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Abstract
Mucolipidosis type IV is a lysosomal storage disorder resulting from mutations in the MCOLN1 gene, which encodes the
endosomal/lysosomal Transient Receptor Potential channel protein mucolipin-1/TRPML1. Cells isolated from Mucolipidosis
type IV patients and grown in vitro and in in vivo models of this disease both show several lysosome-associated defects.
However, it is still unclear how TRPML1 regulates the transport steps implicated by these defects. Identifying proteins that
associate with TRPML1 will facilitate the elucidation of its cellular and biochemical functions. We report here two saturation
screens for proteins that interact with TRPML1: one that is based on immunoprecipitation/mass spectrometry and the other
using a genetic yeast two-hybrid approach. From these screens, we identified largely non-overlapping proteins, which
represent potential TRPML1-interactors., Using additional interaction assays on some of the potential interactors from each
screen, we validated some proteins as candidate TRPML1 interactors In addition, our analysis indicates that each of the two
screens not only identified some false-positive interactors, as expected from any screen, but also failed to uncover potential
TRPML1 interactors. Future studies on the true interactors, first identified in these screens, will help elucidate the structure
and function of protein complexes containing TRPML1.
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example, does TRPML1 directly regulate lipid transport from
endosomes to the Golgi apparatus, or is this defect in the absence
of TRPML1 indirect, perhaps due to altered late endosomes/
lysosomes? Furthermore, how does TRPML1 regulate the
different transport steps?
One approach to begin to answer questions about the
biochemical functions of TRPML1 is to identify proteins that
directly associate with TRPML1 and/or are found in a TRPML1containing complex. The molecular identities of these interactors
may immediately suggest testable mechanisms. Furthermore,
interfering with the functions of these interactors may implicate
specific transport steps that they regulate in association with
TRPML1. Previous studies identified three classes of proteins that
physically associate with TRPML1. First, Alix/Apoptosis-Linked
Gene-2 (ALG-2) is a penta-EF hand protein that binds the amino
terminus of TRPML1 [20]. Second, Lysosomal-Associated Protein
Transmembrane (LAPTM)-4a, LAPTM-4b, and LAPTM-5 associate with TRPML1 on endosomes/lysosomes [29]. Third,
TRPML1 is also thought to associate with the chaperones
Hsc70 and Hsp40 and other members of the Chaperone-Mediated
Autophagy complex. While the physiological significance of the
first two class of interactions has yet to be elucidated, TRPML1 is
thought to regulate Chaperone-Mediated Autophagy through its
interactions with the third class of proteins [27].
In this study, we systematically screen for additional proteins
that associate with TRPML1. We report the observations from
two screens, one biochemical and the other genetic, that

Introduction
Mucolipidosis type IV (MLIV) is a neurodegenerative lysosomal
storage disorder that is characterized by severe psychomotor
retardation, achlorhydria, and ophthalmological abnormalities
that lead to blindness. Most tissues in MLIV patients show
lysosomal defects, yet death primarily occurs in neurons [1,2].
MLIV is caused by mutations in the MCOLN1 gene, which
encodes a transient receptor potential ion channel protein called
mucolipin-1/TRPML1 [3,4,5]. The TRPML1 channel is permeable to cations and localizes primarily to late endosomes/
lysosomes [6,7,8,9,10,11,12]. Over 20 different mutations in
MCOLN1 have been identified in MLIV patients, although two
founder mutations account for ,95% of all MLIV alleles and
show a heterozygote frequency of 1:100 in the Ashkenazi Jewish
population [13,14]. There are two other homologues of TRPML1,
TRPML2 and TRPML3, and the three TRPMLs homo- and
hetero-multimerize [15,16].
Studies on MLIV cells have identified many lysosomalassociated defects, including defects in transport to lysosomes
[17,18,19,20], in lysosomal degradation leading to accumulation
of material [21,22], in lysosomal exocytosis [23], in lipid transport
from endosomes to the Golgi apparatus [11,19,24], in metal
homeostasis [7,8], in macroautophagy [25,26], in chaperonemediated autophagy [27], and in mitochondrial function [28]. Yet
the question still remains: which transport steps that are defective
in MLIV cells are normally directly regulated by TRPML1? For
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(same as Lysis Buffer but with 0.5% NP-40), as previously
described [31]. We then identified proteins that co-immunoprecipitated with GFP-TRPML1 using MudPIT analysis [32,33]. To
reduce the identification of non-specific co-purifying proteins, we
performed the same procedure on stable RAW264.7 clones
expressing the integral membrane protein Derlin-1-GFP as a
negative control [34]. Samples were subjected to Mass Spectrometry three times to identify .90% of the proteins in each of the
samples. Proteins in each sample were considered positive if they
had an identification probability greater than 90% using the
Scaffold program [35,36,37]. Proteins that were identified in the
GFP-TRPML1 sample but not in the Derlin-1-GFP sample were
considered potential TRPML1-specific interactors.
GFP-TRPML1 and Derlin-1-GFP, lysate and immunoprecipitation samples, were also subjected to Western analysis to
determine whether endogenous proteins immunoprecipitate preferentially with TRPML1 or Derlin-1. The primary antibodies
used were Rabbit anti-GFP (Abcam, Cambridge, MA), Mouse
anti-STOML1 (Abnova, Walnut, CA), Chicken anti-SNX2
(Abcam), and Rabbit anti-Destrin (Gene Tex, Irvine, CA).

surprisingly yielded minimally overlapping lists of potential
TRPML1 interactors. We use several additional assays to identify
candidate TRPML1 interactors from a subset of these lists.

Materials and Methods
Strains
Murine RAW264.7 macrophages and HeLa cells (ATCC,
Manassas, VA) were grown in Dulbecco’s Modified Eagle Medium
(DMEM) containing 2 mM Glutamax and supplemented with
10% Fetal Bovine Serum, 100 U/ml penicillin, and 100 mg/ml
streptomycin (Invitrogen, Carlsbad, CA) at 37uC in 95% air at 5%
carbon dioxide. RAW264.7 stable clones expressing GFPTRPML1 were previously described and were grown in the same
medium supplemented with 250 mg/ml G418 [19].

