL
mouse, designated Tpp1−/−, contains ~0.2% residual TPP1 activity. The Npc2-targeted mouse,
designated Npc2−/−, is also a hypomorph and contains <5% residual NPC2 protein. Both have
been described previously [24,25] and were used to create a Tpp1−/−, Npc2−/− double mutant.
All mice were in a 129/SvEv strain background.

Isolation of storage bodies
Storage bodies were isolated from mouse brains using a protocol based upon a previously
described method [26]. Briefly, 16 week old mice were euthanized with a sodium pentobarbital/
sodium phenytoin mixture (Euthasol, Delmarva Laboratories, Inc., Midlothian, VA) and
saline-perfused by intracardiac puncture. Brains were removed and disrupted in 10 volumes
of deionized water using a Polytron Homogenizer (Brinkman, Westburg, NY). This and
subsequent procedures were conducted at 0-4°C. The homogenate was sonicated for 1 minute
and filtered through glass wool. Solid CsCl was added to a final density of 1.18g/ml then the
homogenate was centrifuged for 1hr at 48,000 × g. The pellet containing storage bodies was
washed twice by resuspension in deionized water and centrifugation for 15min at 48,000 × g.
The pellet was collected and stored at −80°C before further analysis.

Subcellular fractionation
Mice were fasted overnight, then killed and perfused as described above. Brains were removed,
immersed in 2-3 volumes of ice-cold 0.25M sucrose, and homogenized by three passes of a
motor-driven Potter device (1500rpm). All subsequent procedures were conducted at 4°C.
Subcellular organelles were fractionated by differential centrifugation using minor
modifications [27] of classical methods [28]. Sucrose density gradient centrifugation was
conducted by bottom loading of a combined ML fraction (see Results) as described previously
[27].

Mass spectrometry
Protein samples from storage bodies and ML fractions were prepared for mass spectrometry
by in-gel reduction, alkylation and trypsin digestion [29]. Digests were analyzed by nanospray
LC-MS/MS using an LTQ linear ion trap mass spectrometer (Thermo Electron, San Jose, CA)
as described [30]. Peak lists were generated [30] and used to search the NCBI m37 ENSEMBL
49.37b build of the mouse proteome using the X!Tandem module of GPM-XE Manager version
2.2.1 [31] with published parameters [4]. Relative protein abundance was estimated by spectral
counting [32] using duplicate LC-MS/MS runs for each storage body sample (individual
preparations from two controls and two Tpp1−/− animals) and duplicate LC-MS/MS runs for
each ML sample (one control and one Tpp1−/− animal).. Spectral counts from a given sample
type were summed and statistical analysis performed using R version 2.8.0
(http://www.r-project.org/) as described previously [33].

Western blotting
Whole mouse brain homogenates were prepared from thawed frozen tissue at 4°C using a
Polytron (see above) in 0.15M NaCl containing 0.1% Triton X-100. Homogenates and
subcellular fraction samples were separated by SDS-PAGE and transferred to PVDF. SCMAS
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was detected using a rabbit polyclonal antibody (generously provided by Dr. E.F. Neufeld
[15] with a HRP-goat anti-rabbit IgG (cat # A8275; Sigma, St. Louis, MO). GFAP was detected
using a mouse monoclonal antibody (cat # G3893; Sigma) with a HRP-goat anti-mouse IgG
(cat # A2304; Sigma). Signals were visualized using the Super-Signal West Pico
chemiluminescent system (Pierce Biotechnology, Inc., Rockford, IL).

Enzyme assays
β-galactosidase and cytochrome c oxidase were measured as described previously [34]. Protein
levels were measured using the Advanced Protein Assay reagent (Cytoskeleton Inc., Denver,
CO).

Confocal microscopy
Mice were euthanized as above, perfused with saline followed by 4% paraformaldehyde, and
brains fixed overnight in 4% paraformaldehyde. Brains were embedded in Shandon M-1
Embedding Matrix (Thermo Fisher Scientific Inc., Waltham, MA) and used to prepare 10 μm
sagittal cryosections. SCMAS and GFAP were analyzed using the primary antibodies used for
western blotting (see above). Mannose 6-phosphorylated glycoproteins (M6PGPs) were
analyzed using a biotinylated cation-independent mannose 6-phosphate receptor derivative as
described previously [35]. Primary reagents were visualized with Alexafluor conjugated goat
anti-rabbit antibodies, goat anti-mouse antibodies or streptavidin (Invitrogen).

