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Abstract
Most luminal lysosomal proteins are synthesized as precursors containing mannose 6-phosphate
(Man6-P) and a number of recent studies have conducted affinity purification of Man6-P containing
proteins as a step towards defining the composition of the lysosome. Approximately 60 known
lysosomal proteins have been found in such studies as well as many other Man-6-P glycoproteins,
some of which represent new lysosomal proteins. The latter are of considerable interest from cell-
biological and biomedical perspectives but differentiating between them and other proteins remains
a significant challenge. The aim of this study was to conduct a global analysis of the mammalian
Man6-P glycoproteome, implementing technical and biostatistical methods to aid in the discovery
and validation of lysosomal candidates. We purified Man6-P glycoproteins from 17 individual rat
tissues. To distinguish nonspecific contaminants (i.e. abundant or “sticky” proteins that are not fully
removed during purification) from specifically-purified proteins, we conducted a semi-quantitative
mass spectrometric comparison of protein levels in nonspecific mock eluates versus specific affinity
chromatography eluates to identify those proteins that are specifically purified. We identified 60
known lysosomal proteins, representing nearly all that are currently known to contain Man-6-P. We
also find 136 other proteins that are specifically purified but which are not known to have lysosomal
function. This approach provides a list of candidate lysosomal proteins and also provides insights
into the relative distribution of Man6-P glycoproteins.

Introduction
The lysosome is a eukaryotic organelle that plays a critical role in the degradation and recycling
of cellular macromolecules including proteins, carbohydrates, nucleic acids and lipids. The
catabolic function of the lysosome is conducted by the concerted action of soluble luminal
hydrolases and their accessory proteins, as well as transmembrane proteins that function in
vesicular transport, catalysis and molecular transport1. To date, approximately 60 soluble
lysosomal proteins have been described and this number continues to increase. The number of
lysosomal transmembrane proteins has not been well defined although recent proteomic studies
indicate that they appear to be numerous (see below).

Lysosomes and lysosomal proteins are of considerable biomedical importance as they are
directly involved or have been implicated in numerous human diseases. Defects in lysosomal
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function result in lysosomal storage disorders2 which is a group of over 40 inherited diseases
that are frequently progressive, neurodegenerative and which usually result in decreased life-
span. In addition, alterations in lysosomal function have been implicated in cancer and
metastasis, Alzheimer disease, immune system dysfunction and other widespread human
diseases.

Given these links with human disease, there is considerable interest in defining the scope of
cellular functions for the lysosome and one direction in which this has been recently explored
is in the proteomic characterization of its constituent proteins (reviewed in3). A particular
emphasis of these studies has been in the identification of new lysosomal proteins to better
understand the function of this organelle but also to identify candidates for the defective
proteins in human lysosomal storage diseases of unknown etiology4, 5. Different approaches
have been used in the proteomic characterization of lysosomal proteins and each has inherent
advantages and disadvantages.

Proteomic surveys have been conducted on subcellular fractions enriched for lysosomes by
gradient centrifugation6-8. This approach allows for the identification of both soluble and
transmembrane lysosomal proteins but, because lysosomes cannot be isolated to homogeneity
due to an intrinsic overlap in the density of cellular organelles, enrichment for lysosomal
proteins is relatively modest using such techniques (typically 50- to 100-fold). Thus, proteomic
studies based upon subcellular fractionation alone are prone to false positive errors in terms of
assignment of lysosomal localization. However, as improvements in preparative methods and
statistical analysis of data are implemented, the accuracy of lysosomal assignments from such
studies appears to be increasing8.