Plasmids
The following plasmids were used in this study:
- pcDNA/V5-DEST: Gateway (GTWY) destination vector with
CMV promoter to add V5 epitope to COOH-terminus for
mammalian expression (Invitrogen).
- pcDNA3.1/nV5-DEST: GTWY destination vector with CMV
promoter to add V5 epitope to NH2-terminus for mammalian
expression (Invitrogen).
- pDest-C-TagRFP: GTWY destination vector with CMV
promoter to add TagRFP(S158T) to COOH-terminus for
mammalian expression (this study).
- pDest-N-TagRFP: GTWY destination vector with CMV
promoter to add TagRFP(S158T) to NH2-terminus for mammalian expression (this study).
- pPR3-C-GTWY: pPR3-Cvector (Dualsystems, Switzerland)
modified for GTWY cloning. Destination vector to add NubG to
COOH-terminus for split-ubiquitin yeast two-hybrid (this study).
- pPR3-STE-GTWY: pPR3-STE vector (Dualsystems) modified
for GTWY cloning. Destination vector to add NubG to COOHterminus for split-ubiquitin yeast two-hybrid (this study).
- pPR3-N-GTWY: pPR3-N vector (Dualsystems) modified for
GTWY cloning. Destination vector to add NubG to NH2terminus for split-ubiquitin yeast two-hybrid (this study).
- pEGFP-C3: Mammalian, CMV promoter, expression plasmid
for EGFP fusions (BD Biosciences, Billerica, MA).
- pHD300: Mouse Mcoln1 cloned in frame with EGFP at its
NH2-terminus in pEGFP-C3 [19].
- pHD407: Mouse Mcoln1 cloned in frame with Cub-LexAVP16 at its COOH-terminus in split-ubiquitin yeast two-hybrid
plasmid pBT3-STE (Dualsystems; this study).
Additional split-ubiquitin yeast two-hybrid plasmids include the
positive controls pFur4-NubI and pOst1-NubI and the negative
controls pFur4-NubG and pOst1-NubG [30].
Plasmids expressing epitope-fused candidate proteins are shown
in Table S1. Additional details regarding the construction of
plasmids in this study are available upon request.

GFP-TRPML1 Immunoprecipitation and Western Analysis
HeLa cells were transfected with a plasmid expressing GFP
(pEGFP-C3) or GFP-TRPML1, along with the plasmid expressing
a candidate protein fused to the V5 epitope. 30 ml of the 800 ml
lysates were kept for analysis of total protein levels; the rest of the
sample was subjected to immunoprecipitation using bead-conjugated anti-GFP. Total and immunoprecipitated proteins were
subjected to Western analysis; equal amounts of different samples
were loaded in each lane. Each candidate interactor was tested at
least twice to confirm the immunoprecipitation result. The
primary antibodies used were Rabbit anti-GFP (Abcam) and
Mouse anti-V5 (Abcam).

Split Ubiquitin Yeast Two-Hybrid Analyses
Split-ubiquitin yeast two-hybrid assays were performed using
the Dualsystems Biotech kit. Plasmids expressing TRPML1-CubLexA-VP16 and NubG or NubI-fusions were transformed into the
yeast strain NMY51 [MATa his3delta200 trp1-901 leu2-3,112 ade2
LYS2::(lexAop)4-HIS3 ura3::(lexAop)8-lacZ (lexAop)8-ADE2 GAL4)]
and selected on SD–leu –trp plates. Equal numbers of cells from
each transformation were spotted on SD–leu –trp and –leu –trp –
ade –his +1 mM 3-AT plates and incubated at 30uC. Growth was
scored over the next four days.
For the yeast two-hybrid screens, the NMY51 yeast strain
bearing a mouse TRPML1-Cub-LexA-VP16 expression plasmid
was transformed with expression libraries for mouse cDNAs fused
to NubG. The libraries used were a mouse heart X-NubG cDNA
library (Dualsystems) and a mouse NubG-X cDNA library
(generous gift of Igor Stagljar). Transformations were plated on
SD–leu –trp plates to assess numbers screened and on SD–leu –trp
–ade –his +125 mM 3-AT plates to identify candidate interactors.
More than 106 colonies were screened for each library. The NubG
plasmid was isolated in Escherichia coli from each colony that grew
on SD–leu –trp –ade –his +125 mM 3-AT plates and was
retransformed into the NMY51 strain bearing an TRPML1-CubLexA-VP16 expressing plasmid to confirm the interaction. Once
confirmed, each plasmid was sequenced to identify the cDNA/
gene and to confirm that the open reading frame was in-frame
with NubG (those that were not in frame were discarded).

GFP-TRPML1 Immunoprecipitation and Mass
Spectrometry
To identify TRPML1-associated proteins, we immunoprecipitated GFP-TRPML1 (mouse) using bead-conjugated anti-GFP
(MBL, Woburn, MA) from lysates of RAW264.7 macrophages
stably expressing GFP-TRPML1 [19]. Lysis was done using Lysis
Buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 5 mM
EDTA, 0.42 mg/ml sodium fluoride, 0.368 mg/ml sodium
orthovanadate, 0.0121 mg/ml ammonium molybdate, 0.04 Complete protease inhibitors tablet/ml [Roche Diagnostics, Mannheim, Germany]) and washes were done using TNEN Buffer
PLOS ONE | www.plosone.org
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sample, and likewise, not all of the actual TRPML1 interactors
may have been detected using this approach. We therefore
decided to use a second technique, the Split-Ubiquitin Yeast TwoHybrid (SU-YTH) assay, to also screen for TRPML1 interactors.
We reasoned that this complementary approach would generate a
second list of candidates that we could compare to the
Immunoprecipitation/Mass Spectrometry list to identify strong
candidate TRPML1 interactors.