Fluorescence images were obtained using a confocal laser-scanning microscope (LSM510;
Carl Zeiss, Jena, Germany). For images shown in Fig. 4, conditions were used to maximize
and minimize autofluoresence signal in the green channel and red channels, respectively. The
green channel represents data acquired using the 488nm laser line and a longpass emission
filter (515 nm and above). The red channel represents data acquired using the 568nm laser line
and a 590-610nm narrow bandpass emission filter to visualize Alexafluor 568 conjugated
secondary antibodies or Alexafluor 555 conjugated strepavidin. For images shown in Fig. 5,
conditions were chosen to maximize specific staining and minimize contribution of
autofluorescence to both the red and green channels. Here, the green channel represents data
acquired using the 488nm laser line and a 515-540nm bandpass emission filter to visualize
AlexaFluor 488 conjugated reagents (secondary antibodies or streptavidin) while the red
channel was as described above.

RESULTS
Proteomic analysis of LINCL storage material

Our initial aim was to identify protein components of the storage material in LINCL. The
approach was to prepare tryptic digests of fractions enriched in storage material from
Tpp1−/−mouse brain and to identify peptides using mass spectrometric methods. Two different
fractionation procedures were used. One procedure, the direct isolation of storage bodies from
a sonicated whole brain homogenate [26], would be expected to yield protein aggregates that
remain insoluble in aqueous solution in the absence of detergent. The other procedure,
differential centrifugation to prepare an “ML” fraction (see below) enriched in lysosomes,
would be expected to yield both insoluble and soluble storage material as well as a variety of
resident proteins from lysosomes and other organelles. In addition, we conducted a parallel
analysis on material derived from wild type mouse brain, with the expectation that peptides
derived from storage material would be elevated in the Tpp1−/− samples compared to controls.
A total of 630 proteins were confidently assigned when all data (i.e., storage body samples and
ML fractions from control and Tpp1−/− mouse brains) were searched together in a “Mudpit”
analysis (Supplemental Table 1).
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A total of 596 proteins were confidently identified in the Tpp1−/− samples, 346 being found in
both the ML fraction and storage samples, 135 being only detected in the ML fraction, and 115
only in the storage body samples (Supplemental Table 2). When using spectral counting to
estimate relative protein abundance, a total of 15 proteins were found to be significantly
elevated in the LINCL mouse model samples compared to controls (Table 1 and Supplemental
Tables 2 and 3). Of these, only a single protein, glial fibrillary acidic protein (GFAP) was found
to be elevated in both the ML fraction and isolated storage bodies.

Elevation of GFAP in LINCL
A previous study reported that GFAP was abundant in storage body preparations from a dog
model of adult-onset NCL and concluded that it represents a component of the storage material
[22]. At first glance, our observations would be consistent with this finding. However, GFAP
levels are frequently increased in neurodegenerative diseases, reflecting astrocyte activation
and gliosis, thus another possibility is that this protein is simply a contaminant in the ML
fraction and storage body samples from the LINCL mouse. To distinguish between these
possibilities, we examined the cellular and subcellular distribution of GFAP in LINCL mouse
brain.

Immunohistochemical analysis of LINCL mouse brain reveals robust GFAP staining
throughout the brain of older mice [36] (also see below and data not shown). Here, increased
levels of GFAP were demonstrated in whole brain homogenates by western blotting (Fig. 1,
upper panel). In addition, a known component of the storage material, SCMAS, was also found
to be increased in the LINCL mouse model (Fig. 1, lower panel).

Subcellular localization of GFAP in LINCL
If the increased levels of GFAP in LINCL reflect lysosomal storage then it should be found
within lysosomes in addition to its normal location within the cytoplasm. To investigate the
cellular localization of GFAP, we used classical methods for subcellular fractionation,
comparing the distribution of GFAP with that of markers for cellular organelles. As a first step,
we used differential centrifugation to fractionate the homogenate into 4 fractions: N, composed
primarily of the nucleus, unbroken cells, and large networks and aggregates; ML, the combined
heavy and light mitochondrial fraction enriched in mitochondria, lysosomes, and peroxisomes;
P, the microsomal fraction enriched in endoplasmic reticulum, plasma membrane and Golgi;
and S, the high speed supernatant containing cytosol and the soluble contents of ruptured
organelles.