An alternative approach that allows for much greater enrichment of the subset of proteins that
reside within the lumen of the lysosome is affinity purification based upon the presence of a
specific carbohydrate modification, mannose 6-phosphate (Man6-P). Man6-P is found on N-
linked glycans of most newly synthesized soluble lysosomal proteins and is recognized by two
Man6-P receptors (MPRs) that direct the vesicular trafficking of lysosomal proteins from the
Golgi to an acidic prelysosomal compartment9. While lysosomal proteins in transit contain the
Man6-P modification, the total amount of any given lysosomal protein in the Man6-P
glycoform is dependent on source, as it may be rapidly removed in some tissue or cell-types
but may persist in others. Thus, depending on the type of sample analyzed, 1 to ∼50% of a
given lysosomal protein may contain Man6-P and such glycoforms can be purified from
complex mixtures using immobilized soluble forms of the MPRs as an affinity purification
reagent10. This approach has been used to investigate the lysosomal proteomes from a number
of sources including cultured cells and tissues10-20. This method allows for considerable
purification factors (e.g. >106–fold when Man6-P glycoproteins were purified from human
plasma17) but there are important limitations. First, while strongly suggestive, the presence of
Man6-P does not always equate with lysosomal localization. Second, differentiating between
true Man6-P glycoproteins and contaminants can represent a significant hurdle. For example,
in any sample purified by affinity chromatography on immobilized MPR, in addition to Man6-
P glycoproteins, there are also proteins that do not contain Man6-P but which instead bind and
copurify with true Man6-P glycoproteins (i.e. specific contaminants) as well as highly abundant
or “sticky” cellular proteins that are not completely removed by affinity chromatography (i.e.
nonspecific contaminants).

While these different approaches to the purification of lysosomal proteins have their own
particular merits, a general limitation of all of the studies conducted to date is that they have
been performed on limited numbers of sources and this could potentially restrict the number
of proteins found. Lysosomes are found in all nucleated cell types and many acid hydrolases
appear to be present in all lysosomes but levels of individual lysosomal proteins vary
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considerably according to cell type and tissue. In addition, some lysosomal proteins are only
expressed in highly-specialized tissues and cell types. For example, granzymes A and B are
lysosomal proteins that play a role in immune function and which appear to be restricted to
cytotoxic T lymphocytes and natural killer cells21. Variations in the distribution of lysosomal
proteins were clearly shown in an analysis of rat tissues demonstrating that the content of Man6-
P glycoproteins varies considerably in both quantitative and qualitative respects10. Similarly,
expression profiling of soluble lysosomal proteins in 45 human tissues based upon the detection
of their respective transcripts (Fig. 1, Panel A; Online Supplementary Material Table 1)
demonstrates some lysosomal proteins to be quite widely distributed (e.g. present in as many
as 44 tissues based on transcript analysis) whereas expression of others is more limited. In
addition, the number of tissues in which transcripts corresponding to each lysosomal protein
are found, increase with the total number of ESTs assigned to each protein (Fig. 1, Panel B).
Tissue distribution may be particularly relevant in the search for new lysosomal proteins which
could potentially have escaped classification as such because of a restricted expression pattern.

In this study, we have surveyed the mammalian Man6-P glycoproteome from 17 individual rat
tissues using methods that allow the micropurification of these proteins from limiting amounts
of sample. We estimated protein abundance in specific versus nonspecific mock affinity
column eluates to help differentiate between Man6-P glycoproteins and nonspecific
contaminants. The combination of a global purification approach with bioinformatic methods
to eliminate nonspecific contaminants has allowed the generation of a database of mammalian
proteins that are specifically purified by MPR affinity chromatography, many of which
represent previously unrecognized candidate lysosomal proteins.