Identification of TRPML1 Interactors by Split-Ubiquitin
Yeast Two-Hybrid Screens
The Split-Ubiquitin Yeast Two-Hybrid (SU-YTH) assay is a
genetic method for in vivo detection of membrane-protein
interactions that is based on the reconstitution of an ubiquitin
molecule in Saccharomyces cerevisiae [30]. Because proteins are not
targeted to the nucleus, this method allows for yeast two-hybrid
analysis of full-length integral membrane proteins. We expressed a
TRPML1-Cub-LexA-VP16 fusion protein in yeast and monitored
its interaction with Fur4 (plasma membrane localized) Ost1
(endoplasmic reticulum localized). When these test proteins were
fused to NubG, which reduces its affinity for Cub, no interaction
was detected, as was the case for the unfused NubG control (see
below). In contrast, TRPML1-Cub-LexA-VP16 interacted with
both Fur4-NubI and Ost1-NubI fusions, as expected. Intriguingly,
the TRPML1-Fur4 interaction was stronger than the TRPML1Ost1 interaction, suggesting that more TRPML1-Cub-LexAVP16 protein remains in the endoplasmic reticulum than is
secreted to reach the plasma membrane [30]..
We then transformed NubG-fused mouse cDNA libraries into
yeast expressing TRPML1-Cub-LexA-VP16 and assayed for
growth on selective media. We identified several potential
TRPML1 interactors, which included Lysosomal-Associated
Protein Transmembrane 4B that was previously identified as a
TRPML1 interactor (Table S3) [29]. However, there were only a
few candidate proteins that were identified using both the
Immunoprecipitation/Mass Spectrometry and the SU-YTH
approaches (highlighted in blue, red, and green in Tables S2
and S3). These included the same glyceraldehyde 3-phosphate
dehydrogenase, homologous though not identical cadherins that
are encoded by different genes, and homologous though not the
same sodium channel alpha subunit encoded by two different
genes. SU-YTH may fail to detect bona fide interactors that are
unable to associate with TRPML1 in yeast or may also yield falsepositives that only associate in the context of this assay. We
therefore carried out additional assays to probe the effectiveness of
Immunoprecipitation/Mass Spectrometry and SU-YTH for the
purpose of identifying TRPML1 interacting proteins.

Figure 1. Cloning Strategy for Analyzing Candidate Interactors.
Shown is a schematic of the GTWY cloning strategy for constructing the
epitope-fused candidate proteins in the proper expression vectors.
doi:10.1371/journal.pone.0056780.g001

to candidate proteins. Cells were fixed for 1 hour in 1%
formaldehyde/1XPBS, washed three times with 1XPBS, and
mounted in Slowfade mounting medium (Invitrogen) on slides for
viewing. Confocal images were taken with a Nikon PCM 2000,
using HeNe 543 excitation for the red dye and argon 488 for the
green dye.

Immunofluorescence
RAW264.7 macrophages stably expressing GFP-TRPML1
were transfected with plasmids expressing V5 fused to candidate
proteins. Immunofluorescence was carried out as previously
described [19]. Primary antibodies used were Rabbit anti-GFP
(Abcam) and Mouse anti-V5 (Abcam).

Determining Co-Localization with GFP-TRPML1
The percent co-localization is defined as the number of GFPTRPML1-stained
structures
that
co-localized
with
TagRFP(S158T)-fused or V5-fused structures divided by the total
number of GFP-TRPML1-stained structures in a section and
multiplied by 100. The graphs show the average from sections of
at least eight different cells, with at least twenty GFP-TRPML1stained structures per cell.

Results
Identification of TRPML1 Interactors by
Immunoprecipitation and Mass Spectrometry

Strategy for Identifying Candidate TRPML1 Interactors
We chose seven proteins identified by Immunoprecipitation/
Mass Spectrometry list and six proteins identified from the SUYTH screen to validate as TRPML1 candidate interactors with
additional assays (highlighted in yellow in Tables S2 and S3). In
addition, because we had identified the small GTPases Rac2 and
Cdc42 by Immunoprecipitation/Mass Spectrometry, we tested
two other closely related family members, Rac1 and RhoG (Table
S2). Furthermore, we tested two Phosphatidylinositol 4-Phosphate
5-Kinase type I-beta (P5KT1) homologous proteins that are
encoded by different genes, BAA13031 on chromosome 3 (a
truncated form encoding the first 366 amino acids of this protein
was identified by the SU-YTH screen; Table S3) and NP_032872
on chromosome 19.
We amplified by Polymerase Chain reaction (PCR) full-length
mouse cDNAs corresponding to these proteins and used Gateway

Our first approach for identifying TRPML1 interactors was
immunoprecipitation combined with Mass Spectrometry. We
immunoprecipitated GFP-TRPML1 or Derlin-1-GFP (an integral
membrane protein found in the endoplasmic reticulum and
endosomes) from stably expressing RAW264.7 clones in the
absence of Ca2+ and then used Mass Spectrometry to identify
proteins in each immunoprecipitate [19,34]. Proteins that coimmunoprecipitated with GFP-TRPML1 but not Derlin-1-GFP
were considered potential TRPML1-specific interactors (Table
S2). While this approach allowed us to eliminate many nonspecific interactors, the complexity of each sample imposes some
limits on this stringency by detection failures. For example, some
proteins that we characterized as candidates may actually be nonspecific interactors that escaped detection in the Derlin-1-GFP
PLOS ONE | www.plosone.org
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Figure 2. Immunoprecipitation Tests of Candidate Interactors. Plasmids expressing GFP (control) or murine GFP-TRPML1 protein were cotransfected with plasmids expressing V5 fusions to candidate interactors into HeLa cells. Anti-GFP immunoprecipitation was performed on lysates.
Left panels are Western blots that show total expression in lysates and right panels are Western blots of immunoprecipitates (IP). Red lettering
indicates lanes exhibiting co-immunoprecipitation with GFP-TRPML1. The top left, boxed panel shows a typical pattern of GFP-TRPML1 bands: PR =
processed/cleaved; FL = full-length; OG = oligomer.
doi:10.1371/journal.pone.0056780.g002
PLOS ONE | www.plosone.org
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Table 1. TRPML1 Interactions Summary.