The only well-established storage marker in LINCL is SCMAS. This is normally a resident
mitochondrial inner membrane protein but a substantial fraction of SCMAS accumulates within
lysosomes in LINCL due to impaired lysosomal digestion following normal autophagic
turnover of mitochondria [37]. As expected, SCMAS is found predominantly in the ML
fractions in both Tpp1+/+ and Tpp1−/− mouse brain, consistent with its normal localization in
mitochondria as well as its accumulation in lysosomes in LINCL. Although GFAP was found
in significantly higher amounts in the TPP1-deficient sample, the overall distribution in the
differential centrifugation fractions was similar to that of control (Fig 2, lower blot), with most
of the GFAP being found in the N and S fractions. This is consistent with the existence of two
forms of GFAP, an insoluble fibrillar form which is a component of the cytoskeleton and which
sediments in the N fraction, and a soluble form that remains in the S fraction following high
speed centrifugation [38]. While the ML fraction from Tpp1−/− mouse brain contains more
GFAP than the wild-type control, the amount is still very low compared to levels in the N and
S fractions and there is no evidence for specific accumulation.
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While there was very little GFAP in the ML fraction, we could not exclude the possibility that
a small amount accumulated in lysosomes. To further investigate the organellar association of
GFAP within mouse brain ML fractions, we exploited the finding that deficiencies in NPC2,
a resident lysosomal protein that binds cholesterol, result in an accumulation of lipids that alters
the density of the lysosomes but not of other organelles [27]. This allows lysosomes to be
readily distinguished from mitochondria and other cellular components after density gradient
centrifugation. In preliminary experiments, the NPC2 deficiency was found to have no effect
on the levels of SCMAS in wild-type and LINCL mice as determined by immunoblotting of
differential centrifugation fractions (data not shown).

Sucrose density gradient centrifugation of ML fractions from Npc2−/−,Tpp1+/+ and
Npc2−/−,Tpp1−/− mice are shown in Fig. 3 and profiles for mitochondria and lysosomes are
determined by measurement of specific marker activities. Lysosomes are enriched in the
fractions of lower density (~1.09-1.13g/ml) while mitochondria resolve to the higher density
fractions (~1.15-1.20g/ml). Previous studies [27] indicate that NPC2-deficient lysosomes are
well resolved from other cellular components (e.g., peroxisomes, endoplasmic reticulum,
synaptic vesicles and plasma membrane) that are also located in the higher density fractions.

Western blotting for SCMAS was performed on the sucrose density gradient fractions to
determine its subcellular localization (Fig. 3. upper blots). In the control, SCMAS exclusively
codistributed with the mitochondrial marker and was not detected in the lysosomal fractions,
as expected. In the case of LINCL (Fig. 3), SCMAS was again found in the mitochondrial
fractions but there was additional detectable protein that codistributed with the lysosomal
marker. These data are consistent with the known presence of SCMAS as a component of the
LINCL storage material.

Immunodetection of GFAP across the sucrose density gradient is shown in Fig. 3. While there
was more GFAP present in the LINCL mouse brain gradient compared to the control, the
relative distribution of GFAP was essentially the same in both gradients. Importantly, unlike
SCMAS, GFAP was not detected in the low density lysosomal peak in the LINCL sample
suggesting that GFAP is not stored within lysosomes.

Morphological localization of GFAP in LINCL mouse brain
As a complementary approach, we used immunostaining and confocal microscopy to
investigate whether GFAP is a component of the lysosomal storage material in LINCL mouse
brain. We used both autofluorescence and SCMAS as a marker for storage material. Note that
endogenous mitochondrial SCMAS was not detectable using these experimental conditions as
ascertained by staining of wild type sections (data not shown and [15]). Lysosomal
glycoproteins containing mannose 6-phosphate (M6PGPs) were used as a marker for neuronal
lysosomes [35]. Importantly, experimental conditions were chosen to minimize overlap of
autofluorescence and staining of specific markers.

Autofluorescence of storage material without immunostaining is shown in Fig. 4A. While
essentially no signal was detectable in the wild-type control (data not shown), the LINCL
mouse sample showed perinuclear signal in both the red (Fig. 4A, middle panel) and green
channels (Fig. 4A, left panel). While there is complete overlap, in the merged image (Fig. 4A,
right panel), the signal is predominantly green, reflecting the low relative intensity in the red
channel due to choice of parameters used for image acquisition and display.

Images obtained after probing for a single marker are shown in Fig. 4, Panels B-D. While there
is some section-to-section variation, the signal in the green channel is comparable to that of
Panel A, reflecting similar levels of autofluorescence. In contrast, the signals derived from the
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probes were far stronger than that arising from autofluorescence (compare the red channel in
Fig 4, Panel A with Panels B-D).

