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1. Introduction

The function of biological cells is intimately associated with their internal organization, in
which multiple subcellular structures have specialized roles. Such subcellular structures hold
the secrets to normal cellular function, progression of disease, and the universe of
interactions among biomolecules that define life. Initially observed in unicellular organisms,
these subcellular structures were termed organelles because of the parallel to the organ/body
relationship in multicellular organisms. Currently, the term "organelle” loosely describes a
confined subcellular environment of any cell in which specific functions occur. Thus,
organelles comprise large protein complexes (e.g. signalosomes), large protein-RNA
complexes (e.g. ribosomes), and membrane bound structures (e.g. mitochondria). The
interest in subcellular organization continues to increase as new biological functions, unique
molecular features, and therapeutic potential continue being discovered. This interest has
fueled recent advances in the bioanalysis of organelles reviewed here.

Because of their diversity in general architecture, taxonomical origin, and function, the
approaches and methodologies to investigate organelles are not unique. From an analytical
perspective, prokaryatic organelles, biomolecular complexes (membrane-less and non-
membranous organelles) and membrane bound structures all require different strategies,
which would be impossible to cover in a single review.

Based on the relevance of membrane bound eukaryotic organelles in recent key biomedical
discoveries, we focus this review on these organelle types (Table 1). They include:
subcellular structures bound by a single lipid layer (e.g., lipid droplets), by single
phospholipid bilayer (e.g., lysosomes) or a double phospholipid bilayer (e.g.
autophagosomes); it also includes membranous structures with complex topologies (e.g.,
Golgi). This review excludes all prokaryotic organelles as well as eukaryotic membrane-less
and non-membranous organelles. The interested reader on these organelle types will find
several relevant references in Table 2.

The membranes of organelles are natural boundaries to processes occurring within the
respective organelles. As a consequence, bioanalysis of such organelles enables
measurements and observations on composition, biochemistry, and function associated with
subcellular processes. Clearly, bulk studies of cell lysates that contain organelle mixtures or
when organelles are not clearly identified in imaging-based studies cannot provide the
detailed information of subcellular processes. Thus, organelle analysis enables a more
specific description of the molecular, biochemical, and physiological processes associated
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with diseases, embryonic development, tissue differentiation, organism aging, disease
treatments, and organism response to pathogens. Subcellular analysis is also a valuable
component in species or tissue comparisons, is instrumental in the development of many
novel tools and assays, and its use is leading to many advances in biotechnology.

This review highlights the role that organelle analysis has played in understanding biology.
In defining this, we took into consideration the types of organelles that have been of interest
in recent reports, other reviews dealing with topics related to subcellular analysis, and the
time period covered by such reviews. Table 1 lists important features of organelles that are
the subject of recent subcellular analysis reports and that are reviewed here. Because
subcellular isolation procedures based on centrifugation are included in the majority of
subcellular analysis methods published to date, we chose not to describe details on
centrifugation that are used in many of the reports reviewed here.

Another consideration used to define the scope of this review was previous reviews related
to subcellular analysis that were published on sub-themes such as the technologies used to
analyze isolated organelles® or prepare subcellular fractions for proteomic analysis.%! For
the interested reader, Table 2 compiles topical, specialized reviews that were published
recently. We also published a review in 2005 assessing the impact of individual organelle
analysis in biology, which covered work done prior to that year.86 To avoid overlap, this
current review focuses on advances that have occurred since 2006.

2. History of subcellular analysis

The history of subcellular analysis (Figure 1) began with the discovery of the nucleus in cod
and salmon red blood cells by microscopist Antonie Van Leeuwenhoek in 1682.92 Franz
Bauer rediscovered the nucleus in the 1800s. The meaning and significance of the organelle
that Van Leeuwenhoek and Bauer discovered were not purposefully investigated for over
150 years from van Leeuwenhoek’s original work. In 1833, botanist Robert Brown in orchid
cells again identified the nucleus. He identified and coined the term nucleus and his work
led to additional studies observing the nucleus in multiple cell types and determining its
function in cell division.%* Another organelle discovered in the 1800s was the
mitochondrion. Mitochondria were first discovered using microscopy in the 1850s by
Rudolph Albert von Kolliker and were not described again until the 1890s when Richard
Altman published his discovery of the “bioblast” (mitochondria) in his book Die
Elementarorganism. Carl Benda coined the term mitochondria in 1898. The function of
mitochondria would not be proposed until the 1910s when Kingbury suggested that
mitochondria participated in cell respiration.?>

In addition to the nucleus and m itochondria, other organelles were first discovered with
microscopy. The Golgi apparatus was discovered in the 1890s by Camillo Golgi w hen he
described an “internal reticular apparatus”.%8 Andreas Schimper named chloroplasts
following their observation in the 1890s.97 Transmission electron microscopy was first used
to observe the subcellular structure of cells in the 1940s and its use led to the discovery of
the endoplasmic reticulum (ER) by Albert Claude in that same period.98 Peroxisomes were
first observed by Johannes Rhodin in the 1950s, also using transmission electron
microscopy.?4 In addition to organelle discovery, the first reports describing organelle-
organelle interactions were also based on transmission electron microscopy. The first report
of that phenomenon we could locate occurred in the late 1960s when Sue Ellen Frederick
and Eldon H. Newcomb used transmission electron microscopy to observe interactions
between storage vacuoles and mitochondria or chloroplasts. 9

A new era of subcellular discoveries began with the use of cellular fractionation by
centrifugation. Differential centrifugation was developed by Albert Claude in the 1940s to
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determine the distribution of enzymes within the cell. The Claude lab separated rat and
guinea p ig liver fractions into a “large granule fraction” containing mitochondria, a
“microsome” fraction containing particulates, and the “supernate” which contained
particulates that could not be centrifuged.100 Differential centrifugation was extended by
Claude, George Hogeboom, Walter Schneider, and George Palade who used the technique to
enrich mitochondria-containing fractions.101

Christian de Duve first discovered lysosomes in 1955. He observed that in rat liver cell
fractions prepared by centrifugation, fractions contained overlapping activities of multiple
enzymes including acid phosphatase. Acid phosphatase activity was found to be the most
abundant in the mitochondria and homogenate fractions. After refrigerated storage of the
fractions for further analysis, reanalysis of the fractions indicated acid phosphatase activity
had /increased, a surprising result since they were expected to decrease due to storage. These
results suggested that the acid phosphatase enzymes were contained within a membrane-
bound body that had likely deteriorated during storage. The body was concluded to be a new
type of organelle, the lysosome.192 By optimizing his centrifugation strategy, de Duve also
isolated the lysosome fraction. Alex Novikoff obtained the first e lectron m icrographs of
lysosome-enriched fractions shortly thereafter with acid phosphatase used as a marker. De
Duve later discovered peroxisomes using a combination of enzymatic analysis of uricase
activity and centrifugation fractionation performed in a manner similar to that employed for
the study of lysosomes.193 A closely related organelle to the lysosome, the endosome, was
first observed in the 1970s by Ralph M. Steinman using transmission electron
microscopy.194 The role and function of endosomes were first proposed by Ari Helenius, Ira
Mellman, Doris Wall, and Ann Hubbard.105

To use microscopy to visualize organelles, organelle-specific stains and probes had to first
be developed and optimized. This technique originated with the use of haematoxylin to
observe nuclei in the 1860s by Franz Bohmer.106 A few decades later, in the 1900s, Leonor
Michaelis used the stain Janus Green B to observe mitochondria in living cells.197 In the
1930s, W.H. Lewis observed Neutral Red-stained vacuoles present in cultured cells from the
chicken heart and embryo.198 Reports on the subcellular localization of synthetic dyes
observed by fluorescence microscopy appeared in the 1960s. In that decade, Boris Rotman
and Ben W. Papermaster studied the subcellular distribution of fluorescein,109 Elliott
Robbins and Phillip Marcus observed the intracellular accumulation of acridine orange,10
and Guido Marinetti investigated that of rhodamine B.111

The simultaneous analysis of organelles, beginning in 1915, has proved to be a powerful
tool for observing interacting organelles, minimizing experiment duration, and for tracking
organelle functions in response to specific conditions, such as osmotic stress.112 The
introduction of transmission electron microscopy allowed for visualization of organelles.
The first image of organelles was captured in 1945 by Keith Porter, Albert Claude, and
Ernest Fullam from chicken embryo cells.8 This image also contained the first
simultaneous detection of many organelle types such as the nucleus with Golgi and the
nucleus with mitochondria. Many organelles were subsequently observed with transmission
electron microscopy including the endoplasmic reticulum,113 Golgi,114 and lysosomes.115
The cristae structure of mitochondria was also first observed using transmission electron
microscopy.116

The use of organelle-specific dyes to enhance visualization by microscopy was first
discussed by D. Wittekind117 who described in his review the simultaneous detection of the
Golgi, nuclei and acidic vacuoles using acridine orange for the first two and basic dyes for
the latter. Simultaneous organelle detection using fluorescence detection could not be
performed prior to technical advances made by Michael R. Loken, David R. Parks, and
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Leonard A. Herzenberg, who demonstrated the use of a single excitation wavelength to
visualize two fluorophores in instrumentation unrelated to microscopy.118 The first
simultaneous colocalization of proteins was demonstrated in baby hamster kidney cells with
immunofluorescence by the Goldman lab in 1985.119 It was n ot until 1 993 that the first
simultaneous fluorescent organelle detection appeared.120 Hyman M. Schipper, Soriba
Cisse, and Paul A. Walton investigated the colocalization of peroxisomes with the Golgi,
ER, and lysosomes using immunofluorescence and f luorescent dyes in a strocytes.