Protein

IP (2Ca2+)

Split-Ub YTH

Co-localization

PEA-15

2

+/2

+

STOML1

++*

2

++

DNAJ HOM

2

2

2

NDKA

2

++

2

Rac2

+

++

++

Cdc42

+/2

++

++

Rac1

2

+

2

RhoG

2

2

++

NP9

++

+

++

ERGIC

++

+

2

P5KT1 (BAA)

2

ND

2

P5KT1 (NP)

+

2

2

YIF1

++

+

2

BAE

2

+

+

PMP2

2

++

2

PEX16

2

++

2

Figure 3. Immunoprecipitation Tests of Endogenous Proteins.
Lysis and anti-GFP immunoprecipitation was performed on murine
RAW264.7 macrophages stably expressing mouse GFP-TRPML1 or
Derlin-1-GFP. Sorting Nexin 2 (SNX2) is a protein previously shown to
interact with Derlin-1; Destrin was used as a negative control. FL = fulllength; OG = oligomer.
doi:10.1371/journal.pone.0056780.g003

Qualitative assessment of interactions. Plus signs indicate interaction; minus
signs indicate lack of interaction. Immunoprecipitation interaction strength was
based on length of time before anti-V5 band appeared (anti-GFP bands
appeared with 1 second of film exposure). Asterisk indicates that endogenous
mouse STOML1 co-immunoprecipitates with GFP-TRPML1 in murine RAW264.7
macrophages. Split-Ubiquitin Yeast Two-Hybrid interaction strength was based
on amount of growth on plates. Co-localization interaction strength is scored as
one plus sign for every 25% co-localization (average). Dotted line separates
candidate interactors identified by co-IP (above) or by Split-Ub YTH (below).
doi:10.1371/journal.pone.0056780.t001

and Cdc42 homologues that were identified by Immunoprecipitation/Mass Spectrometry, did not co-immunoprecipitate with
TRPML1 (Fig. 2; Table 1). Thus, four of the seven candidate
interactors re-tested positive with TRPML1 in this secondary
screen; the other three proteins, PEA-15, DNAJ HOM, and
NDKA represent false-positive interactors from the Immunoprecipitation/Mass Spectrometry screen (Fig. 2; Table 1).
Of the candidate interactors identified by SU-YTH, we found
that V5-ERGIC and V5-YIF1 co-immunoprecipitated very
strongly with GFP-TRPML1, and V5-P5KT1(NP_032872) coimmunoprecipitated strongly with GFP-TRPML1 (Fig. 2; Table 1).
P5KT1(BAA13031), which was originally identified as a TRPML1
interactor by the SU-YTH screen, did not co-immunoprecipitate
with TRPML1 (Fig. 2; Table 1). Together, these observations
indicate that neither the Immunoprecipitate/Mass Spectrometry
not the SU-YTH approach was saturating for the identification of
the TRPML1 interactome.

cloning to introduce these cDNAs into an ENTRY clone. We then
used Gateway cloning to construct the three vectors with the
appropriate epitope fusions at the amino termini of the candidate
proteins for our analyses (Fig. 1). This Gateway strategy expedited
our studies because of the high efficiency of this system and
because only entry clones needed to be confirmed by sequencing.

Testing TRPML1 Interactors by Immunoprecipitation and
Western Analysis
We transfected HeLa cells (because of their high transfection
efficiency) with plasmids that express GFP (negative control) or
GFP-TRPML1, along with plasmids that express V5 epitopefusions of candidate interactors. We then immunoprecipitated
GFP-TRPML1 using a bead-conjugated anti-GFP antibody in the
absence of Ca2+ and assessed by Western blot the co-immunoprecipitation of V5-fused putative partner proteins. The Western
blots of GFP-TRPML1 total lysate and immunoprecipitation
samples probed with anti-GFP antibody typically contained
several bands that correspond to an ,55 kD cleaved GFPTRPML1 (PR in Fig. 2), ,93 kD full-length GFP-TRPML1 (FL
in Fig. 2), and two higher molecular weight bands that are
presumed to be GFP-TRPML1 oligomers (OG in Fig. 2); these
bands are consistent with previous studies overexpressing
TRPML1 [9,29,38].
Of the potential interactors identified by Immunoprecipitation/
Mass Spectrometry, we confirmed that V5-STOML1 and V5NP9 co-immunoprecipitated very strongly with GFP-TRPML1;
V5-Rac2 co-immunoprecipitated strongly with GFP-TRPML1,
and V5-Cdc42 co-immunoprecipitated weakly but reproducibly
with GFP-TRPML1 (Fig. 2; Table 1). Rac1 and RhoG, the Rac2
PLOS ONE | www.plosone.org