Experimental
Purification of Man6-P glycoproteins

Rat tissues from adult Sprague-Dawley rats that were euthanized using hypobaric CO2 were
obtained from Zivic Laboratories Inc (Pittsburgh, PA). Tissue samples were derived from 2 to
4 animals depending on the size of the particular tissue sample. Affinity purification of Man6-
P glycoproteins was essentially as described10 with a number of modifications to allow a small
scale procedure for limiting amounts of tissue sample. All procedures were conducted at 4 °
C. Tissues were homogenized using a Brinkmann Polytron homogenizer (Westbury, NY) with
20 mm generator in 100 ml phosphate buffered saline (PBS) containing protease and
phosphatase inhibitors (defined as “PBS-I” and comprising PBS containing 5 mM beta-
glycerophosphate and 2.5 mM EDTA, 1 ug/ml pepstatin A, 1 ug/ml leupeptin and 0.25 mM
Pefabloc). Tween-20 was added to a final concentration of 0.2 % and the homogenate was
centrifuged at 40,000 × g for 2 hrs. The resulting supernatant was filtered through Whatman
3MM paper to remove insoluble lipids and other aggregates. Supernatants were loaded
overnight onto 4 ml bed volume columns of sCI-MPR coupled to Affigel 10 at a density of 5
mg/ml 10. Columns were then flow-washed with 30 ml PBS-I containing 0.2 % Tween 20, then
batch washed 4 times with 10 ml PBS-I containing 0.2 % Tween 20 and then 4 times with 10
ml PBS-I without Tween 20. Columns were then flow-washed overnight with 80ml PBS-I and
sequentially batch eluted with: 1) PBS containing 10 mM mannose and 10 mM glucose 6-
phosphate; 2) PBS containing 10 mM Man6-P, and; 3) 0.1 M glycine, pH 2.5. To perform
batch elution, beads were resuspended in 4 ml of each respective elution buffer, incubated for
10 min and allowed to drain by gravity flow. Each elution was then repeated and pooled to
give 8 ml per elution fraction. The volume of the different elutions were each reduced to ∼100
μl using a Centricon YM10 centrifugal concentrator and the protein concentration was
determined22
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Tandem mass spectrometry
For each tissue, a sample of the specific (Man6-P) or nonspecific (mannose and glucose 6-
phosphate) affinity purification eluates was heated for 10 minutes at 60°C in reducing,
denaturing SDS-PAGE sample buffer, then fractionated on precast 10% polyacrylamide gels
(Invitrogen, Carlsbad, CA) until the bromophenol blue dye-front had run ∼ 1 cm into the gel.
Gel slices corresponding to each sample were excised and cut into small pieces, reduced,
alkylated with iodoacetamide and digested with trypsin as described16. Samples were analyzed
by LC-MS/MS using an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) as described previously17. For the Man6-P eluates, typically a portion of each
digest corresponding to 1 μg of starting material was analyzed by LC-MS. This was not possible
for all samples and in some cases less was analyzed and the amount of each sample used for
each LC-MS analysis is shown in Table 1. For each mock eluate, we analyzed the same
proportion (v/v) of the total purified sample that we analyzed for the corresponding specific
eluate. For example, if an LC-MS run was performed on 10% (v/v) of a total purified specific
eluate, then we also analyzed 10% of the mock eluate regardless of the protein concentration
of this sample. Two LC-MS/MS runs were conducted for each elution condition for each tissue
source.

Generation of peak lists
Peak lists were generated from raw data using the TurboSEQUEST module of
BioworksBrowser 3.1 SR1 (Thermo Fisher Scientific). Parameters were: peptide molecular
weight range, 500−5000 Da; threshold intensity of 1000; a precursor mass tolerance of 1.4 m/
z; minimum ion count of 50 and automatic charge state determination.