Immunostaining for SCMAS clearly demonstrates its expected colocalization with the
autofluorescent storage material (Fig. 4B). GFAP immunostaining reveals the typical
morphology of astrocytes, but there is no evident colocalization with autofluorescent storage
material (Fig. 4C). The morphological marker for neuronal lysosomes, M6PGPs, were detected
in the cytoplasm around the nucleus, and extensively overlap with the autofluorescent storage
material (Fig 4D).

Double-staining experiments provided further evidence that GFAP does not localize to the
storage material in the LINCL mouse model. In these experiments, we used conditions to
minimize autofluorescence signal in both green and red channels, and also used probes in the
green channel that previously were shown to colocalize with autofluorescent storage material
(see Fig. 4). Fig. 5A demonstrates that the extensive SCMAS staining (green) colocalized with
the M6PGPs (red), indicating a lysosomal distribution for the known component of the storage
material. Based on cell morphology, immunostaining for GFAP indicated association with
astrocytes but not neurons and there is no apparent colocalization with either SCMAS or
M6PGPs (Fig. 5B and C). Taken together, these data clearly demonstrate that GFAP is not
localized within the neuronal lysosomes that represent the primary site of storage in the LINCL
mouse brain.

DISCUSSION
This study was initiated to identify potential in vivo substrates for TPP1 that accumulate in a
mouse model of LINCL. To this end, we prepared insoluble storage bodies or an ML differential
centrifugation fraction enriched in storage material from Tpp1−/− brain and analyzed tryptic
digests of both preparations by standard LC-MS/MS proteomic methods. Equivalent samples
from control mouse brains were analyzed in parallel. GFAP was clearly elevated in both the
preparations from the LINCL model as well as in total brain homogenates. However, additional
experiments using both subcellular fractionation and confocal microscopy demonstrated that
very little if any of the GFAP represented lysosomal storage material and it instead appeared
to be an adventitious contaminant of the preparations used for mass spectrometric analysis.

GFAP was previously identified from mass spectrometric analysis of storage bodies prepared
from frozen brain tissue derived from an adult-onset Tibetan terrier NCL dog model [22].
Additional experiments comparing signals from autofluorescence and anti-GFAP indirect
immunofluorescence using conventional fluorescent microscopy indicated considerable GFAP
staining in non-autofluorescent cells with morphology typical of astrocytes. In addition, there
was apparent colocalization of the GFAP signal with autofluorescence in what appeared to be
neurons, leading to the suggestion that GFAP is a component of the storage material in these
cells [22]. The Tibetan terrier NCL model reportedly does not represent a TPP1-deficiency and
thus our results cannot necessarily rule out lysosomal storage of GFAP in this case. However,
given our results and the clear potential for confounding artifacts, it is important to stress the
need for orthogonal approaches to establish whether a component actually is stored in the
lysosome. In particular, there are inherent limitations when using morphological approaches
alone. For instance, even when using appropriate filter sets and controls omitting primary
antibodies, it is possible that a given primary antibody would non-specifically associate with
storage material, or due to accessibility conditions, only detect a small subset of the protein of
interest present in the cell. The latter situation is clearly illustrated here in the case of SCMAS,
where the subset of protein in the storage material can be detected but the larger pool of protein
within the mitochondria is not seen. For such reasons, as stressed by de Duve and others,
following preparative fractionation, analytical fractionation employing quantitative balance
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sheet methods to determine the relative amount of a given protein in different fractions with
reference to the total sample is critical for assigning proteins to a given intracellular location
[39]. With these considerations in mind, it would be of interest to revisit storage in the Tibetan
terrier using additional biochemical and morphological approaches.

Our data indicate that GFAP is not stored in neuronal lysosomes. However, we do find elevated
amounts of GFAP in the storage body samples and ML fractions from Tpp1−/− mouse brain
and the basis for this is unknown. GFAP is the principle component of intermediate filaments
in astrocytes and is synthesized in increased amounts during reactive gliosis accompanying
neurodegeneration in multiple neurodegenerative diseases including NCLs. It is likely that a
small amount of intermediate filaments containing GFAP are entrapped in the storage body
and ML fractions during preparation. This well may have also occurred in the analysis of the
Tibetian terrier model [22]. Indeed, it has been previously reported that GFAP constitutes a
major fraction of the insoluble material in INCL brain autopsy specimens that initially
cosediments with autofluorescent storage material but can be separated from this by further
manipulations [40]. It is worth noting that vimentin, another intermediate filament protein, was
also elevated in the storage body sample from the LINCL mouse, and this may represent the
same phenomenon.