The next critical advance in organelle visualization was the development and use of
fluorescent proteins. In 1962, green fluorescent protein (GFP) was first isolated and
characterized from the A. victoria jellyfish by Osamu Shimomura.12 Cloning and insertion
of the GFP gene into an organism occurred three decades later by Martin Chalfie and Roger
Tsien.122 Use of GFP as a marker became attractive because its gene encoded all
information necessary to express the protein in an organism and to generate a fusion protein
that included GFP as the fluorescent moiety. Modern recombinant DNA technologies
allowed researchers to select a given protein, link its gene to that encoding green fluorescent
protein, and express the resulting fusion protein. When appended to a protein specific to an
organelle, GFP could be used to track specific organelles. GFP was first used to tag nuclei in
mammalian cells by creating fusion proteins of two different nuclear glucocorticoid
receptors in the 1980s.123 GFP-tagged organelles appeared in plants in the 1990s, first in the
chloroplasts,124 then in the ER,125 and the nucleus.124 Since then, fluorescent protein
research and development has focused on the creation of proteins with distinct excitation
and emission maxima, optimized FRET pairs, and environmental sensitivity to pH and redox
potential (see 3.2.). Several reviews have been published on the subject of GFPs and their
applications alone.31-35

A new perspective on subcellular analysis began with the introduction of proteomics. In
addition to assessing organelle function through visualization techniques such as
microscopy, the ability to define an organelle’s contents (e.g. proteins) could be helpful for
probing function and physiological effects. The first application of proteomics was
accomplished via gel electrophoresis. Patricia O’Farrell, Howard Goodman, and Patrick
O’Farrell in 1977 used electrophoresis to analyze a wide range of proteins.126 An issue of
Electrophoresis in 1997 reported the first 2D gel electrophoretic s eparations of proteins
specific to enriched organelle fractions.12” These papers described the analysis of enriched
fractions of endosomes,128 Golgi,12° late endosomes, e arly endosomes, E R-derived
material, 130 plasma membrane, 131 and phagosomes.132 In addition, bands were excised f or
HPLC identification of enriched Golgi p roteins'33 and for nanoelectrospray tandem mass
spectrometry identification of enriched phagosome proteins.132

The importance of mass spectrometry-based (MS-based) proteomics in subcellular profiling
and quantification in the analysis of complex samples was realized soon after the
development of electrospray ionization (ES1)134 and matrix-assisted laser desorption/
ionization (MALDI)1% to volatilize and ionize large biomolecules. In 1997, the Yates lab
analyzed soluble proteins in the periplasmic space of £. Co/i136 Following concentration
and collection of the proteins, SDS-PAGE fractionation identified 159 bands and
electrospray ionization tandem mass spectrometry identified 80 proteins. In 2000, the Klaas
J. van Wijk lab reported the use of MALDI-TOF mass spectrometry and ESI-tandem mass
spectrometry to analyze the proteome of the chloroplast.237 Proteins in enriched organelle
fractions were separated by 2D gel electrophoresis (isoelectric focusing followed by SDS-
PAGE), select protein spots were digested, and analyzed by peptide mass fingerprinting. Of
the 400 spots analyzed with MALDI-TOF MS, 20 were also analyzed with ESI-MS/MS and
55 were analyzed via N-terminal Edman degradation-based sequencing. A total of 61
proteins were identified and 58 of those were classified by function (e.g. growth,
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transcription, etc.). In 2001, the Ferdinand Hucho lab reported the nuclear envelope
proteome analyzed by MALDI-TOF mass spectrometry.138 Shortly after, Taylor et af.
extensively characterized the human heart mitochondrial proteome utilizing metrizamide
and sucrose gradients for purification prior to MALDI-mass spectrometry analysis.13?

The concepts of metabolomics and lipidomics were coined in 1998 and 2003, respectively,
in response to the appearance of large data sets of either metabolites or lipids defining
changes associated with a given genotype or phenotype.>”:140 However, investigation of the
metabolomic composition of organelles was actually performed prior to the emergence of
the “metabolomics” terminology. R.R. Bensley and N.L. Hoerr investigated the total
composition of “fatty substances” in enriched mitochondria fraction from guinea pig and
rabbit liver mitochondria in 1934.141 The authors found 43.6% of fatty substances, primarily
glycerides, i n the enriched m itochondria and investigated the presence of lecithin and
cephalin. C laude in vestigated the phospholipid composition of subcellular f ractions of rat
lymphoid cells in 1944 and found the phospholipid composition of lipids from mitochondria
to be 75-80% using elemental analysis.142 In 1956, George Palade and Phillip Siekevitz
studied the composition of microsomes and described their RNA and phospholipid
phosphorous contents.143 In the 1964, the George Rouser laboratory analyzed multiple lipids
from bovine heart mitochondria using column chromatography coupled with thin layered
chromatography.144 In 1970, Grunwald determined the composition of sterols (such as
glycosides, esters, cholesterol and campesterol) in organelle fractions from tobacco leaves
using gas chromatography.14°> Excellent reviews were written by Fleischer and Rouser who
focused on lipidomics studies from the 19605146 and W.C. McMurray on metabolomic and
lipidomics studies from the late 1960s and early 1970s.147

The first reports of mass spectrometry being used for subcellular lipidomics appeared in
1984 and 1985 by Richard W. Gross who analyzed mitochondria and plasma membrane
lipids from canine cardiac cells with HPLC separation and gas chromatography coupled to
mass spectrometry.148 Samples were enriched and analyzed with xenon fast atom
bombardment. In the early 1990s, mass spectrometric methods utilizing ESI were introduced
for the study of lipids. The Lowell Ericsson lab demonstrated that positive and negative
electrospray ionization could be used with tandem mass spectrometry to analyze
glycerophospholipids and ceramides.14® These studies showed ESI could be used for
biological lipids. This was followed shortly thereafter, if not concurrently, by Xianlin Han
and Richard Gross who studied the plasma membrane phospholipids of human erythrocyte
cells using ESI mass spectrometry with a triple quadrupole instrument.150

The development of subcellular organelle analysis techniques has continued in the late
1990s and 2000s with a focus on the study of individual organelles and b iological
heterogeneity. In 1998, the Richard Zare laboratory examined single dense core vesicles
from the gastropod mollusk A. californical®! Using optical trapping, individual organelles
were introduced into a capillary where they were labeled and separated using capillary
electrophoresis. While taurine was identified as a major component of the organelles, the
organelles manifested a high level of heterogeneity. Single organelle analysis was continued
by Jonathan Sweedler and coworkers who, in 2000, analyzed the same sample but with
MALDI-TOF-mass spectrometry in order to identify bioactive peptides.152 The Edgar
Arriaga group developed single organelle detection techniques to separate and study tens to
thousands of organelles.123 The first of those papers was published in 2001 which featured
the detection of mitochondria with capillary electrophoresis coupled to laser induced
fluorescence detection (CE-LIF).1532 Since then, that technique has been applied to monitor
organelle properties such as pH of acidic organelles,1>* xenobiotic content,1%° and
accumulation of reactive oxygen species (ROS) in mitochondria.156
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The literature reviewed in the following sections focuses on labeling and imaging of
organelles (3.), the “omics” of organelles (4.), the interactions of organelles (5.), the
physiological effects of organelles (6.), and organelle heterogeneity (7.). The vast majority
of the work described below builds upon the key discoveries outlined in this section.
Needless to say, these discoveries will continue gaining historical importance and relevance
as the interest in organelle analysis expands, new roles of organelles in biological function
are elucidated and the classification of organelle into types and subpopulations continues to
evolve.

3. Identification of subcellular compartments

Important advances in subcellular analysis include improvements in the specific id
entification and classification of organelle types either by microscopy or biochemical assays
that rely on specific markers for various organelle types.

3.1. Recently developed organelle-specific enzymatic assays

Enzyme assays have been used for characterization of organelle types in enriched fractions,
both qualitatively and quantitatively. In general, these assays are performed following prior
fractionation of whole cell homogenate and then the enzymatic assay is applied to each of
the fractions. Common enzymatic assays include: succinate dehydrogenase assay for
mitochondria, 157 acid phosphatase assay for lysosomes,18 and the catalase assay for
peroxisomes.1® Table 3 provides a more detailed list of enzymatic assays specific for
various organelle types.

The reader is directed to two reviews recently published for the correct use and
interpretation of macroautophagy assays involving autophagosomes. These reviews discuss
western blotting-based assays, fluorescence detection-based assays such as flow-activated
cell sorting, and enzyme assays. Recent development of new organelle-specific enzyme
assays used to characterize organelle activity has been sparse. Recently there have been two
reports that focus on chloroplast and lysosome specific enzyme assays.

The lysosome-specific dipeptidyl peptidase 1 (DPP1) has been associated with normal cell
growth and tissue differentiation. Because increased DPP1 expression has been associated
with pulmonary disease, inhibitors for DPP1 are attractive therapeutic agents. A new assay
that can be used for identification of lysosomes in fractions via DPP1 and to investigate the
potential inhibitors of normal lysosomal DPP1 activity was recently reported.169 This assay
is based on the ability of DPP1 to cleave either amino-methyl-coumarin or amino-fluoro-
coumarin dipeptide conjugates. Upon cleavage, these fluorophores are no longer quenched
and their fluorescence increases. The optimal conditions for the assay (100uM per 30,000
cells with a 1h treatment time) were determined in the human acute monocytic leukemia
cells, which have high DPP1 activity. As expected, the assay did not show an increase in f
luorescence w hen analyzing DPP1 knockdown mouse bone marrow cells. The assay was
also suitable for the identification of DPP1 inhibitors.

An improved high throughput assay focused on the activity of the chloroplast specific
enzyme chlorophyllase was developed.163 Previously used both chlorophyllase substrate and
reaction product formed had similar UV-Vis absorption profiles, which required extraction
of the product. The new assay does not require any extraction procedure because the new
substrate, chlorophyll para-nitrophenyl ester is not colored, making it possible to monitor
directly the enzymatic activity through the formation of the yellow-colored product para-
nitrophenoxide in the reaction mixture. The results of the new assay were equivalent to those
obtained with the extraction-based enzyme assay and had similar responses to changes in pH
and the presence of metal ions such as Mg+2 and Fe+2. Without a need for an extraction
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step, the new assay has much higher throughput and the potential to measure changes in
photosynthesis of chloroplasts in response to stress.

3.2. Molecular Markers

3.2.1. Antibodies—The use of antibodies is not a new technology for subcellular analysis.
Antibodies are largely used to visualize the localization of subcellular components. They can
also be applied to studies in which changes in localization, quantity, or protein expression
are being tracked. Their continued development and tuning for more sensitive analyses is
important for the advancement of the field. However, limitations exist: (i) Many antibodies
for subcellular proteins of organelles are not currently commercially available. (ii) The
development of sensitive and specific antibodies, especially monoclonal antibodies, which
are suitable for subcellular analysis, can be lengthy. (iii) It can be difficult to confirm an
antibody’s specificity to its desired target. (iv) Antibody labeling protocols are often time
consuming. With these problems in mind, any advances in techniques that save time, allow
for the use of smaller quantities of the antibody, or help verify antibody binding location or
specificity are important for subcellular analysis.

Significant strides have been made in the creation of a human subcellular atlas of antibody
location.1”® Using 466 proteins, three human cell lines and confocal microscopy, it was
possible to accurately assign subcellular locations to 80% of the proteins studied. This
method marks the first time that confocal microscopy was applied to a large-scale antibody-
based protein localization study.