Database searching
The ENSEMBL rat protein database (see below) is incomplete as five known lysosomal
proteins are absent even though these proteins are encoded by the rat genome. To help include
such proteins in our analysis, we searched our data against both the rat and mouse databases,
converting assignments made with the mouse database to the corresponding rat gene identifier
where this was available. In cases where no rat gene identifier corresponding to the mouse
assignment was available, the mouse gene identifier is instead used. Databases (rat,
ENSEMBL, Feb. 2006, version 48.34m, which contains 18311 known genes; mouse,
ENSEMBL April 2007 build of the NCBI m37 assembly, database version 48.37a, which
contains 21928 known genes) were searched using a local implementation of GPM-XE
Manager version 2.1.0 (Beavis Informatics Ltd, Winnipeg, Canada) which uses X! Tandem
version 2007.07.1, to assign spectral data23, 24. LTQ data was searched using the MudPit option
to produce a merged output file which allows for a consistent assignment of spectra to similar
or identical gene products. Parameters for searching were a precursor ion mass error of +4 and
−0.5 Da and a fragment mass error of 0.4 Da. Errors in assignment of monoisotopic mass were
not permitted. Cysteine carbamidomethylation was specified as a complete modification, and
methionine oxidation was a permitted variable modification during development of the
preliminary model with one missed cleavage site allowed. Methionine oxidation and
deamidation at asparagine and glutamine residues were allowed during model refinement of
those preliminary assignments achieving an expectation value of < 0.001. The threshold for
protein assignment was a log GPM expectancy score (log(e)) of −10 based on the aggregate
score from the merged data with a minimum of two peptides assigned per protein. When
performing data analysis, sample information (e.g. source, eluate for affinity purification and
spectral count data) was extracted from the merged output file. Data supporting protein
assignments are given in Online Supplementary Material Table 2. Tentative subcellular
locations for identified rat proteins were assigned from the human or mouse equivalents using
the LOCATE subcellular localization database 25, 26.
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Statistical Analysis
Relative quantitation of protein abundance in different eluates was conducted by comparing
the total number of spectra assigned to each protein in each sample27, 28. Statistical analysis
was essentially as described previously20. In brief, the method of Wilson29 was used to
calculate the upper and lower limits of the 95% confidence interval for the ratio of spectral
counts found in the specific compared to mock eluate. Analyses were conducted using R
version 2.5.0, which is open source software for statistical computation and graphics
(http://www.r-project.org/). Data for statistical analyses are presented in Online Supplementary
Material Table 3.

Results and Discussion
MPR-affinity purification was conducted on 17 different rat tissues which were chosen
primarily on the basis of availability of sufficient material for predicted yields of Man6-P
glycoproteins for multiple LC-MS/MS analyses (i.e. 10−40 μg). For the majority of tissues
examined, yields were adequate although for several (skin, thymus, uterus and vas deferens),
source material was limiting and the subsequent yields of purified protein were less than
optimal (Table 1) although not sufficiently low to preclude analysis (see Methods). The highest
relative yield was obtained from placenta (16 μg/g). In other tissues, as predicted from earlier
blotting experiments10, relative yields of Man6-P glycoproteins were high from brain and testis
(11−12 μg/g tissue).

In total, 793 proteins were assigned that met our criteria for significance (Online Supplementary
Material Table 2; summarized in Table 2) although 21 assignments were to proteins that are
not of rodent origin and were eliminated from the analysis as contaminants. Of the remaining
772 assignments from rat tissues, 60 known soluble lysosomal proteins were identified and
this number is comparable with that found in proteomic analysis of different human and mouse
tissue sources (respectively, 60 and 56 proteins in total 16, 19, 20). It is worth noting that in rat,
we found two highly similar (97%) yet genetically distinct rat CLN5 paralogs, encoded by
genes on chromosomes 2 and 15. Given the similarity between these proteins, individual
spectra cannot for the most part be assigned individually and we have thus considered these
two proteins as a single entity in our analysis.

A central aim of this study was to differentiate between true Man6-P glycoproteins and
nonspecific contaminants. To this end, we used the spectral counting method27, 28 to estimate
the relative abundance of each protein in a given tissue sample that was released from the MPR
affinity column using a glucose 6-phosphate/mannose (“mock”) or a Man6-P (“specific”)
eluate. Our prediction was that true Man6-P glycoproteins (but possibly also specific
contaminants associated with Man6-P glycoproteins, depending upon the strength of
interaction) should be enriched in the Man6-P eluate relative to the mannose/glucose 6-
phosphate eluate. In contrast, nonspecific contaminants (i.e. abundant or “sticky” proteins that
leach from the column in a Man6-P independent manner) should be present at equal or greater
levels in the mock compared to specific eluate. Given that the statistical power of spectral
counting as a measure of protein abundance increases in proportion to the number of spectra
counted, our approach was to compare the sum of spectra assigned to each protein from either
the specific and mock eluates from all of the tissue samples combined together. The advantage
of this approach is that it allows for confident conclusions to be drawn with respect to proteins
that are present at low levels but in numerous samples. In these cases, the corresponding counts
from individual samples would be insufficient to allow for useful conclusions.