In addition to GFAP, a number of other proteins were also significantly elevated in the
Tpp1−/− storage body samples compared to controls (Table 1). These proteins can be grouped
according to their functions, and most fall into several categories. Many of these proteins are
cytoskeletal/structural (e.g., plectin, GFAP, vimentin, neurofilament light polypeptide and
tubulin beta-2C chain) whereas others are associated with the ubiquitin-proteosome
degradation system (e.g., sequestosome-1, ubiquilin-2, proteasome subunit beta type-3) or heat
stress response (e.g., heat shock cognate 71 kDa protein, DnaJ homolog subfamily B member
6). It is worth noting that some of these proteins have been reported to be elevated in
neurodegenerative disease: for example, sequestosome-1 and ubiquilin-2 accumulate in
neurofibrillary tangles in Alzheimer disease and in Lewy bodies of neurons in Parkinson
disease [41,42]. For most of these proteins, it is unclear whether any of these represent bona
fide constituents of the storage material or if they are simply abundant or “sticky” proteins that
are adventitiously associated with the storage body preparation. For heat shock proteins,
however, there is evidence to indicate that some may be specifically associated with the
lysosome [43]. Thus, further studies are warranted to investigate whether the elevated proteins
identified here represent artifacts or true lysosomal constituents.

Finally, it is important to stress that the failure to detect a given protein using the mass
spectrometric methods employed in our study does not mean that it is not present. For instance,
SCMAS, a known major component of storage material in LINCL, was not identified in this
study despite immunoblotting data to show that it was elevated in the LINCL mouse brain ML
samples (Fig. 2) and storage body preparations (data not shown) used for our LC-MS/MS
analysis. This can be rationalized in that detection of SCMAS and other highly hydrophobic
proteins and peptides are often not seen using the typical trypsin digestion and LC separation
methods used in many proteomics workflows, and that specialized conditions may be required
for their identification [44]. In addition, extremely hydrophilic peptides or polypeptides lacking
tryptic cleavage sites might also escape identification using standard conditions. Future studies
using alternate sample preparation and analytical methods may therefore provide valuable
insights into potential TPP1 substrates accumulating in LINCL.

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

GFAP glial fibrillary acidic protein

NCL neuronal ceroid lipofuscinosis

INCL infantile NCL

JNCL juvenile NCL

LINCL classical late-infantile NCL

TPP1 tripeptidyl peptidase 1

SCMAS subunit c of mitochondrial ATP synthase

LC-MS/MS liquid chromatography tandem mass spectrometry

M6PGPs mannose 6-phosphorylated glycoproteins
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Figure 1. GFAP levels are elevated in LINCL mouse brain
GFAP (upper) and SCMAS (lower) were visualized by western blotting and
chemiluminescence in brain homogenates (5 μg protein per lane) from 13 week-week old mice.
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Figure 2. Distribution of GFAP and SCMAS in wild-type and LINCL mouse brain after differential
centrifugation
Brains from 16 week-old wild type and Tpp1−/− mice were processed as described in Materials
and Methods. Histograms show organellar markers were β-galactosidase (lysosomes) and
cytochrome c oxidase (mitochondria). Western blotting was performed for SCMAS (upper
blots) and GFAP (lower blots) using equivalent proportions of each fraction for the analysis.
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Figure 3. Distribution of GFAP and SCMAS in sucrose density gradients
Mice (8-9 week old) were NPC2-deficient in order to shift the buoyant density of lysosomes
away from that of mitochondria [27]. ML fractions were bottom loaded on sucrose density
gradients and each gradient separated into 12 fractions which were analyzed for a lysosomal
marker (β-galactosidase), a mitochondrial maker (cytochrome c oxidase), SCMAS (upper
blots) and GFAP (lower blots). Note that the amount of SCMAS accumulated in the Tpp1−/−

compared to the Tpp1+/+ sample is less than that shown in Fig. 2. This reflects a difference in
the age of analysis of these mice rather than an effect of the Npc2 genotype: the Npc2−/− mice
have a shortened lifespan compared to Tpp1−/− mice, necessitating use of younger animals for
this analysis.
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Figure 4. Autofluorescence and single-label confocal microscopy
Cerebral cortex from 16-week old mice was examined by confocal microscopy. Left panels
represent the signal in the green channel derived from autofluorescence. Middle panels
represent signal in the red channel derived from autofluoresence alone (Panel A) or
autofluorescence plus labeling for SCMAS (Panel B), GFAP (Panel C) or M6PGPs (Panel D).
Right Panels show the merged images. All images were acquired and displayed using identical
conditions to facilitate comparison and filter sets were chosen to maximize and minimize
autofluorescence signal in the green channel and red channels, respectively (see Materials and
Methods).
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Figure 5. Double-label confocal microscopy
Panel A: SCMAS - green channel, M6PGPs - red channel. Panel B, M6PGPs - green channel,
GFAP - red channel. Panel C; SCMAS - green channel, GFAP - red channel. Conditions were
as described in Materials and Methods.