Quantum dots (QD) are nanoparticles made of semiconductor materials like cadmium or
zinc that can be tuned to emit fluorescence light after their excitation. Quantum dots are
excellent means of visualization because they have narrower fluorescence excitation and
emission profiles allowing for less spectral cross-talk and low photobleaching.176 In the
past, their use as intracellular delivery markers has been limited. Because of their size,
which is often less than 50 nm in diameter, their limited surface area does not leave
sufficient room for their derivatization with either cell penetrating tags or intracellular target
tags. A new method to overcome this limitation has been developed. Quantum dots were
conjugated to antibodies and encapsulated within a biodegradable polymer delivery
vehicle.1”” The encapsulating polymers can be engineered with cell-or organelle-penetrating
moieties that cannot be directly connected to the quantum dots. In this study, the polymers
were targeted to the late endosome and made use of the acidic nature of this compartment.
Here, the cell-penetrating tags were protonated, rendering them uncharged and unable to exit
the vacuoles. After protonation, the quantum dots accumulated at the periphery of the acidic
vesicle, destabilized the membrane, and broke free inside the cell. This delivered its contents
to the subcellular space of the human glioblastoma cell line used in these experiments. From
there, the antibody-quantum dot conjugates could proceed to their targeted subcellular
location. The pH sensitivity of the polymer capsule could be tuned to control the release of
the QD-antibody conjugates, and the biodegradable poly(D,L-lactide-co-glycolide) polymers
did not interfere with subcellular labeling.

Also in the category of multifunctional immunolabeling, an orange light emitting polymer
dot has been developed for subcellular imaging.1’8 Semiconducting polymer dots are highly
applicable to intracellular studies due to their high quantum yields and narrow spectral e
mission range allowing for simultaneous detection of multiple signals. To demonstrate the
utility of this probe for subcellular analysis, dots were conjugated to streptavidin and used as
reporters of biotinylated primary anti-a-tubulin antibodies. The streptavidin biotin binding
resulted in the labeling of a-tubulin in the microtubules. Using other biotinylated primary
antibodies, the polymer dot could be targeted anywhere within the cell.
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As mentioned earlier, a significant limitation to wider application of antibodies is their cost.
Therefore, any advances that can make more efficient use of small quantities of antibodies
are essential. Related to this, a microarray capable of transferring 360 primary antibodies to
permeabilized cells was used to monitor in parallel the presence of antibody targets
(proteins) in the nucleus of nine different human breast cancer cell lines.1”® Each spot in the
microarray possessed a unique antibody. Nine different permeabilized breast cancer cell
lines were compared. When brought into contact with the cells, the primary antibodies
dissociated from their microarray membranes and tagged a corresponding patch of cells.
This resulted in a grid-like series of labeled spots o n the layer of cells. Each antibody bound
to its antigen was visualized with a fluorescent secondary antibody. In addition, each cell
was abeled with 4',6-diamidino-2-phenylindole, (DAPI), which defined the nuclear region.
Because the positions of each antibody spot on the original antibody delivery membrane was
known and correspond to a cell patch, overlap of immunofluorescence and the DAPI stain
was used to identify protein targets localized to the nucleus. In this study, only one protein,
Cyclin B1, showed different subcellular localization in different cell lines (nuclear-localized,
non-nuclear-localized, and both). While this strategy was employed to examine breast
cancer cell lines, this method should be applicable to any cell line as well as any organelles
for which there exist known fluorescent markers. The ability to use a single sample of cells
and just 50ng of each antibody per microarray is an advantage over other techniques.

Also related to cost-effectiveness, a chip-based method was developed to generate a higher
throughput immunofluorescence assay to study lysosomal storage disorders.189 The new
method used a microfluidic device with normal rat kidney cells cultured on-chip to monitor
changes in expression and distribution of LAMP1 and LC3 proteins and fifteen different
lysosomal storage disorder-induced cell lines with confocal microscopy. The method used
only a few hundred cells and 100 times less antibody than other methods. The method
allows for much faster parameter optimization for assays and could be applied in other
subcellular antibody studies.

Another recent publication describes a method for antibody localization and binding
verification to 65 specific human proteins that localize to a wide range of organelles
including mitochondria and the nucleus.181 While current methods rely heavily on Western
blots and immunofluorescence techniques, such as confocal fluorescence microscopy, to
identify reliable antibodies for subcellular targets, this study verified that sSiRNA technology
could also be used with automated microscopy to verify protein localization and verify
antibody binding. Human osteosarcoma cells were treated with siRNA specific to the genes
that corresponded to the antibody’s suspected protein target. When the gene was silenced by
the siRNA, fluorescence from antibody binding was reduced, but only if the antibody was
specific to the down-regulated protein of interest. Different antibodies exhibiting similar
subcellular localization patterns could be distinguished by down regulation of their specific
protein target. As studies of the human genome atlas progresses, it is likely that there will be
increasing focus on using molecular biology techniques such as the one described here to
verify antibody binding. Verifying localization is particularly useful in the absence of pre-
existing information on binding and localization.

3.2.2. Synthetic probes—Synthetic probes include small molecule structures or
nanometer size species, that, when applied /n vitro or in vivo, can be targeted almost
anywhere in the cell. Reports in this category include probes designed to trace endocytic
organelles,182 |abel the ¢ ytoskeleton,183 measure pH in specific subcellular
environments, 84 or detect divalent cations in a subcellular selective fashion.18° Table 4
provides the structures and excitation and emission wavelengths for fluorescent dyes
described in this section.

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

Page 9

Advantages specific to synthetic probes over other probes are numerous. Because of their
synthetic nature, they are often more cost effective and available in higher quantities than
antibodies. Their usage in cells does not require transformation or other genetic
manipulation unlike the fluorescent proteins, which allows for their application in studies
where genetic techniques are not possible or practical. Synthetic probes can also have a wide
range of reporting and targeting features built into them, making them versatile research
tools. The development of probes, however, can be a difficult process and they can lack the
specificity of antibody or GFP methods.

One significant area of advancement has been the creation of probes that exhibit increased
photostability. A hyperbranched conjugated polyelectrolyte-phalloidin dye conjugate (HPCE
phalloidin) has been developed and applied to the visualization of F-actin filaments in the
cytoskeleton of a human cervical cancer cell line (Figure 2).183 Using HPCE phalloidin
required only a short incubation time for intracellular visualization and was not susceptible
to p hotobleaching due to its reliance on the in herent fluorescent properties of the
conjugated polyelectrolyte. Compared to a traditional non-GFP method for actin
visualization, cell permeabilization and incubation with the organic probe Alexa Flour 488-
phalloidin, the HPCE-phalloidin showed better cellular uptake without cell permeabilization
as well as increased photostability. As the first study to look at functionalized
hyperbranched polymers as intracellular delivery v ehicles, this work opens the f ield for
further development of conjugated polyelectrolytes as subcellular tools.

Also related to increased photostability, nerve growth factor-quantum dot bioconjugates
were developed. The nerve growth factor probes were tested for their ability to image and
track receptor mediated endocytosis in the nerve growth factor sensitive rat adrenal medulla
cell line.176 The report further showed that bioconjugates were suitable to observe small-
scale kinetics such as those of single-cell endocytic events.

In the report of another photostable probe, a new intracellular staining calixarene
macrocycle capable of targeting to any organelle was developed (Figure 3).182 In a follow
up paper, the fluorescently labeled probe, a cationic calixarene (NBDCalAm), was used for
subcellular analysis.186 In Chinese hamster ovary and human cervical cancer cells, it showed
uniform distribution across acidic vesicles and eventual localization in lysosomes with little
to no nonspecific intracellular s taining. Acidic vesicle localization was accomplished thanks
to the aniline moieties present in the calixarene. Molecules possessing weakly basic amines
such as anilines were regularly shown to uptake into acidic vesicles. Fluorescence was
passed onto daughter cells after division, and was more stable compared to other
commercial lysosome dyes in two ways. First, fluorescence did not decrease when cells
were transferred from the staining solution to dye-free medium, and secondly, fluorescence
intensity showed very little decrease even after stained cells were stored for 72 hours in dye-
free media. Both of these details demonstrate significant advances and they offer exciting
possibilities for fluorescence studies over longer periods of time that are not possible with
LysoTracker Red, the most commonly used probe for endocytic organelles.

Detection of ion concentrations in subcellular compartments is important to the
understanding of subcellular dynamics. Inorganic ions like Mg*2, Ca*2, Fe*2, and Fe*3 are
integral to cellular functions such as membrane transport. A particularly bothersome
problem in assessing subcellular ion concentrations is their ubiquitous presence throughout
the subcellular location. In these situations, selectivity of the probes is critical to their
successful application. The selective detection of Mg*2 in mitochondria based on the novel
fluorescent probe, KMG-301, is a key advance in understanding mitochondrial Mg*2
dynamics.1858 While a positively charged rhodamine backbone was used both as the
fluorophore and to target these probes to the mitochondria, a charged beta diketone moiety
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was used to selectively chelate the Mg*2. This structure demonstrated a photoinduced
electron transfer response in the presence of Mg*2. Unlike other commercially available
Mg*2 probes that also detect Ca*2, KMG-301 was 100% Mg*2 selective in rat adrenal
medulla and hippocampal neurons. This offers a tremendous advantage because calcium
concentrations vary widely throughout the cytosol and are known to be higher and more
variable within mitochondria. This probe may also find applicability in understanding the
role of Mg*?2 in altered mitochondrial function (e.g. ATP production and membrane
potential) in neuronal diseases such as Alzheimer’s and Parkinson’s disease.

Iron is another ion that is im portant to cellular function. For example, free or “labile” iron in
endosomes and lysosomes is of high biological interest because of their potential role in the
generation of reactive oxygen species (ROS) and their associated potential for subcellular
oxidative damage and toxicity.187 While most methods of iron detection in cells are known
to disrupt the existing levels of labile iron, a new, less-invasive method for its quantification
in the endosomes and lysosomes has been developed.185P Two probes, both containing the
moiety fluorescein labeled 3-hydroxypyridin-4-one, were developed along the lines of
previous compounds used to measure cytosolic iron concentrations and delivered to bone
marrow derived macrophage cells excised from the fibula and tibula of immature mice.
Because the lysosomes and endosomes have an acidic interior, basic moieties were
protonated, thereby trapping and enriching the resulting positively charged probes within
these organelles. These probes showed high sensitivity towards changes in the
concentrations of labile iron in the lysosomes and responded as expected to changes induced
by the addition of clinically relevant lysosomal iron chelators. Non-specific subcellular
localization was not observed. Sensitivity to other metals was not tested. The further
development of these probes will likely be useful for examining cellular iron trafficking
mechanisms in a wide variety of cellular disease states and in specific organelle
environments.