We analyzed the same proportion of the total specific and mock eluates rather than equivalent
amounts of protein (see Methods). Thus, spectral counts measured in the two eluates are
essentially normalized to unit weight of starting material. In terms of estimating enrichment in
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the specific Man6-P eluate, this represents a conservative approach as the total number of
spectral counts is not directly proportional to the amount of protein analyzed due to sampling
limitations during LC-MS. For example, with fewer peptides available for MS/MS analysis,
each peptide may be measured more frequently when smaller amounts of protein are analyzed.
In addition, when larger amounts of protein are analyzed, ion suppression by more abundant
peptides may decrease the signal intensity and thus frequency of measurement of less abundant
peptides. The relationship between amount of protein digest analyzed and number of spectra
measured was determined experimentally and is shown in Fig. 2A, where it is clear that the
number of spectral counts plateaus with increasing amount of material analyzed. Thus, spectral
counts measured in the mock eluate may be over-estimated and this is shown to be the case in
Fig. 2B. Here, for each tissue, we plot the ratio of spectral counts for the specific versus mock
eluates against the ratio of protein analyzed in the equivalent specific versus mock eluates. If
spectral counts were directly proportional to amount of protein analyzed then these two ratios
would be expected to be the same but this is not the case. Instead, the abundance of proteins
in each of the mock eluates is overestimated and thus the stated enrichment factors are likely
to be underestimates.

Most of the known soluble lysosomal proteins (59/60) were enriched in the Man6-P eluate
(Online Supplementary Material Table 3; Fig. 3, Panel A), with GM2 activator protein being
the only one that was depleted in the specific eluate. This may indicate that GM2 activator
protein represents a low-affinity ligand for the immobilized MPR and that it readily dissociates
during washing. Alternatively, some or all of the purified GM2 activator may be purified by
virtue of association with other lysosomal proteins rather than by the presence of Man6-P.
Interestingly, GM2 activator has been reported to traffic to the lysosome by both Man6-P
dependent and Man6-P independent pathways30, 31, suggesting that this may be the case.

With the rationale that the specificity of purification for novel lysosomal candidates should be
similar to known lysosomal proteins, we can use the enrichment observed for the latter to help
in the identification of potential lysosomal candidates. We set the threshold for the lower 95%
confidence interval of the specific/mock elution ratio to be >2.75 (log2 > 1.5) (Fig. 3, Panel A
and Online Supplementary Material Table 3).

We can use relative enrichment to categorize proteins currently not classified as lysosomal
(Table 3; Fig. 3, Panel B). For instance, 52 were found that were enriched to the same degree
as the known lysosomal proteins (i.e. with an enrichment of >2.75-fold based on the lower
limit of the 95% confidence interval) and we have categorized these as primary candidates for
lysosomal residence (Table 4). We have also considered those proteins that are significantly
enriched in the specific eluate but which are not enriched to the same degree as the known
lysosomal proteins (lower limit of the 95% confidence interval for specific/mock >1 but ≤
2.75). These are categorized as secondary candidates. Proteins that are significantly depleted
in the specific eluate (upper limit of the 95% confidence interval for spectral counts of specific/
mock <1) are classified as not lysosomal. While this classification is arbitrary, we believe that
it represents a useful approach to prioritizing candidates for further investigation.

Relative tissue expression of purified proteins
Expression profiling of soluble lysosomal proteins in human tissues demonstrated that some
lysosomal proteins are quite widely distributed whereas expression of others was more limited
(Fig. 1, Panel A; Online Supplementary Material Table 1). Here, the number of tissues in which
each individual protein was expressed was simply determined on the basis of presence or
absence in the respective Man6-P eluates as determined by LC-MS/MS (Fig. 4, Panel A). Thirty
of the 60 known lysosomal proteins were found to be ubiquitously distributed and were present
in all 17 tissue samples examined. An additional 26 proteins were present in most (12 to 16)
of the sample types. Thus, the Man6-P forms of known lysosomal proteins appear to be quite
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widely distributed in the tissues examined and the average number of tissues in which each
protein was detected was ∼15. For the proteins not assigned to the lysosome, the pattern of
distribution was very different (Fig. 4, Panel B) with the majority of proteins found in three or
less tissue samples.