XU et al. Page 16

Biochem J. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

XU et al. Page 17

Ta
bl

e 
1

Pr
ot

ei
ns

 id
en

tif
ie

d 
in

 st
or

ag
e 

bo
dy

 p
re

pa
ra

tio
ns

 o
r 

M
L

 fr
ac

tio
ns

 th
at

 a
re

 e
le

va
te

d 
in

 th
e 

L
IN

C
L

 m
ou

se
 c

om
pa

re
d 

to
 n

or
m

al
 c

on
tr

ol
s

O
nl

y 
pr

ot
ei

ns
 th

at
 ar

e e
le

va
te

d 
w

ith
 st

at
is

tic
al

 si
gn

ifi
ca

nc
e (

q<
=0

.0
5,

 sh
ad

ed
) i

n 
on

e o
r b

ot
h 

pr
ep

ar
at

io
ns

 ar
e s

ho
w

n.
 R

el
at

iv
e p

ro
te

in
 ab

un
da

nc
e i

s e
xp

re
ss

ed
in

 te
rm

s o
f s

pe
ct

ra
l c

ou
nt

s (
se

e 
M

at
er

ia
ls

 a
nd

 M
et

ho
ds

 a
nd

 S
up

pl
em

en
ta

l T
ab

le
s)

.

M
L

 fr
ac

tio
n

St
or

ag
e 

bo
dy

G
en

e 
id

en
tif

ie
r

Pr
ot

ei
n 

na
m

e
T

PP
1−

/−
T

PP
1+/

+
T

PP
1−

/−
T

PP
1+/

+

EN
SM

U
SG

00
00

00
20

46
0

40
S 

rib
os

om
al

 p
ro

te
in

 S
27

a
1

0
70

11

EN
SM

U
SG

00
00

00
22

03
7

C
lu

st
er

in
5

0
10

0

EN
SM

U
SG

00
00

00
29

13
1

D
na

J h
om

ol
og

 su
bf

am
ily

 B
 m

em
be

r 6
0

0
12

1

EN
SM

U
SG

00
00

00
20

93
2

G
lia

l f
ib

ril
la

ry
 a

ci
di

c 
pr

ot
ei

n
31

2
28

4
14

0

EN
SM

U
SG

00
00

00
15

65
6

H
ea

t s
ho

ck
 c

og
na

te
 7

1 
kD

a 
pr

ot
ei

n
80

74
95

19

EN
SM

U
SG

00
00

00
30

12
0

M
ye

lo
id

 le
uk

em
ia

 fa
ct

or
 2

0
0

11
0

EN
SM

U
SG

00
00

00
22

05
5

N
eu

ro
fil

am
en

t l
ig

ht
 p

ol
yp

ep
tid

e
45

35
17

8
12

2

EN
SM

U
SG

00
00

00
22

56
5

Pl
ec

tin
-1

2
0

22
5

EN
SM

U
SG

00
00

00
69

74
4

Pr
ot

ea
so

m
e 

su
bu

ni
t b

et
a 

ty
pe

-3
0

0
9

0

EN
SM

U
SG

00
00

00
22

32
3

R
ib

on
uc

le
as

e 
U

K
11

4
15

2
0

0

EN
SM

U
SG

00
00

00
15

83
7

Se
qu

es
to

so
m

e-
1

0
0

15
0

EN
SM

U
SG

00
00

00
26

79
7

Sy
nt

ax
in

-b
in

di
ng

 p
ro

te
in

 1
54

69
70

38

EN
SM

U
SG

00
00

00
36

75
2

Tu
bu

lin
 b

et
a-

2C
 c

ha
in

22
7

23
6

35
1

27
3

EN
SM

U
SG

00
00

00
50

14
8

U
bi

qu
ili

n-
2

0
0

14
0

EN
SM

U
SG

00
00

00
26

72
8

V
im

en
tin

1
2

45
17

Biochem J. Author manuscript; available in PMC 2010 June 28.