The ability to accurately determine pH in subcellular spaces is another critical analysis that
can be accomplished with the use of fluorescent probes. A near IR-excitable probe for pH
determination in the vicinity of breast cancer tumors has been developed.184 The probe was
developed by conjugating a pH-sensitive cyanine dye to a cyclic arginine-glycine-aspartic
acid peptide targeting Rvp3 integrin, a protein involved in angiogenesis that is highly
expressed in endothelial tumors. This probe was fluorescent at a pH of below 5, with a pK,
of 4.7 and was demonstrated as ideal for use in pH determination of tumor lysosomes and
endosomes in a human melanoma cell line and a human breast cancer cell line. The fact that
this probe is excited by near IR light makes it applicable for subcutaneous or even deep
tissue detection or investigation of tumors. Additionally, it fluoresces better with decreasing
pH, a feature not observed in other probes designed for similar purposes. With these factors
in mind, this molecule would not only be a powerful tool for basic research but also a
potential diagnostic tool for primary and metastatic tumors.

3.2.3. Bioengineered proteins—The GFP gene and its homologues encoding proteins
of multiple fluorescent colors are commonly appended to the genes of natural proteins.
Expression of this concatenated gene results in expression of protein constructs that are
fluorescent and that typically retain the subcellular localization properties of the original
protein. Because most of the subcellular localization signals are found at the N-terminus, the
original protein and the fluorescent protein genes are fused so that the fluorescent protein
moiety is located at the C-terminus of the original protein. These genes are delivered
encoded in plasmids or viral vectors into the cells under study. Fluorescent proteins can be
expressed in cell culture as fusion proteins that target specific organelles. Organelles
containing such fluorescent proteins are distinguished as discrete, fluorescent punctuates.
These punctuates can be detected to study properties of organelles using techniques such as
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fluorescence confocal microscopy. Because GFP and GFP-related fusion proteins are
relatively stable, and because recently developed proteins have minimal cytotoxicity,
observation of fluorescent proteins has provided tremendous insight into the dynamics of
subcellular regions that cannot be easily obtained with antibodies or other synthetic probes.
There are potential problems with this technique, however, that do not exist when using
other fluorescent techniques. One major issue is the potential for GFP-protein conjugates to
exhibit altered subcellular localization or function. Expressing the GFP-protein conjugate
may alter the original localization or function of the unlabeled protein. Fortunately,
bioengineering of the genetic codes usually provides alternatives to avoid such detrimental
effects. On the other hand, one major limitation that cannot be easily overcome is the
labeling of n on-transformable tissues with GFP-protein conjugates.

Multiple fluorescent proteins constructs with unique spectral emission profiles continue to
appear and are being applied for the purpose of sub-cellular co-localization studies.188 Table
5 lists the currently available fluorescent proteins along with their excitation and emission
wavelengths.188

Figure 4 depicts the different colors that have been developed with fluorescent fusion
proteins.188 Fine-tuning the molecular architecture of these proteins allows for large stokes
shifts and reduced tendency to oligomerization, which may affect subcellular localization.

A common fluorescent protein, DsRed, has an excitation maximum of 558 nm and an
emission maximum of 583 nm, with stokes shift of 25 nm. This protein tends to aggregate
and oligomerize. Introduction of a point mutation within the monomer interface of a recently
discovered tetrameric red-emitting protein eqFP611 similar to DsRed resulted in the
formation of a dimeric version of eqFP611.189 With an excitation maximum of 559 nm and
an emission maximum of 611 nm, this protein exhibits a larger Stokes shift ( 52 nm).
Compared to DsRed, eqFP611 exhibits reduced tendency to aggregate and oligomerize.

Ca*2 signaling in the Golgi is critical for maintaining protein traffic and the organelle’s
architecture. However, monitoring Ca*2 in the various regions of the Golgi has been a major
challenge to date. A new genetically encoded FRET-based Ca*2 probe that is more specific
for the trans-Golgi than other Golgi regions, Go-D1cpv, has been developed.1%0 The probe
was designed to have two GFP variants, CFP and YFP, joined through a linker to a
calmodulin-binding domain. It was then expressed as a fusion protein in human cervical
cancer cells bound to a known trans-Golgi protein sialyl-transferase I. Ca*2 concentrations
were monitored by the analysis of the ratio of CFP/YRP fluorescence. While expressing this
probe, researchers used a combination of RNAI and gene knockout animals to investigate
four important calcium-related channels and receptors known to be unique to the Golgi:
sarco-endoplasmic reticulum Ca*2 ATPase (SERCA) and secretory pathway Ca*2 ATPasel
(SPCAL) channels, ryanodine receptors (RyRs), and inositol 1,4,5-trisphosphate receptors.
Using this probe, it was determined that the frans-Golgi relies entirely on SPCAL channels
for Ca*2 uptake and it showed no evidence of the involvement of inositol 1,4,5-
trisphosphate receptors. However, RyRs receptors were observed instead of the inositol
1,4,5-trisphosphate receptors in cardiac myocytes. The use of this probe in future studies
may provide detailed information about the calcium traffic through the Golgi in various
disease states.

A tandem fusion protein, mRFP-GFP-LC3 targeting autophagosomes and autolysosomes
was also recently described.191 Both RFP and GFP have been used separately in LC3
constructs to track LC3 localization from the autophagosome to the autolysosome. While
RFP retained its fluorescence in both organelles, GFP lost its fluorescence in the
environment of the mature autolysosome. Thus, mRFP-GFP-LC3 allowed for a more
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efficient screening of vesicle fusion of mouse embryonic fibroblast and human cervical
cancer cells during autophagosome maturation than earlier visualization techniques such as
transmission electron microscopy. In mRFP-GFP-LC3, the attenuation of the GFP
fluorescence marked the end of the maturation process, while RFP tracked the
autophagosome as it matured into an autolysosome.

Uses of redox sensitive green-fluorescent proteins (roGFPs) have recently exploded as a
source of information on the redox status of various intracellular compartments by their
conjugation with proteins of known subcellular localization. These proteins were first
developed in 2004.192 Since then, their application as intracellular compartment redox
indicators had been widely applied to many facets of intracellular investigation. A defining
characteristic of roGFPs is the inclusion of two cysteine residues on the exposed surface of
the expressed protein that modulated the fluorescence of the protein based on whether or not
a disfulfide bridge has formed between them.

A significant application for these roGFPs was developed by coupling known roGFPs to
glutaredoxin, a glutathione redox state sensor, and peroxidase 1, an intracellular peroxide
sensor, both known to be expressed exclusively in the mitochondria.193 Previous intra-
organelle redox studies relied on indirect evidence to quantify redox species and effects.
Many relied on disruptive methods to collect measurements that could alter the end result of
an experiment. The roGFPs developed in this report provided a solution by not requiring
invasive methods for detection and offering a direct readout of the redox state within the
organelle. This was due to their conjugation to the very enzymes, in this case glutaredoxin,
which process the redox species in question. Coupling of the roGFPs in this manner allowed
for a more specific quantification of the redox effector by giving instantaneous
measurements on the redox state of the mitochondrial compartment as the conjugated
enzymes broke down the redox effector in question. Initial studies were conducted in human
cervical cancer cells, but the approach was used successfully to examine differing redox
potentials at subcellular resolutions across D. melanogaster. This probe allowed
simultaneous monitoring of the cytosol and the mitochondria in various tissues over time
and under varying conditions, including age and drug treatment.

A new way of monitoring protein release from mitochondria during apoptosis using
modified bioluminescent proteins has also been developed.194 The bioluminescent protein
R. reniformis luciferase emits light when its substrate coelenterazine is converted into
coelenteramide. For the purpose of this study, luciferase was split into two domains, the C-
terminus and the N-terminus. Each half of the complete protein was engineered to contain
half of a split intein sequence. This strategy is depicted in Figure 5.1%4 One of the domains
was expressed in the cytosol (C-Rluc) and the other (N-Rluc) was fused to the N-terminus of
Smac/DIABLO, a mitochondrial protein. The fusion protein did not affect Smac/DIABLO
subcellular localization to the mitochondria in human breast cancer cells. Upon treatment
with staurosporine to induce apoptosis, the intein-N-Rluc-Smac/DIABLO construct was
released from the mitochondria, which resulted in association with the C-Rluc-intein
construct present in the cytosol. The association of the two halves of the split intein pieces
resulted in the assembly of an intact functional intein that in turn caused excision of the
intein and ligation of the two Rluc fragments to produce catalytically activated luciferase.
The subsequent conversion of coelenterazine to coelenteramide produced light that can be
easily and quickly measured with a photodetector in which the intensity is indicative of the
amount of Smac/Diablo protein released from mitochondria.

3.3. Morphology

3.3.1. Fluorescence microscopy—Confocal microscopy has become a routine tool for
investigating subcellular organization, organelle networks, and organelle dynamics in
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cellular and tissue samples.19% Confocal microscopy can also provide spatial 3D information
by optical sectioning the specimen. The limitation of using confocal microscopy to
characterize organelle properties is its resolution. The resolution along the Z-axis is ~500
nm and decreases with the increasing thickness of the observed specimen due to the
necessity of using objectives with longer working distances. This typically limits the 3D
observations to mostly flat, single layer specimens.19 The lateral resolution of conventional
confocal microscopes is restricted by the diffraction limit defined by the point-spread
function. This value is ~200 nm and is above the size of many subcellular organelles. This
prevents its use in the analysis of subcellular features, dynamics, and intra-organelle
localization.

Resolution limitations have been overcome by the recent development of a variety of super-
resolution fluorescence imaging techniques that break the diffraction barrier. Use of these
techniques has uncovered new insights of subcellular organization of cells and tissue with
subdiffraction resolution.1®” Relevant techniques are stimulated emission depletion (STED)
microscopy, 198 photoactivation localization microscopy (PALM),1%9 fluorescence
photoactivation localization microscopy (FPALM),290 and stochastic optical reconstruction
microscopy (STORM).201 Table 6 summarizes recent papers using STED and PALM.

STED microscopy uses co-illumination of the sample with two overlapping laser beams: an
excitation beam and a red-shifted doughnut-shaped de-excitation beam (STED beam).203
Figure 6 depicts the strategy involved. While the excitation beam excites the target
fluorophores in the center, the STED beam de-excites all molecules on the outside edge of
the excitation spot through the process of stimulated emission. As a result, only molecules
that appear directly inside the clipped, excitation spot are excited. Using the STED
approach, spatial resolution approaching ~50 nm can be achieved, allowing clear
visualization of small organelle features. A comparison with a standard confocal microscopy
is shown in Figure 7 depicting the clear intracellular network of citrine-labeled
microtubules.