Testing Endogenous TRPML1 Interactions by
Immunoprecipitation and Western Analysis
To confirm the validity of our immunoprecipitation assay using
overexpressed GFP-TRPML1 and V5-fused candidate proteins in
HeLa cells, we assayed whether endogenous mouse proteins coimmunoprecipitate with mouse GFP-TRPML1 in the absence of
Ca2+. We immunoprecipitated GFP-TRPML1 or Derlin-1-GFP
from stable RAW264.7 clones that express these fusion proteins; in
these clones GFP-TRPML1 localizes predominantly to late
endosomes/lysosomes and Derlin-1-GFP localizes predominantly
to the endoplasmic reticulum with some Derlin-1 GFP localizing
in endosomes [19,34]. The full-length (93 kD) GFP-TRPML1 is
the main form of this protein in RAW264.7 cells, although we
could also detect some higher molecular weight isoforms (Fig. 3).
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protein is misfolded in S. cerevisiae since expression of the
homologous P5KT1(BAA13031) protein is toxic to yeast.
We directly tested potential interactors isolated by the
Immunoprecipitation/Mass Spectrometry approach in the SUYTH screen. Through this analysis, we confirmed that TRPML1
associates with NDKA, Rac2, Cdc42, and NP9 by SU-YTH
(Fig. 4; Table 1). TRPML1 also associated with Rac1 but not
RhoG. Although all of these proteins were missed by the initial
SU-YTH screen, their confirmation in this directed approach
strongly suggests that they are strong candidate TRPML1
interactors. Several other proteins did not interact with TRPML1
by the SU-YTH assay. Of note, our failure to detect a STOML1TRPML1 SU-YTH interaction is likely due to NubG-STOML1
localizing to vacuoles of yeast where there is little TRPML1-CubLexA-VP16 (Fig. 4).

Derlin-1-GFP migrated at the predicted size of 55 kD by SDSPAGE.
We assayed commercial antibodies that had been raised against
STOML1, Rac2, and ERGIC; only the mouse anti-STOML1
antibody recognized a protein of the predicted size in RAW264.7
lysates. We therefore confined our analysis to STOML1.
STOML1 co-immunoprecipitated preferentially with GFPTRPML1 (Fig. 3). In contrast, Sorting Nexin 2 (SNX2) coimmunoprecipitated preferentially with Derlin-1-GFP, consistent
with our previous study showing that SNX2 associates with
Derlin-1 (Fig. 3) [31]. The negative control Destrin, an actinbinding protein, did not co-immunoprecipitate with either GFPTRPML1 or Derlin-1-GFP (Fig. 3) [39]. Thus endogenous
STOML1 interacts with TRPML1 (Table 1).

Testing TRPML1 Interactors by SU-YTH
The limited overlap in potential interactors using our two
approaches was initially surprising, but not completely inexplicable
given the potential challenges of the SU-YTH screen. Although
this approach allows full-length proteins to be assayed, the
disadvantage of SU-YTH is that it represents an artificial system
where proteins are assayed in S. cerevisiae where they are not
normally expressed and perhaps at levels and locations that are
non-native. For example, based on interactions with Fur4-NubI
(plasma membrane) and Ost1-NubI (endoplasmic reticulum),
TRPML1-Cub-LexA-VP16 predominantly localizes to the endoplasmic reticulum (Fig. 4). Thus, proteins that associate with
TRPML1 but that do not localize to the endoplasmic reticulum
may not be captured in this assay (false-negatives). Finally, some
exogenous proteins, such as full-length P5KT1(BAA13031), are
toxic to S. cerevisiae and cannot be studied using the SU-YTH
approach.
Of the candidate interactors identified by SU-YTH screens, we
confirmed that TRPML1 still associated with their full-length
versions by SU-YTH, with the exception of P5KT1(NP_032872)
(Fig. 4; Table 1). While we do not know why P5KT1(NP_032872)
failed to associate with TRPML1 by SU-YTH, we suspect that this

Testing Co-localization with TRPML1
As another approach to validate candidate TRPML1 interactors, we assayed co-localization of the identified proteins with
GFP-TRPML1 in RAW264.7 cells. GFP-TRPML1 predominantly localizes to late endosome and lysosomes of these murine
macrophages at steady state, similar to GFP-TRPML1’s localization in other cell types [19]. While we only analyzed the cells that
expressed minimal levels of fusion proteins that were still
detectable by microscopy, we cannot rule out that some colocalization with GFP-TRPML1 may be a consequence of the
overexpression of the fusion proteins.
Some TagRFP(S158T)-fused candidate proteins were not
detectable by microscopy either because the steady state levels of
these proteins were too low in the transfected cells and/or because
the TagRFP(S158T) epitope affects the folding and hence stability
of the fusion proteins. For these proteins, we used the V5-fused
forms and performed immunofluorescence analysis on the cells to
assay co-localization with GFP-TRPML1; the V5 epitope
(GKPIPNPLLGLDST) is relatively small and is hence less likely
to interfere with the folding of the fusion protein.

Figure 4. Split-Ubiquitin Yeast Two-Hybrid Tests of Candidate Interactors. The same number of cells of yeast strains carrying indicated
constructs were spotted on SD–leu –trp (LT) plates that select for plasmids or SD–leu –trp –ade – his +1 mM 3-AT (LTAH) plates that assay for
interaction. Fur4-NubG, Ost1-NubG, and NubG are negative controls; Fur4-NubI and Ost1-NubI are positive controls.
doi:10.1371/journal.pone.0056780.g004
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Figure 5. Co-Localization Tests of Candidate Interactors. A, Plasmids expressing TagRFP(S158T) or V5 fusions to candidate interactors were
transfected into RAW264.7 macrophages that stably express GFP-TRPML1. Confocal microscopy was done on fixed cells. Cells transfected with V5-X
proteins were immunostained to localize the V5 fusion proteins. B, Quantitation of percent of TagRFP(S15T)/V5-X discrete structures that also have
GFP-TRPML1. Bars represent standard deviations.
doi:10.1371/journal.pone.0056780.g005

Of the candidate interactors identified by the Immunoprecipitation/Mass Spectrometry screen, TRPML1 showed significant
co-localization with PEA-15, STOML1, Rac2, Cdc42, RhoG (but
not Rac1), and NP9 (Fig. 5; Table 1). Of the candidate interactors
identified by the SU-YTH screen, TRPML1 showed a low level of
co-localization with YIF1 and BAE30441 (Fig. 5; Table 1).