Given that known lysosomal proteins tended to be relatively widely distributed, we considered
the possibility that tissue distribution could help in the identification of candidates. In Fig. 5,
we examined the tissue distribution of the individual groups of proteins that were categorized
according to their enrichment in the specific eluate. For the proteins that were unclassified or
categorized as not lysosomal, few were widely distributed, and each protein was found in an
average of 1.3 and 2.4 tissues, respectively (Fig. 5, Panels A and B). More of the secondary
candidates were widely distributed (each protein was found in an average of 4.4 tissues) but
the majority were still found in few (≤ 3) tissues (Panel C). In contrast, for the primary
lysosomal candidates, many more proteins were widely distributed and each was found in 7.9
tissues on average (Panel D).

Given that known lysosomal proteins tend to be widely distributed, we examined the list of
lysosomal candidates for proteins that are found in 13 or more of the 17 tissues analyzed (Fig.
6). We identify a number of proteins that are both enriched and widely distributed that are
particularly promising candidates for lysosomal localization including several orthologs of
known lysosomal proteins. However, while tissue distribution can help in identifying
candidates, it cannot be used to exclude candidates as the population of previously discovered
lysosomal proteins may be biased towards the most abundant lysosomal proteins with the
widest tissue distribution. Some undiscovered lysosomal proteins (whose identification and
classification is the goal of this study) may have escaped assignment to this organelle because
they are rare or have very limited distribution.

Concluding Remarks
It is becoming increasingly apparent from recent studies that the soluble proteome of the
lysosome is more expansive than previously imagined. While over 60 Man6-P containing
proteins are established as residing within the lumen of this organelle, analyses of proteins
isolated by MPR-affinity chromatography from a variety of mammalian sources10-20 have
revealed a significant number of additional proteins that may have lysosomal function. In this
study, we have surveyed the proteome of MPR-affinity purified proteins from a broad selection
of rat tissues. We have used mass spectrometric and biostatistical methods to distinguish
specifically purified proteins from nonspecific contaminants by filtering the extensive list of
identified proteins with parameters based upon the relative abundance of known lysosomal
proteins in specific versus mock affinity column eluates. In concept, this approach is not
dissimilar to the I-DIRT procedure for identifying specific members of a protein complex that
are isolated by the affinity tagging of one of its constituents32, with the main difference being
that we have relied upon spectral counting for protein abundance measurement rather than
isotopic labeling.

When data obtained from all 17 tissues are considered together, we found that no significant
conclusions could be drawn for 304/772 of the identified rodent proteins. In most cases, this
could be attributed to low spectral counts for both the specific and mock eluates resulting in
an extremely wide 95% confidence interval for the ratio. However, about a third (272/772) of
all of the identified proteins could be confidently excluded from further analysis because they
were significantly depleted in the specific compared to the mock eluate. One hundred and
ninety six proteins were significantly enriched in the Man6-P compared to mock eluate. Of
these, 60 are known soluble lysosomal proteins and the rest are proteins that are not currently
thought to have lysosomal function. Of the latter, 52 proteins were enriched to levels
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comparable to the known lysosomal proteins (Table 4). Some of these proteins (21/52) were
also identified in previous proteomic studies of purified Man6-P glycoproteins 11-14, 16-20.

The enriched proteins that are not assigned to the lysosome fall into numerous functional
categories. Many are known or predicted to be hydrolases or other enzymes and as such, they
represent promising lysosomal candidates, especially those that resemble known lysosomal
proteins and which have a widespread tissue distribution. Several proteins fall into this
category. Acid sphingomyelinase-like 3A (SMPDL3A) has been identified in many studies of
purified Man6-P glycoproteins and is a paralog of the lysosomal hydrolases, acid
sphingomyelinase. Increased expression of SMPDL3A has been observed in bladder cancer
and a role in tumorigenesis has been proposed 33. Retinoid inducible serine carboxypeptidase
(RISC) is a widely distributed protease that colocalizes with lysosome-associated membrane
protein 2 and is probably a lysosomal protein 34, 35. FLJ22662 is a paralog of LOC196463, a
previously discovered 14, 17 protein that was recently demonstrated to be lysosomal 36. Based
upon sequence homology, both FLJ22662 and LOC196463 may have phosphodiesterase
activity.