FPALM and STORM are based on repetitive activation, individual detection, and
deactivation of a sparse subset of fluorescence molecules of interest. Figure 8 shows the
schematic involved in FPALM. When individually visualized molecules are separated by a
distance that exceeds the Abbe diffraction limit (~250 nm), their positions can be
determined after deconvoluting their point spread functions with nanometer resolution (~ 20
nm).215 This process of localization is repeated many times with different subsets of
molecules in stochastic manner to create a super-resolution image. The dramatic
improvement in the resolution obtained with FPALM over TIRF microscopy ¢ an be s een in
Figure 9.199 The fluorophores used vary according to the techniques. PALM and FPALM
typically use genetically encoded, photoactive fluorescence proteins.216 STORM utilizes
pairs of photoswitchable organic fluorophores, which are usually bound to antibodies to a
specific target of interest.217

Since the super-resolution techniques permit observations of suborganellar details, they have
been extensively used for studying organelle morphology, e.g. mitochondria, 197.206.212
Heterogeneity in mitochondria cristae morphology was visualized w ith STED
microscopy.297 The focal volume was decreased by 3 orders of magnitude when compared
to confocal microscopy. This decrease was sufficient to image details of the distribution of
F1FOATPase in the mitochondrial inner membrane. The same approach was used to resolve
and observe 28-nm cytochrome c clusters and VDAC 1 clusters ranging from 33 to 88 nm in
size in isolated ¢ ardiac mitochondria.2%% A similar approach was used to investigate
distributions of mtDNA nucleoids.?18 Using STED microscopy, 60% more nucleoids per
cell were detected compared to the confocal microscopy, suggesting that the nucleoid
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contained on average ~1.4 mtDNA copies. These findings confirm previous theories that
many nucleoids must contain only a single mtDNA copy.218 On the contrary, larger
variation in nucleoids size and shape, high packing density, close association with inner
membrane, and wrapping around cristae was found by PALM imaging in 3T3 Switch mouse
fibroblasts.2%9 Super-resolution techniques were used for imaging dynamic processes in
living cells including real-time tracking and localization (TALM) of single TOM20 and
ATP synthase complexes in mitochondria2? and ER-network dynamics using STED
microscopy.203

Most organelles have a dynamic, three-dimensional (3D) organization inside the cell, which
is tightly connected to their physiological functions. Due to this, a single 2D image
inherently limits the information acquired about the distribution of a particular property
within the organelle. The concept of super-resolution imaging has been extended to 3D
observations achieving 50-150 nm z-axis resolution. 3D STORM was used to observe
mitochondrial network in green monkey epithelial cells,197? microtubule network,21°
clathrin-coated pits in live cells?2? and mapping neural connectivity in brain.22!

Interferometric PALM was applied to visualize 3D opography of both orsal and ventral
plasma membranes with the same precision as atomic force microscopy and other
endomembrane systems such as integrin receptors within ER.204 A temporal focusing
PALM, which utilizes two-photon activation and one-photon excitation approach, was used
to produce 3D images of mitochondrial network with 50 nm lateral resolution over an z-
range up to 10 um.211

3.3.2. Electron microscopy—Transmission electron microscopy has become a routine
analytical tool complementary to light microscopy, particularly in studies concerning
organelle morphology and structure.222 The modern transmission electron microscopes
produce a 2D image of a thin sample section with resolution of about ~1-2 nm.
Transmission electron microscopy is fundamentally limited from capturing the n atural 3D
organization of a cellular structure.223 Thin sectioning of the sample and observing each
slice one by one thus producing a 3D image has been the only method of choice. The
drawback of this approach is limiting the resolution along the Z-axis to twice the thickness
of the sample slice, approx. to 60-150 nm.

Transmission electron tomography (ET) is overcoming this limitation. ET uses a similar
principle as other tomographic imaging methods commonly used in medical imaging, such
as magnetic resonance imaging (MRI) or X-ray computed axial tomography (CAT).224 In
ET, multiple 2D projections of the same specimen are collected from different angles during
a constant tilting of the sample around the axis, which is perpendicular to the imaged plane.
The acquired projections are then computationally reconstructed to produce 3D tomograms
of the sample with the Z-axis resolution up to 5-10 nm.225 This results in a more than a 30 —
60 fold improvement in the resolution compared to the traditional serial thin sectioning and
more than 500 fold improvement than that of confocal fluorescence microscopy.223

ET was used for the first time to study the mitochondria ultrastructure and organization in
the calyx of Held, which is the largest nerve terminal in the central nervous system.226 The
ET observations revealed new features of mitochondrial cristae in the calyx-cytoskeletal
anchoring suggesting new aspects of nerve terminal organization. This is shown in Figure
10.226 A 3D topological complexity of membrane systems in mouse myocardium was
investigated using ET providing new insights in the linkage b etween mitochondrial outer
membranes, sarcoplasmic reticulum and their role in controlling cardiac calcium
dynamics.22”
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Focused ion beam/scanning electron microscopy (FIB/SEM), sometimes called dual beam or
ion abrasion electron microscopy, is another approach for providing 3D structural details of
cells and tissue.228 This technique integrates a scanning electron beam and a second,

focused ion beam (FIB) in the same microscope. The ion beam, typically using accelerated,
ion scan, performs site-specific removal (or milling) of thin layers of resin-embedded or
cryo-prepared samples. By serial imaging of the abraded surfaces with SEM, one can
produce a 3D map of the particular region of the sample. The subcellular architecture of
membrane bound organelles in melanoma cells was imaged using FIB/SEM.22° The
quantitative 3D imaging indicated that mitochondria occupied about 5% of the volume in
human melanoma cells with a mean width of individual mitochondrion equal to 450 nm. The
images showed tethers between mitochondria and ER.

Similarly, FIB/SEM was used to study 3D morphology of ER and nuclei connectivity in
frozen epithelial cells.230 The study showed that ER morphology varies with its distance to
the nucleus (ER was tubular at the cell periphery and sheet-like close to the nucleus).
Another 3D map showed a continuous lipid path from the ER to the plasma membrane and
to the nucleus bringing new insights into the ER trafficking routes. FIB/SEM analysis
revealed heterogeneity in mitochondrial size and morphology in liver of mouse with
methylmalonic acidemia.23! Volumetric reconstruction of 2D slices found that mitochondria
in mutated tissue had higher surface-to-area volume ratio and more hyperbolic curvature
compared to the mitochondria observed in normal tissue. FIB/SEM has been also routinely
used for the preparation of TEM lamellas thinner than 100 nm with the ability to target
specific areas for the analysis.232 It is likely that in the future, electron tomographies and
reconstruction t echniques will be invaluable tools to describe three dimensional in
tracellular organization, organelle morphology, and function.

3.3.3. Atomic force microscopy—Atomic force microscopy (AFM) uses a nanometer-
sized probe (typically a silicon or silicon-nitride cantilever tip with a radius of 2 — 20 nm),
which scans across the imaged area of the specimen. The intensity profile of interactions
between the AFM tip with the sample surface is recorded and provides a three-dimensional
image of the sample topography with a sub-nanometer resolution. In addition to topography,
the AFM probe can also measure mechanical properties of the surface (e.g. rigidity). These
features have made AFM an important method in the studies of cell adhesion, endocytosis,
cell-to-cell interactions and cytoskeletal organization. New advances of AFM in these
applications have been recently reviewed.38-41 AFM can also be used to study behavior of
organelles inside the cells.

One example is a mapping of fluid-filled vacuolar organelles inside the human umbilical
vein endothelial cells.233 In this approach, cells were fixed with f ormaldehyde and scanned
with A FM. The vacuolar structures were localized as membrane areas with reduced
stiffness, since these areas were depleted of otherwise formaldehyde hardened cytoskeletal
and c ytosolic proteins.

Another application used an AFM tip as a hano-mechanical tool to study the response of the
mitochondrial network in the cell when an external mechanical force was applied.234
Mitochondria were fluorescently labeled and continuously observed using a fluorescence
microscope. After the indentation of the outer membrane with the AFM tip, the changes of
mitochondrial morphology were observed in real-time. The perturbations of mitochondrial
morphology were detected as far as 26 um from the point source, stressing the complexity of
cytoskeleton interaction with mitochondria inside the cell.

AFM can be used to analyze isolated organelles without the need of any sample preparation.
As an example, the process of mitochondrial swelling during the myocardial infarction was
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studied by AFM.235 Compared to normal mitochondria, the ischemic mitochondria were
much larger in size, were stiffer, and had significantly decreased adhesion force. These
results suggest that ischemic stress plays an important role in the induction of mitochondrial
swelling.

Similarly, morphology, mechanical properties, and aggregation kinetics of synaptic vesicles
were analyzed with AFM.236 Two types of synaptic vesicles isolated from rat forebrains
were used in the study: native synaptic vesicles associated with synapsin I (USVs) and
synapsin-depleted vesicles (SSVs). USVs were found to be highly monodisperse with a
spherical shape and sizes ranging between 25-45 nm. On the contrary, USVs were generally
larger (between 40 to 70 nm) and more heterogeneous, indicating that synapsin acts as an
important stabilizing agent that prevents clustering of synaptic vesicles.

The potential of characterization of mechanical properties of the organelle surface was also
demonstrated by studying the age-related surface changes of isolated human retinal pigment
epithelium (RPE) melanosomes.237 Force-indentation measurements r evealed that older
melanosomes had stronger tip-surface adhesion than the young ones. This adhesion was
attributed to the age-related increase of lipofuscin content o n the melanosome surface.

AFM imaging was also applied as a complementary technique to TEM to obtain high-
resolution ultrastructural images of various organelles in resin embedded tissue cross-
sections238 and cryo-sectioned biological specimens.239

4. Organelle Composition

The combination of subcellular fractionation with ‘omic’ technologies has become powerful
resource to characterize and catalogue the various subcellular environments in a cell. This
section focuses on the capabilities of proteomics, metabolomics and lipidomics, which
currently p rovide the most comprehensive descriptions of molecular compositions of
subcellular environments to date. The power of these ‘omic’ studies is clearly dependent on
advances in the separation of complex molecular mixtures using various HPLC formats,
suitable interfaces for volatilization and ionization of biomolecules, and the sensitivity,
speed, and resolution of modern mass spectrometry systems. Combined with powerful
bioinformatics resources and comprehensive databases, this hardware sets the stage for
biomolecular discovery or ‘omics’ studies.

4.1. Organelle Proteomics

Successful proteomics requires suitable strategies for subcellular fractionation, separation
and purification of peptides and proteins, high-sensitivity, high-resolution, high accuracy
mass spectrometers, and a robust bioinformatics pipeline. Powerful mass spectrometers
typically used in proteomic studies have included triple quadrupoles, 240 Orbitrap
instrumentation,241 and triple quadrupole time-of-flight (TOF)242 instrumentation.172:243
This section will review advances on various aspects of proteomic strategies and
methodologies that are relevant to organelle proteomics, beginning with a general overview
of bioinformatics and sample preparation.