unbiased survey of some potential interactors identified by each
screen. Of seven proteins tested from the Immunoprecipitation/
Mass Spectrometry list, four proteins, Rac2, Cdc42, NP9, and
STOML1, are strong candidate interactors of TRPML1, showing
association with TRPML1 using both Immunoprecipitation/
Western, either at endogenous or elevated levels, and SU-YTH
assays (Table 1). Of six proteins tested from the SU-YTH list, two
proteins, ERGIC and YIF1, are strong candidate interactors of
TRPML1, showing association with TRPML1 using both
Immunoprecipitation/Western and SU-YTH assays (Table 1).
P5KT1(NP_032872) is also a candidate interactor because it
associated with TRPML1 using Immunoprecipitation/Western
but not SU-YTH assays (Table 1). Thus, while it is clear that, as
expected, both the Immunoprecipitation/Mass Spectrometry and
the SU-YTH screens yielded false-positive results, both screens
also missed candidate interactors. This observation suggests that a
more comprehensive identification of interactors of a protein of
interest requires multiple screens. Furthermore, given that
interacting proteins could be missed by each individual screen,

Discussion
We describe two large-scale screens for TRPML1 interactors,
the first based on Immunoprecipitation/Mass Spectrometry and
the second using SU-YTH assays. Each of these screens identified
a list of potential TRPML1 interactors with minimal overlap. The
only protein identified by both screens was isoform 3 of
glyceraldehyde 3-phosphate dehydrogenase, but the screens also
identified homologous proteins for the alpha subunit of a sodium
channel protein and for cadherin-like proteins.
To determine the validity of the Immunoprecipitation/Mass
Spectrometry and the SU-YTH screens, we carried out an
PLOS ONE | www.plosone.org
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further analyses should not be confined solely to the proteins that
are preliminarily identified by both screens. As such, the potential
TRPML1 interactors we identified in our screens are a good
resource for identifying proteins that interact with TRPML1
(Tables S2, S3).
The molecular identities of the candidate TRPML1 interactors
suggest potential roles in TRPML1 biology. In other systems, both
ERGIC and Golgi 3 (ERGIC) and Yip1 Interacting Factor (YIF1)
have been implicated in ER/Golgi transport, suggesting that these
proteins may mediate the biosynthetic transport of TRPML1
protein [40,41].
STOML1 is an integral membrane protein that had previously
been shown to localize to late endosomes/lysosomes [42].
Intriguingly, STOML1 has a lumenal sterol carrier protein-2
(SCP-2) domain. This observation suggests that TRPML1 may
function in lipid transport from late endosomes/lysosomes through
its interactions with STOML1, which is consistent with a reduced
efficiency of this lipid transport step in MLIV cells.
Rac2 and Cdc42 are small GTPases that regulate the actin
cytoskeleton [43]. Rac2 and Cdc42 may be involved in the
lysosome biogenesis (also referred to as lysosome reformation)
and/or lysosome exocytosis functions of TRPML1,because Rac2
and Cdc42 localize to both late endosomes and lysosomes with
TRPML1 and also to the plasma membrane (Fig. 5) [23,44,45].
We had previously showed that CUP-5, the Caenorhabditis elegans
orthologue of TRPML1 functions in lysosome biogenesis [45].
Subsequently, the C. elegans small GTPase RAB-2 was also shown
to function in lysosome biogenesis in the same cells as CUP-5
[46,47]. Thus C. elegans RAB-2 may be the worm homologue of
mammalian Rac2 mediating the lysosomal transport functions of
CUP-5.
Phosphatidylinositol 4-Phosphate 5-Kinase Type I-Beta
(P5KT1) generates phospholipid PI(4,5)P2, which functions as a
modulator of several membrane transport and signaling processes
and as a regulator of the actin cytoskeleton [48,49,50]. P5KT1
may function with TRPML1 during lysosome exocytosis given the
strong localization of P5KT1 to the plasma membrane (Fig. 5).
Supporting this potential lysosome exocytosis function, regulation
of PI(4,5)P2 at the plasma membrane is critical during exocytosis,
including of lysosome-related organelles [51,52,53].
The novel protein Likely Orthologue of Human FAM11A
Family with Sequence Similarity 11, Member (NP9) is a multi-

spanning integral membrane protein of unknown function. NP9
co-localizes with TRPML1 on late endosomes/lysosomes, suggesting possible roles in one of TRPML1’s trafficking and/or
channel functions in these compartments.
It may be significant that some of the candidate TRPML1
interactors possibly align with functions of TRPML1 that were
proposed based on observed defects in MLIV cells or in models of
MLIV. It is possible that TRPML1 has one primary function, for
example lysosome biogenesis in most cells; in the absence of
TRPML1, lysosome biogenesis is inefficient leading to defective
lysosomes and thus indirectly to other defects like lipid transport to
Golgi apparatus and lysosome exocytosis. However, our candidate
interactors suggest the alternative explanation that TRPML1
directly functions in all of these processes through association with
distinct complexes of proteins. Future analyses will test this
prediction and elucidate the significance of these interactions.

Supporting Information
Table S1 Plasmids used in this study.

(DOCX)
Table S2 List of proteins identified by Immunoprecipitation/MassSpectrometry.
(DOCX)
Table S3 List of proteins identified by Split Ubiquitin
Yeast Two-HybridScreens.
(DOCX)

Acknowledgments
We thank Dr. Igor Stagljar (University of Toronto, Canada) for generous
gifts of split-ubiquitin plasmids and libraries.

Author Contributions
Conceived and designed the experiments: EMC HF. Performed the
experiments: BML TAD TL ES JR CU KM EMC. Analyzed the data:
BML TAD TL ES JR CU EMC HF. Contributed reagents/materials/
analysis tools: BML TAD TL ES JR CU KM EMC HF. Wrote the paper:
HF.