However, for many of the enriched proteins, it is not easy to predict whether or not a lysosomal
function is likely but frequently we find more than one representative of a particular class of
protein. For example, while glycosyltranferase would not appear to be a classical lysosomal
activity, we find enzymes of this type (including GDP-fucose protein O-fucosyltransferase 2
(POFUT2), beta 3-glycosyltransferase-like and sialyltransferase 1) that are enriched in the
Man6-P eluate. It is possible that they represent ER proteins of which some proportion may
be aberrantly decorated with Man6-P, especially as we purify other proteins that may have ER
localization (e.g. procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1 and 2, KDEL
containing protein 2 and stress 70 protein chaperone microsome-associated 6). However, it is
also possible that these proteins are representatives of a hitherto unsuspected class of lysosomal
protein. As noted previously17, we also identified a number of protease inhibitors that appear
to contain Man6-P. In this study, we also find a significant number of small leucine-rich
proteoglycans.

Enrichment in the specific eluate during affinity purification is consistent with a lysosomal
function but it is not indicative of such. For example, a protein that is enriched in the Man6-P
eluate could represent a specific contaminant or a non-lysosomal Man6-P glycoprotein rather
than a bona fide lysosomal resident. While some of the enriched proteins are unquestionably
purified in association with true Man6-P glycoproteins (e.g. cystatins, that lack N-linked
glycosylation sites), for many or most of the purified proteins there seems little biological basis
to suspect such an interaction thus they most probably do contain Man6-P. Earlier studies that
directly demonstrated sites of Man6-phosphorylation on a number of apparently non-lysosomal
proteins tend to support this conclusion19.

It is worth noting that one property that is consistent with localization within the lumen of the
lysosome is the presence of a signal sequence. In this study, we find that signal domains are
predicted for the vast majority (46/52) of the identified proteins that are not assigned to the
lysosome but which are enriched in the specific eluate to the same extent as known lysosomal
proteins.

The demonstration here of numerous proteins that are not thought to reside within the lysosome
that likely contain Man6-P raises two intriguing alternatives. First, the proteome of luminal
resident lysosomal proteins could be considerably larger and more diverse than is currently
thought. If this is the case, then the functional significance of the lysosomal residence of these
“new” proteins would need to be carefully evaluated. Second, even if they are mannose 6-
phosphorylated, it is possible that these proteins have no physiological role in the lysosome.
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For instance, it is possible that the presence of Man6-P could simply indicate that these proteins
represent low affinity substrates for the Man6-phosphotransferase and thus a proportion of a
given protein may receive the Man6-P modification resulting in aberrant targeting to the
lysosome that may be of little biological significance. Alternatively, there may be some non-
lysosomal Man6-P glycoproteins that are not efficiently bound by the MPRs under
physiological conditions but which are isolated when exposed to the high concentration of
coupled MPR used in our affinity purification protocol.