Developments in bioinformatics and databases have been essential to the success of MS-
based proteomic studies. Search algorithms such as Mascot,244 SEQUEST,24° X!
Tandem,246 OMSSA (open mass spectrometry search algorithm),247 and ProteinPilot,248
and databases such as the International Protein Index (IP1)242 and UniProt20 were all
developed for the searching of proteomic data. Scaffold was developed to filter and process
these search results.21 ExXPASy (the Expert Protein Analysis System),252 is a service that
provides access to a variety of databases and tools for proteomic analysis. MaxQuantZ>3 and
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the more recent Andromeda?>* software were developed and made publicly available
specifically to take advantage of high mass accuracy data of SILAC samples obtained from
Orbitrap mass spectrometers.241.255 Another tool developed for quantitation of proteomic
data is Census26 (based on the previously developed RelEx program),2% which is capable
of analyzing both high-and low-resolution spectra from single MS and tandem mass
spectrometry (MS/MS) data.

Because subcellular proteomics requires association of proteomes with a specific organelle
type, organelles must be isolated with high purity, acquired in the presence of other
organelles, or distributed through continuous density gradients. As described in the sections
below, selection of one of these preparation procedures depends on the goals of the study.
Proteomic studies using high purity organelles provide a reliable catalogue of their proteome
and subcellular information on specific target proteins. If obtaining a high-purity sample of
organelles is impractical, the desired organelle may be analyzed in the presence of other
organelles. Proteomic profiling addresses this issue as it includes the analysis of multiple
subcellular proteomic profiles in organelle mixtures.

4.1.1. Technology and bioinformatics advances—Selection of spectrometers as well
as pre-fractionation strategies best suited for proteomic studies is not always
straightforward. One recent study utilizing mass spectrometers with differing scan rates
compared affinity purified samples with bait proteins known to be from different subcellular
components (cytosol, cytoplasm, mitochondrion, and nucleus) to study the benefit of a
multidimensional s eparation of these affinity purified samples coupled to liquid-
chromatography (LC)-MS/MS.258 It was found that although t his multidimensional
approach d id result in an in crease in spectral counts with the LTQ-Orbitrap XL (Thermo
Scientific) (very important when spectral counting is used for quantitation), the slight
increase in protein identifications did not outweigh practical considerations such as the
drawback of increased sample preparation and mass spectrometer time. The authors also
compared these results with 1-D and various 2-D results obtained from an even older
generation mass spectrometer, the LTQ (Thermo Scientific). Acquisition of 1 high-
resolution MS scan followed by 3 data-dependent MS/MS scans of the most abundant ions
with a mass accuracy of <2 ppm was used for the LTQ-Orbitrap. The TripleTOF 5600 (AB
Sciex) was used with a faster scan rate of 20 data-dependent MS/MS scans per one MS (1.3
second duty cycle). The TripleTOF 5600 operates via information-dependent acquisition
(IDA) with high resolution (>30,000) and high mass accuracy (<3 ppm), and the speed in
which it can acquire MS/MS spectra allows for the development of a LC-MS/MS platform
capable of identifying approximately twice the number of peptides and proteins over a
currently optimized LC-MS/MS method (FTMS).242 The high duty cycle of the TripleTOF
allowed for the analysis of the affinity purified samples (without the multidimensional
separation step) with similar benefits but without the drawbacks of increased sample
preparation and MS time. More specifically, the authors found that the increased scan rate of
new mass spectrometers allowed for similar results to be obtained as on older mass
spectrometers (i.e. LTQ-Orbitrap XL) using a multidimensional separation. Therefore, in the
case of these affinity-purified samples, a faster scan rate allows for more identification in the
absence of a multidimensional separation used w ith more complex samples.

Venable et al. specifically evaluated the LTQ-Orbitrap in regards to high mass accuracy data
from both standards and complex tissue samples.2> The authors searched the tandem mass
spectra using SEQUEST245 and Census256 for quantitative analysis of N15-labeled rat
synaptosomes. The quality of the spectra obtained from this study was compared to spectra
obtained from an LTQ, and were of consistently higher quality. Using this data, the authors
were able to determine that 149 synaptic proteins change in abundance (82 upregulated and
67 downregulated) during development.
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Advances in preparation of proteomic samples have also allowed for high-sensitivity
detection of proteins at the subcellular level. Zhou et a/. simplified and employed a
previously developed proteomic reactor260 to characterize the ER and Golgi microsomal
membrane proteomes of rat hepatic cells (McA-RH7777).261 The reactor itself consists of a
1.5-mL Eppendorf tube in which strong cation exchange beads are added to a lysed,
acidified, and delipidated membrane pellet. It is then able to preconcentrate, derivatize, and
support enzymatic digestion of the proteins. Because of its format, it is compatible with
benchtop centrifuges, making its utility much more widely applicable (i.e. “centrifugal
proteomic reactor). Using this reactor, it was possible to identify 945 plasma membrane
proteins and 955 microsomal membrane proteins (which consist of the ER nd Golgi), of
which >800 of these proteins could not be detected by the standard in-gel digestion
technique.

Significant bioinformatics and database advances have improved the analysis of subcellular
proteomic data. Databases that include previously reported subcellular localization of
proteins and software that predicts subcellular location is of great value when it is not
feasible to perform a comprehensive subcellular proteomic study. Table 7 lists other
databases and predictors that include information such as gene ontology ( GO) classifiers
and subcellular p redictions based o n amino acid sequences. For example, iLoc-Euk can
predict single or multiple subcellular locations of eukaryotic proteins.263 It would be in error
to ssign a single organelle location to these proteins. The GO formulations included
incorporate hit probabilities and an accumulation-layer scale was included (which is helpful
for proteins with multiple subcellular locations). If there is no GO information a vailable for
a specific protein, the formulations are used for a higher-level subcellular localization p
rediction. Similarly, Scott et a/. claim that they can predict the fluidity of the nucleolar
membrane by allowing for different classes of nucleolar proteins (i.e. nucleolar-enriched,
nucleolar-nucleoplasmic, nucleolar-cytoplasmic, or non-nucleolar).266 In developing this
model, the authors took into consideration the frequency of specific amino acids, the
predicted presence of signal peptides, mitochondrial targeting peptides, nucleolar
localization sequences, e xpression data, GO annotations, and subcellular localization
annotations of other protein interactors. This predictor was evaluated and demonstrated
accuracy of 0.85 on an independent literature-based test set and demonstrated accuracy of
0.74 with a large independent quantitative proteomics dataset.

4.1.2. Purification strategies—The importance of high-purity organelles in subcellular
proteomic analyses cannot be understated. Cross-contamination between organelle fractions
can lead to incorrect protein localization assignments and therefore, mistaken biological
conclusions or hypotheses.267 In addition, it is vital to see protein translocations in response
to treatments/stressors or in signaling pathways. Biological insight can be acquired by
quantitative determination of protein translocation and abundance changes in many
organelles and membrane fractions simultaneously.268

Complex, tissue-specific differential centrifugation methods (size-based) have been
extensively developed to obtain pure organelle fractions (based on Western blot
confirmation) for MS-based analyses.289 Developments in density gradient centrifugation
have also improved organelle purity for MS analysis, which can separate organelles based
on differing densities.270 Use of fluorescence-assisted organelle sorting (FAOS) to enrich
dense-core secretory granules has recently been reported.2’? Frit-inlet asymmetrical flow
field-flow fractionation (FI-AFIFFF) has also been used to size-fractionate and purify a
specific type of organelle (i.e. mitochondria) from rat liver for MS/MS analysis.2”2 This
differs from traditional flow field-flow fractionation in that sample elaxation (equilibrium
conditions before the sample components are separated) is achieved hydrodynamically via
the frit inlet so that there is no momentary stop of the migration flow. More specifically, the
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sample is able to quickly reach equilibrium via compression of the frit inlet flow so that
there is no stop in the migration flow of the sample while it reaches equilibrium. Stopping
the sample flow, as is the case FIFFF applications, can be problematic as the sample can
become stuck. There have also been studies using free flow electrophoresis (FFE) for
subcellular fractionation and isolation, which eliminates the need for tedious and time-
consuming centrifugation steps.2’3 These reports even demonstrate that subpopulations
within heterogeneous populations of organelles may be resolved. More specifically, Islinger
et al. used free flow-isotachophoresis (FF-1TP) followed by z onal FFE to pre-enrich
mitochondria at the anodic side of the instrument and subsequently enrich the s ynaptosome
fraction from brain tissue.2730 This is an improvement over isotachophoresis ( ITP), which is
a focusing t echnique that separates organelles according to their different electrophoretic
mobilities, but results in high mitochondria cross-contamination in the synaptosome
fraction.

Of the organelles studied in subcellular proteomic analyses, the purification and isolation of
lysosomes is of special interest to many groups because of their k nown role in disease
(lysosomal storage diseases, or LSDs).2’4 Unfortunately, the discovery and identification of
lysosomal proteins has been difficult due to the presence of other contaminating organelles
(such as mitochondria) in the lysosomal fraction when using conventional s ubcellular
fractionation techniques. Using lysosomal density shifting techniques (treatment with either
Triton WR-133927° or progesterone2’%), investigators have been able to assign proteins to
the lysosome in Wistar rat livers and human hepatocellular carcinoma (HepG2) cells,
respectively, that were n ot previously assigned to that organelle. In addition, they were able
to identify proteins associated with other organelles in the same fraction that were
previously assigned to the lysosome using a quadratic discriminant analysis.2”® More
specifically, if levels of a given protein change in parallel with the organelle marker(s) (e.g.
Lamp?2 is a marker for lysosomes), it strongly suggests that the protein is localized with that
particular o rganelle. Therefore, proteins that are density-shifted with the lysosomal
organelle markers can be assigned lysosomal residence.

The ability to obtain relatively pure fractions of organelles allows for extension of
proteomics analyses to identification and mapping of post-translational modifications
(PTMS). In a study done by Tweedie-Cullen et al., a comprehensive dataset of PTMs of the
mitochondrial and h istone-containing subcellular fractions in the brain was generated.2”’
The authors used an iminodiacetic acid-coupled (IMAC)/TiO, phospho-peptide enrichment
strategy to identify 1062 phosphoproteins in the nuclear, histone, and synaptic subcellular
fractions of the mouse brain. They were also able to clearly demonstrate that the
phosphoproteins identified in each fraction are enriched in different gene ontology (GO)
groups. Acetylation, methylation, and ubiquitination modifications were found on histone
proteins. In addition, the authors identified PTMs on key synaptic, histone, and nuclear
proteins with high confidence. More specifically, the authors reported high levels of histone
PTMs in the brain.