References
10. LaPlante JM, Falardeau J, Sun M, Kanazirska M, Brown EM, et al. (2002)
Identification and characterization of the single channel function of human
mucolipin-1 implicated in mucolipidosis type IV, a disorder affecting the
lysosomal pathway. FEBS Lett 532: 183–187.
11. Pryor PR, Reimann F, Gribble FM, Luzio JP (2006) Mucolipin-1 is a lysosomal
membrane protein required for intracellular lactosylceramide traffic. Traffic 7:
1388–1398.
12. Vergarajauregui S, Oberdick R, Kiselyov K, Puertollano R (2008) Mucolipin 1
channel activity is regulated by protein kinase A-mediated phosphorylation.
Biochem J 410: 417–425.
13. Bach G, Webb MB, Bargal R, Zeigler M, Ekstein J (2005) The frequency of
mucolipidosis type IV in the Ashkenazi Jewish population and the identification
of 3 novel MCOLN1 mutations. Hum Mutat 26: 591.
14. Schiffmann R, Slaugenhaupt SA, Smith J, Goldin E (1993) Mucolipidosis IV. In:
Pagon RA, Bird TD, Dolan CR, Stephens K, editors. GeneReviews. Seattle
(WA).
15. Curcio-Morelli C, Zhang P, Venugopal B, Charles FA, Browning MF, et al.
(2009) Functional multimerization of mucolipin channel proteins. J Cell Physiol
222: 328–335.
16. Zeevi DA, Lev S, Frumkin A, Minke B, Bach G (2010) Heteromultimeric
TRPML channel assemblies play a crucial role in the regulation of cell viability
models and starvation-induced autophagy. J Cell Sci 123: 3112–3124.
17. Bargal R, Bach G (1997) Mucolipidosis type IV: abnormal transport of lipids to
lysosomes. J Inherit Metab Dis 20: 625–632.

1. Altarescu G, Sun M, Moore DF, Smith JA, Wiggs EA, et al. (2002) The
neurogenetics of mucolipidosis type IV. Neurology 59: 306–313.
2. Bach G (2001) Mucolipidosis type IV. Mol Genet Metab 73: 197–203.
3. Bargal R, Avidan N, Ben-Asher E, Olender Z, Zeigler M, et al. (2000)
Identification of the gene causing mucolipidosis type IV. Nat Genet 26: 118–
123.
4. Bassi MT, Manzoni M, Monti E, Pizzo MT, Ballabio A, et al. (2000) Cloning of
the gene encoding a novel integral membrane protein, mucolipidin-and
identification of the two major founder mutations causing mucolipidosis type
IV. Am J Hum Genet 67: 1110–1120.
5. Sun M, Goldin E, Stahl S, Falardeau JL, Kennedy JC, et al. (2000)
Mucolipidosis type IV is caused by mutations in a gene encoding a novel
transient receptor potential channel. Hum Mol Genet 9: 2471–2478.
6. Cantiello HF, Montalbetti N, Goldmann WH, Raychowdhury MK, GonzalezPerrett S, et al. (2005) Cation channel activity of mucolipin-1: the effect of
calcium. Pflugers Arch 451: 304–312.
7. Dong XP, Cheng X, Mills E, Delling M, Wang F, et al. (2008) The type IV
mucolipidosis-associated protein TRPML1 is an endolysosomal iron release
channel. Nature 455: 992–996.
8. Eichelsdoerfer JL, Evans JA, Slaugenhaupt SA, Cuajungco MP (2010) Zinc
dyshomeostasis is linked with the loss of mucolipidosis IV-associated TRPML1
ion channel. J Biol Chem 285: 34304–34308.
9. Kiselyov K, Chen J, Rbaibi Y, Oberdick D, Tjon-Kon-Sang S, et al. (2005)
TRP-ML1 is a lysosomal monovalent cation channel that undergoes proteolytic
cleavage. J Biol Chem 280: 43218–43223.

PLOS ONE | www.plosone.org

8

February 2013 | Volume 8 | Issue 2 | e56780

Proteins That Interact with TRPML1

18. LaPlante JM, Ye CP, Quinn SJ, Goldin E, Brown EM, et al. (2004) Functional
links between mucolipin-1 and Ca2+-dependent membrane trafficking in
mucolipidosis IV. Biochem Biophys Res Commun 322: 1384–1391.
19. Thompson EG, Schaheen L, Dang H, Fares H (2007) Lysosomal trafficking
functions of mucolipin-1 in murine macrophages. BMC Cell Biol 8: 54.
20. Vergarajauregui S, Martina JA, Puertollano R (2009) Identification of the pentaEF-hand protein ALG-2 as a Ca2+-dependent interactor of mucolipin-1. J Biol
Chem 284: 36357–36366.
21. Venugopal B, Browning MF, Curcio-Morelli C, Varro A, Michaud N, et al.
(2007) Neurologic, gastric, and opthalmologic pathologies in a murine model of
mucolipidosis type IV. Am J Hum Genet 81: 1070–1083.
22. Zeigler M, Bargal R, Suri V, Meidan B, Bach G (1992) Mucolipidosis type IV:
accumulation of phospholipids and gangliosides in cultured amniotic cells. A tool
for prenatal diagnosis. Prenat Diagn 12: 1037–1042.
23. LaPlante JM, Sun M, Falardeau J, Dai D, Brown EM, et al. (2006) Lysosomal
exocytosis is impaired in mucolipidosis type IV. Mol Genet Metab 89: 339–448.
24. Chen CS, Bach G, Pagano RE (1998) Abnormal transport along the lysosomal
pathway in mucolipidosis, type IV disease. Proc Natl Acad Sci U S A 95: 6373–
6378.
25. Kiselyov K, Jennigs JJ, Jr., Rbaibi Y, Chu CT (2007) Autophagy, mitochondria
and cell death in lysosomal storage diseases. Autophagy 3: 259–262.
26. Vergarajauregui S, Puertollano R (2008) Mucolipidosis type IV: the importance
of functional lysosomes for efficient autophagy. Autophagy 4: 832–834.
27. Venugopal B, Mesires NT, Kennedy JC, Curcio-Morelli C, Laplante JM, et al.
(2009) Chaperone-mediated autophagy is defective in mucolipidosis type IV.
J Cell Physiol 219: 344–353.
28. Jennings JJ, Jr., Zhu JH, Rbaibi Y, Luo X, Chu CT, et al. (2006) Mitochondrial
aberrations in mucolipidosis Type IV. J Biol Chem 281: 39041–39050.
29. Vergarajauregui S, Martina JA, Puertollano R (2011) LAPTMs regulate
lysosomal function and interact with mucolipin 1: new clues for understanding
mucolipidosis type IV. J Cell Sci 124: 459–468.
30. Thaminy S, Miller J, Stagljar I (2004) The split-ubiquitin membrane-based yeast
two-hybrid system. Methods in molecular biology 261: 297–312.
31. Dang H, Klokk TI, Schaheen B, McLaughlin BM, Thomas AJ, et al. (2011)
Derlin-dependent retrograde transport from endosomes to the golgi apparatus.
Traffic 12: 1417–1431.
32. Chen EI, Hewel J, Felding-Habermann B, Yates JR, 3rd (2006) Large scale
protein profiling by combination of protein fractionation and multidimensional
protein identification technology (MudPIT). Mol Cell Proteomics 5: 53–56.
33. Liu H, Lin D, Yates JR, 3rd (2002) Multidimensional separations for protein/
peptide analysis in the post-genomic era. Biotechniques 32: 898, 900, 902
passim.
34. Schaheen B, Dang H, Fares H (2009) Derlin-dependent accumulation of integral
membrane proteins at cell surfaces. J Cell Sci 122: 2228–2239.
35. Craig R, Beavis RC (2004) TANDEM: matching proteins with tandem mass
spectra. Bioinformatics 20: 1466–1467.
36. Keller A, Nesvizhskii AI, Kolker E, Aebersold R (2002) Empirical statistical
model to estimate the accuracy of peptide identifications made by MS/MS and
database search. Anal Chem 74: 5383–5392.