In order to differentiate between these possibilities, methods for the accurate subcellular
localization of the candidates identified here will be required. This can be achieved on a case-
by-case basis (e.g., by generating appropriate antibody reagents and performing biochemical
and morphological localization studies14, 36, 37) but combining the resolution of subcellular
fractionation with the sensitivity of mass spectrometry for protein identification together with
the sort of technical and biostatistical approaches to validate conclusions described here and
elsewhere8 currently appears to be the most promising route. In this approach, subcellular
fractions are prepared that are enriched for lysosomal activities and the protein composition of
these fractions are investigated using various mass spectrometric proteomic analyses. In
principle, this could be an effective method for characterizing both the soluble component of
the lysosome as well as the membrane proteins associated with this organelle. However,
lysosomal subcellular fractions are highly complex samples, with significant contamination
by other organelles and this poses technical hurdles for a global, data-independent mass
spectrometric approach towards cellular localization. As an alternative, the database of
lysosomal candidates identified in this study should provide an excellent resource for targeted
MS studies that address a subpopulation of candidate proteins within the complex lysosomal
fractions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of known lysosomal proteins based upon expression profiling based upon number
of EST counts. Panel A. Expression profiles of 63 known soluble lysosomal proteins were
determined by the detection of transcripts in 45 different tissue samples in the human Unigene
Build #247 database (http://www.ncbi.nlm.nih.gov/UniGene/). Transcript count data are
shown in Supplemental Table 1. Panel B. Sum of transcripts per million for each lysosomal
protein in all tissues as a function of the number of tissues in which ESTs corresponding to
each protein were found.
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Figure 2.
Relationship between amount of sample analyzed and number of spectral counts observed.
Panel A. Increasing amounts of a tryptic digest of a rat liver preparation were analyzed in
duplicate by LC-MS and the total number of spectral counts determined for each sample. Error
bars represent range. Panel B. For each tissue sample, the ratio of spectral counts in specific
versus mock eluates is plotted against the ratio of protein analyzed in the two samples.
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Figure 3.
Enrichment factors in specific versus mock eluates obtained for proteins identified by affinity
chromatography on immobilized MPRs. The log2 of the ratio of spectral counts in the specific
and mock eluates (SCM6P and SCMOCK, respectively) is plotted with bars representing the
upper and lower 95% confidence indices for known lysosomal proteins (Panel A) or proteins
not currently classified as lysosomal (Panel B). The lower confidence index all but one of the
known lysosomal proteins is greater than 2.75 (log2=1.5) and this threshold is plotted as a
dotted line. Plots represent: green error bars, proteins that achieve this threshold; blue error
bars, proteins that do not achieve this threshold but which are significantly enriched in the
specific eluate (lower 95% confidence interval is greater than 1 (log2=0)); grey error bars,
proteins that cannot be classified (95% confidence interval includes SCM6P/SCMOCK =1); and
red error bars, proteins that are significantly depleted in the specific eluate (upper 95%
confidence interval is less than 1 (log2=0)). For graphical representation, fold-enrichments that
are greater than 16 or less that 1/16 are arbitrarily assigned to be 16 (a log2 value of 4) or 1/16
(a log2 value of −4) respectively. Proteins that not are of rodent origin are not shown.
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Figure 4.
Distribution of affinity purified proteins. The number of tissues is shown in which lysosomal
proteins reported to contain Man6-P (Panel A) and the remaining proteins (Panel B) were
identified in Man6-P eluates.
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Figure 5.
Tissue distribution as a function of enrichment in the specific eluate. The number of tissues is
shown for which proteins categorized as unclassified (Panel A), non-lysosomal (Panel B),
secondary lysosomal candidates (Panel C) or primary lysosomal candidates (Panel D) were
identified in Man6-P eluates.
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Figure 6.
Widely-distributed proteins that are significantly enriched in the specific eluate. These proteins
were identified in Man6-P eluates from >12 different tissues. The log2 of the ratio of spectral
counts in the specific and mock eluates (SCM6P and SCMOCK, respectively) is plotted with bars
representing the upper and lower 95% confidence indices. Plots in green represent primary
lysosomal candidates (i.e., where the lower 95% confidence index is greater than 1.5, a
threshold that is plotted as a dotted line) and plots in blue indicate secondary lysosomal
candidates (i.e., proteins that are significantly enriched in the specific eluate).
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Table 3
Classification of affinity purified proteins based upon relative abundance in specific and mock eluates
Categories are: lysosomal, known lysosomal proteins; primary lysosomal candidates, proteins that are enriched in the
Man6-P eluate to the same degree as known lysosomal proteins (i.e.
log2 of lower 95% confidence index > 1.5); secondary lysosomal candidates, proteins that are significantly enriched
in the specific eluate (i.e. log2 of lower 95% confidence index > 0 but ≤ 1.5); not lysosomal, proteins that are significantly
depleted in the specific eluate (i.e. log2 of upper 95% confidence index < 0); and unclassified, proteins for which
statistically meaningful conclusions cannot be drawn. Non-rodent contaminants (21 proteins) are excluded from this
analysis.

Category Number of proteins

lysosomal 60

not lysosomal 272

primary candidate 52

secondary candidate 84

unclassified 304

Total 772
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