Other studies have relied on various types of affinity purification step in order to isolate pure
fractions of organelles. A cAMP capture compound (CC) developed by Luo et al. covalently
links to target proteins using a photoactivatable reactive group and reversible binding of
these target proteins by a selectivity group.2’® The bound complexes can be purified via
streptavidin-coated magnetic beads since the CC contains a biotin moiety. The success of
this strategy was demonstrated in £. coli cell lysate and human hepatocarcinoma (HepG2)
cells. More specifically, the authors were able to capture ion channel (hyperpolarization-
activated cyclic nucleotide-gated, HCN) proteins from rat synaptosomes, organelle-like
structures c onsisting of the axon terminals of a pre-and post-synaptic neuron that are readily
formed when neuronal tissue is gently homogenized. In another study, ER membranes were
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enriched to analyze integral membrane proteins from canine pancreas.2’? The proteins
within the ER are responsible for signaling and protein trafficking but many of their
identities have not been established. Thus, rough microsomes were treated with Triton-X100
and with SM-2 beads to interact and capture the membranes, followed by centrifugation was
used to enrich the membrane-collected fraction. The fraction containing ER luminal proteins
and ER membrane proteins was subsequently extracted and analyzed.

Mass spectrometry for subcellular analysis can also be used to ensure that a class of
contaminant proteins is not in the sample to be analyzed. A method was developed by Adam
et al. to reduce contamination of nuclear proteins by 50% in lipid enrichments.280
Cholesterol rich membrane microdomains, known as lipid rafts, are important in signal
transduction, trafficking, and lipid transport. It has been recently found in proteomic s tudies
that preparations of microdomains are often contaminated with nuclear proteins, which
skews the composition of the microdomains. To address this problem, nuclei were
centrifuged and depleted from the remaining cellular homogenate prior to detergent
solubilization. The post nuclear fraction from Atkl and LNCaP/LacZ yeast cells were
treated with Triton X-100 and differential centrifugation was applied to collect the
microdomains. The modified procedure only contained only 15% of the contaminating
nuclear proteins found using the previous method. This correlated with an increase in non-
nuclear proteins detected from 195 to 258 as determine via western blotting and their
subsequent identification via proteomic analysis.

4.1.3. Subcellular profiling—Subcellular proteomic profiling refers to untargeted
characterization of the protein sets found in multiple organelle types mixed in the same
sample. Accurate subcellular proteomic profiling can give much biological insight into
pathways, processes, and disease initiation and progression because it describes a global
proteomic composition classified according to subcellular milieu.

A fast, new subcellular isolation technique used by Png et a/. and Lan et al., called
centricollation, applies uniform centrifugal force across a sample and separates proteins and
organelles based on a stepwise density gradient.279.281 Because the samples undergo brisk
acceleration (Edge™ instrumentation), a single extraction can be a ccomplished in a matter
of minutes as opposed to several hours as with ultracentrifugation. The system uses
extraction media of different densities that results in intact, non-denatured organelles in a
reproducible manner for subsequent analyses (i.e. gel electrophoresis, Western blots, etc.) as
shown in Figure 11. Using this technique coupled to mass spectrometry, the distribution and
subcellular translocation of potential binding partners of transglutaminase-2 (TGM-2) were
studied in the presence of short hairpin RNA (shRNA) in human SV-40 immortalized orneal
epithelial cells (HCE-T).281 The TGM-2 protein is important in the regulation of apoptosis,
rearrangement of the cytoskeleton, is involved in protein cross-linking, and appears to be
associated with multiple subcellular locations. Western blotting using organelle markers for
early, late, and recycling endosomes, secretory vesicles, lysosomes, Golgi, ER, and
mitochondria revealed the subcellular makeup of the centricollated fractions. These
organelle markers helped to confirm the subcellular location of proteins (partners)
interacting with TGM-2.

Subcellular proteomic profiling can also be accomplished by critically analyzing existing
datasets.282 Employing a systematic bioinformatics analysis, Hu et a/. compared the
mitochondrial proteomes from several different tissues and found that large numbers of
"known" mitochondrial proteins were missing from many samples. In addition, it was found
that ~70% of the mitochondrial proteome and ~52% of the ER proteome are unique to their
respective proteomes, which makes sense as they are relatively easy to isolate from cell
lysates. Special consideration was given to the analysis of organelle proteomes in which one
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organelle originates from another (i.e. endosomes and lysosomes), because many of the
proteins are colocalized. The authors were then able to demonstrate the dynamic nature of
LROs, or lysosome-related organelles, which include the lysosomes themselves, as well as
melanosomes, synaptosomes, exosomes, platelet dense granules, and neuromelanin granules.

The effect of thyroid hormones on sialylation of intracellular proteins of rabbit liver was
investigated through the proteomic a nalysis of nriched nuclear, cytosolic, ER, and
mitochondrial fractions.283 While it is known that the role of sialylation of proteins on the
surfaces of cells plays a role in cell-cell interactions, the role of sialic acid inside the cell is
not understood, or how it specifically relates to hypo-and hyperthyroidism. Both rabbit
models of hypothyroidism and hyperthyroidism were compared against untreated rabbits.
Each subcellular fraction was separated with SDS-PAGE and sialyated proteins in each band
were identified through detection of digioxogenin-labeled lectins. The authors were able to
determine that the overall presence of sialic acids was lower in the mitochondria fraction of
the hyperthyroid liver.

Subcellular proteomic analysis was also applied to the profiling of PTMs in mitochondrial
and histone-containing fractions prepared from Arabidopsis thaliana.?8* More specifically,
this report used immobilized metal a ffinity p urification IM AC enrichment of p
hosphorylated peptides from cytoplasmic-and nuclear-enriched fractions to identify 303 in
vivo phosphorylation sites. The phosphorylation PTM catalyzed by protein kinases is
important in cellular signaling events, and the authors used a peptide chip analysis platform
(kinome profiling of subcellular fractions) to form hypotheses associated with possible
phosphorylation networks. The authors conclude that a large number of the identified
phosphoproteins in Arabidopsis are targets of different protein kinases and serve as stages
for multiple signal pathways.

4.1.4. Quantitative proteomics—Relative or absolute quantification of abundances of
individual proteins detected in proteomic experiments is invaluable in subcellular proteomic
analyses. Identification of up-regulated or down-regulated proteins as well as translocation
events in cell or animal systems allows for the formation of biological hypotheses.
Quantitative proteomics relies on associating the abundance of chemical or metabolic labels
detected in a proteomics experiment with a given sample or treatment. It may also be based
on label-free approaches that rely on using counts of protein-specific mass spectrum features
when analyzing a given proteomic sample by mass spectrometry. Both strategies are briefly
discussed below.

Chemical labeling techniques include isotope-coded affinity tagging (ICAT),285 isobaric tag
for relative and absolute quantification (iTRAQ),286 tandem mass tags (TMTs).287 All of
these chemical labeling strategies involve the in troduction of an isotopically stable tag a t
the peptide or protein level. Recent reports on the use of quantitative proteomics for
subcellular analysis used mainly iTRAQ labeling. In the iTRAQ and TMT approaches, the
lysine residues or N-termini of proteins or peptides are labeled with amine reactive tags.
These tags are isobaric, or of the same initial mass, but yield reporter ions of different
masses when the tags are fragmented during tandem mass spectrometry analysis. The
intensities of these reporter io ns, detected in the second stage of tandem mass spectrometry
analysis, are used for quantitation. Chemical labeling approaches are often chosen when
metabolic labeling is not feasible (e.g. in tissue) or if a large number of groups or parameters
are to be analyzed (i.e. iTRAQ 4-plex can quantify up to 4 different groups of proteins and
TMT 6-plex can quantify up to 6 different groups of proteins while SILAC can quantify, at
most, 3 groups of proteins). The utility of multiplexing these labeling schemes (that is,
labeling proteins both metabolically and chemically) is beginning to be exploited. Recently,
SILAC labeling was combined with TMTSs to provide up to 18 different conditions (3
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SILAC X 6 TMTSs) that could be simultaneously analyzed.288 While this multiplexing study
was done in yeast, this labeling scheme could be expanded for use in eukaryotic subcellular
analysis.

Labeling of proteins for quantitative analysis can also be done metabolically, as with stable
isotope labeling with amino acids in cell culture (SILAC)289 or stable isotope labeling of
mammals (SILAM)2%, In both cases, labeling takes place via metabolic in corporation of
heavy or light isotopically stable essential amino acids. In SILAC, cells are cultured in
media with either the heavy or light amino acids. In SILAM, animals are fed a diet of either
the heavy or light label-containing food.

McClatchy et al. used SILAM to quantify changes in the subcellular neuronal compartments
of rat brains during development in the study of neurodevelopmental disease.2% Looking
specifically at the synapses (or synaptosomes) and mitochondria, the authors were able to
identify 1753 and 1328 significant changes, respectively, within a specific brain region over
45 days of postnatal development. Furthermore, the authors discovered that each brain
region consists of differentially expressed proteins that act as a sort of signature for that
region. It was concluded that a spatiotemporal understanding (brain regions as well as
subcellular compartments) is necessary to fully understand the proteome changes that occur
during development and neurodevelopmental disease.

Frequently, subcellular fractionation leads to impure fractions of organelles making it
impossible to assign proteins present in a given fraction to a specific organelle type. When
fractionations are accomplished by density gradient centrifugation, this inconvenience can
be circumvented in some cases through the use of protein correlation profiling (PCP).2%2
PCP works by correlating proteins with known organelle locations (marker proteins) with
those of unknown subcellular locations in the same fraction as shown in Figure 12.2923 More
recently, Harner et a/. combined quantitative proteomics (a SILAC spike-in standard)28?
with PCP to identify a novel protein complex, the mitochondrial contact site (MICOS)
complex in W303 yeast strains. This complex is crucial in the formation of cristae junctions
(CJ), which create the structure of the inner membrane of the mitochondria.293

In recent years, there has been substantial interest in p rofiling the subcellular proteome
changes in response to viral or bacterial infection.2%4 Those studies demonstrate the value of
subcellular profiling in regards to research of infectious diseases. Quantitative proteomic
analysis can also be used to profile changes in protein abundance in response to viral
infection as well as virus-host protein interactions.2%> Emmott et a/. identified and quantified
1830 proteins in control and coronavirus infectious bronchitis v irus (IBV)-infected Vero
cells utilizing subcellular fractionation and S ILAC labeling. Coronaviruses can cause
respiratory as well as gastrointestinal infections in humans and animals. The authors found
changes in abundance of proteins involved in maintenance of cellular structure. Because
most of the cellular proteome does not change in abundance in IBV-infected cells (in
agreement with previous reports), the authors believe that the virus infection stimulates very
specific changes in the nuclear, nucleolar, and cytoplasmic fractions studied. This is the first
study of proteome changes using SILAC in response to this type of virus. It demonstrates
the applicability of this method to study other host proteome changes in response to viral
infection.