PLOS ONE | www.plosone.org

37. Nesvizhskii AI, Keller A, Kolker E, Aebersold R (2003) A statistical model for
identifying proteins by tandem mass spectrometry. Anal Chem 75: 4646–4658.
38. Manzoni M, Monti E, Bresciani R, Bozzato A, Barlati S, et al. (2004)
Overexpression of wild-type and mutant mucolipin proteins in mammalian cells:
effects on the late endocytic compartment organization. FEBS Lett 567: 219–
224.
39. Nishida E, Muneyuki E, Maekawa S, Ohta Y, Sakai H (1985) An actindepolymerizing protein (destrin) from porcine kidney. Its action on F-actin
containing or lacking tropomyosin. Biochemistry 24: 6624–6630.
40. Lorente-Rodriguez A, Barlowe C (2011) Entry and exit mechanisms at the cisface of the Golgi complex. Cold Spring Harb Perspect Biol 3.
41. Matern H, Yang X, Andrulis E, Sternglanz R, Trepte HH, et al. (2000) A novel
Golgi membrane protein is part of a GTPase-binding protein complex involved
in vesicle targeting. EMBO J 19: 4485–4492.
42. Mairhofer M, Steiner M, Salzer U, Prohaska R (2009) Stomatin-like protein-1
interacts with stomatin and is targeted to late endosomes. J Biol Chem 284:
29218–29229.
43. Spiering D, Hodgson L (2011) Dynamics of the Rho-family small GTPases in
actin regulation and motility. Cell Adh Migr 5: 170–180.
44. Bright NA, Gratian MJ, Luzio JP (2005) Endocytic delivery to lysosomes
mediated by concurrent fusion and kissing events in living cells. Curr Biol 15:
360–365.
45. Treusch S, Knuth S, Slaugenhaupt SA, Goldin E, Grant BD, et al. (2004)
Caenorhabditis elegans functional orthologue of human protein h-mucolipin-1 is
required for lysosome biogenesis. Proc Natl Acad Sci U S A 101: 4483–4488.
46. Chun DK, McEwen JM, Burbea M, Kaplan JM (2008) UNC-108/Rab2
regulates postendocytic trafficking in Caenorhabditis elegans. Mol Biol Cell 19:
2682–2695.
47. Lu Q, Zhang Y, Hu T, Guo P, Li W, et al. (2008) C. elegans Rab GTPase 2 is
required for the degradation of apoptotic cells. Development 135: 1069–1080.
48. Hilpela P, Vartiainen MK, Lappalainen P (2004) Regulation of the actin
cytoskeleton by PI(4,5)P2 and PI(3,4,5)P3. Curr Top Microbiol Immunol 282:
117–163.
49. Blazer-Yost BL, Nofziger C (2005) Phosphoinositide lipid second messengers:
new paradigms for transepithelial signal transduction. Pflugers Arch 450: 75–82.
50. Oude Weernink PA, Schmidt M, Jakobs KH (2004) Regulation and cellular
roles of phosphoinositide 5-kinases. Eur J Pharmacol 500: 87–99.
51. Waselle L, Gerona RR, Vitale N, Martin TF, Bader MF, et al. (2005) Role of
phosphoinositide signaling in the control of insulin exocytosis. Mol Endocrinol
19: 3097–3106.
52. Yu M, Kasai K, Nagashima K, Torii S, Yokota-Hashimoto H, et al. (2007)
Exophilin4/Slp2-a targets glucagon granules to the plasma membrane through
unique Ca2+-inhibitory phospholipid-binding activity of the C2A domain. Mol
Biol Cell 18: 688–696.
53. Di Paolo G, Moskowitz HS, Gipson K, Wenk MR, Voronov S, et al. (2004)
Impaired PtdIns(4,5)P2 synthesis in nerve terminals produces defects in synaptic
vesicle trafficking. Nature 431: 415–422.

9

February 2013 | Volume 8 | Issue 2 | e56780