A recent study used iTRAQ labeling to quantitate proteome changes in host subcellular
proteomes in response to viral or bacterial infection.2%42 The authors found dramatic
changes in the nuclear and mitochondrial proteomes of human primary macrophages after
the influenza A viral infection and less striking proteome changes in their cytoplasm and
secretome. In total, more than 1000 host proteins changed in early phases of infection.
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The Lilley lab developed a method to profile and quantify proteins in their subcellular
locations using iTRAQ.2% This method, called LOPIT, or Localization of Organelle
Proteins by Isotope Tagging, was first developed using ICAT to label integral membrane
proteins in Arabidopsis thaliana.2%62 LOPIT was further developed to profile proteins and
protein complexes using iTRAQ in Drosophila melanogaster embryos.2960 After
homogenization, an iodixanol gradient was used to fractionate the embryo membranes. The
different organelle fractions resulting from the gradient were iTRAQ labeled so that the peak
of each organelle distribution was labeled with a different reagent. The iTRAQ labeling of
the different organelle distributions allowed for both profiling as well as quantitation of the
proteins within each fraction. PCA (principle component analysis) was then used to assign
“co-resident” proteins to particular organelles (in this analysis, the mitochondria, ER/Golgi,
and plasma membrane).

One of the drawbacks of quantitative subcellular proteomics is the large number of samples
that must be processed through the proteomic pipeline. A new quantitative subcellular
proteomic strategy, termed spatial proteomics, has begun to address this issue.265297 Spatial
proteomics involves SILAC labeling of cells with light, m edium, or heavy isotopic labels,
completing subcellular fractionation in to nucleolar, nucleoplasmic, and cytoplasmic
fractions, and then recombining the 3 fractions with different labels. The schematic is s
hown as a f low chart in Figure 13. This technique is useful because fewer samples may be
analyzed while still obtaining subcellular information (as opposed to analyzing each fraction
independently).

Spatial proteomics was used to quantify changes in protein abundance as well as subcellular
localization in human colon carcinoma cells ( HCT116) in response to DNA damage caused
by treatment with etoposide.2972 Spatial proteomics resulted in correct subcellular location
(e.g. nuclear, nucleolar, and cytoplasmic) assignment for most of the proteins detected. They
also found a general increase in abundance of nucleolar proteins due to etoposide treatment,
but few proteins had changes in expected subcellular localization. Among the proteins that
translocated, most of them were categorized as “proteolysis” proteins and were being
shuttled out of the cytoplasm and into the nucleus. This work also offers evidence that DNA
damage may alter the properties of the minichromosome maintenance (MCM) complex,
which concentrates in the nucleus in response to DNA damage.2972

Spatial proteomics methods were also applied to study the effects of DNA damage in p53
knockout HCT116 cells on the subcellular proteome.297° Under normal growth conditions,
p53 makes little contribution to subcellular lo calization of proteins. Few proteins
relocalized in the p53 knockout cells in the absence of DNA damage. In the presence of
DNA damage caused by etoposide treatment, shuttling of proteins between the cytosolic and
nuclear components is similar between wild-type and knockout cells. However, p53 appears
to halt nucleolar activity, causing proteins to stay put (i.e. ribosomal proteins) in wild-type
cells. This effect was observed to a much lesser extent in the knockout cells, as the
ribosomal proteins do not accumulate in the nucleolus in response to etoposide treatment.
This may suggest that p53 is needed for the release of ribosomal proteins from the nucleolus
following DNA damage.

In order to accomplish a comprehensive quantitative spatial proteomics analysis, or
distribution between the nuclear, nucleolar, and cytoplasmic fractions, in the HeLa cell
line,265 Boisvert et. al. (Lamond lab) relied on an array of bioinformatics tools. One of these
tools, PepTracker, was used to visualize the differing turnover rates in different subcellular
compartments for the same protein. This is shown in Figure 14.25 Although the results are
limited by the impurities present in each fraction, the authors concluded that protein subunits
from multiprotein complexes actually turnover more rapidly prior to complex assembly (i.e.
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ribosomal proteins in the nucleus as opposed to in the cytoplasm where they form ribosomal
units). Therefore, the subcellular location of a set of proteins dictates their turnover rates.
They hypothesized that the turnover rates differ based on the specific function of the protein
in each compartment.

An alternative to labeling schemes in quantitative proteomics is to adopt a label-free
approach. Area under the curve (AUC)/signal intensity measurement (chromatographic
peaks) and spectral counting (number of peptides assigned to a protein) are the two main
label-free approaches used. The former assumes that the AUC of the chromatographic peak
of a peptide corresponds with its concentration in the sample. Spectral counting asserts that
if a peptide is more abundant, it will be selected for fragmentation more often than less
abundant peptides and result in more MS/MS spectra.2%

Label-free quantitation was the approach of choice in a proteomic study on the ER of murine
liver.2%9 There, the authors developed and demonstrated a 3D profiling strategy that
combined SDS-PAGE with gas phase fractionation (GPF) just prior to MS/MS analysis. A
spectral counting label-free approach was used for semi quantitation using cluster or co-
cluster analyses 300 with known proteins associated with various organelles (i.e. cytosol,
smooth ER, rough ER). The authors were able to identify 4 cytosolic proteins that clustered
with ER proteins with high probability. More specifically, they suggested that they
identified N-myc interactor (Nmi) as a new candidate in the ER associated degradation
(ERAD) pathway.

4.1.5. Targeted proteomics—Subcellular targeted proteomics requires the ability to
track or quantitate a set of proteins under various pathological or biological conditions as
they occupy or translocate between various subcellular regions. Three examples include the
subcellular analysis of proteins involved in chemotherapy resistance, the cAMP-Protein
kinase A (PKA) pathway, and mitochondrial D-loop binding proteins.

Through the use of 2D liquid chromatography fractionation to create proteome maps of
chemosensitive and chemoresistant cell lines, Skalnikova ef al. were able to identify
differentially expressed proteins. The authors found that Rho GDP-dissociation inhibitor 2
(Rho GDI2) and Y-box binding protein 1 (YB-1) increase and decrease, respectively, in
resistant cells relative to sensitive cells. The Rho GDI2 increase observed in resistant cells
may have an anti-apoptotic effect, and it may be a good marker for cancer resistance. In
addition, the truncation of YB-1 may serve as a marker for multi-drug resistance. Moreover,
this truncation is associated with nuclei in human cancer cells. The authors were also able to
observe translocation of the protein Hop, an Hsp70/90 organizing protein, from the nuclei to
the cytoplasm in chemosensitive cells using immunohistochemistry. This translocation may
alter a cell’s response to spreading cancer and drug resistance.

Targeted proteomics aided in defining the subcellular location of PKA isoforms thereby
improving knowledge of the cAMP-PKA pathway. 391 This pathway is necessary to control
growth and metabolism in response to stress and nutrients. PKA was identified in P-bodies,
nuclei, and the cytosol of whole cells. The expression pattern of PKA changed based upon
carbon and oxygen availability and demonstrated the specificity of PKA signaling.

Through the use of D-loop DNA-linked chromatography and peptide sequencing via mass
spectrometry, Choi et al. were able to demonstrate that 152 mitochondrial proteins showed
some binding affinity to the D-loop of mitochondrial DNA in human kidney cells and
human hepatoma cells.302 |t was found that 114 of these proteins likely form complexes via
protein-protein interactions (PPI). D-loop binding proteins were purified by D-loop affinity
chromatography, and these proteins were analyzed via a shotgun proteomic approach. These
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D-loop binding mitochondrial proteins may form various protein complexes via PPIs during
different cellular processes. Network analysis of these identified proteins in selected cellular
processes g ave further insight a s to possible PPIs involved in the formation of protein
complexes and binding with the D-loop.

4.2. Endogenous metabolites and metabolomics

Subcellular metabolite analysis (subcellular metabolomics) generally focuses on
identification of a set of metabolites associated with each other through biological cell
functions such as the production of energy or the processing of ROS. Metabolite studies can
also compare relative changes in metabolite concentrations or abundance. These variations
could be associated with disease, developmental status, or response to xenobiotic treatments.
Lastly, metabolite studies can determine how metabolites are transported among the various
subcellular regions or how they are transformed within a subcellular environment.
Endogenous metabolites comprise a highly heterogeneous set of chemical species that
naturally occur in biological systems. The most commonly studied metabolite types are
involved cellular energetics such as carbohydrates and glycogens,393 cofactors (e.g.
NAD"),3%4 vitamins (e.g. riboflavins),39% and ROS. In some instances, metabolomic studies
survey multiple classes of metabolites.306

Despite their different uses, subcellular metabolite analyses usually have similar
experimental procedures: subcellular fractionation, metabolite extraction, separation of
metabolite species with techniques such as gas chromatography and HPLC, and structural
characterization using NMR or mass spectrometry. Libraries of either experimental mass
spectra or predicted mass spectra can help expedite the identification of compounds when
the structural characterization is based on mass spectrometry techniques. Table 8 lists
relevant metabolomic databases useful for the analysis and identification of metabolites.
These databases contain either experimentally observed or predicted data. It should be noted
none of these databases associate metabolites with subcellular localization.

Several relevant techniques do not rely on structural characterization as shown in the studies
reviewed in this section. Scintillation counting can be used to track radioactivity of known
isotopes in enriched subcellular fractions.324 Confocal fluorescence microscopy and
transmission electron microscopy have been used to determine the subcellular location of
known metabolites. This can be done with fluorescent probes such as MitoSox Red for
detecting the subcellular locations of superoxide. Immunodetection, such as immunogold
labeling of glutathione, can be used with transmission electron microscopy. Paper
chromatography has also been utilized to separate metabolites.324 Similar to thin layer
chromatography, analytes interact with both the paper solid phase and a mobile phase. The
degree of interaction determines their overall travel on the paper phase. Lastly, CE-LIF has
been used to separate fluorescent or fluorescently tagged metabolites such as superoxide that
are tracked by monitoring a unique fluorescent product that fractionates differently from
non-specific fluorescent products.32° The excellent sensitivity of CE-LIF allows for
detection of zeptomolar amounts of certain fluorophores and is highly suitable for
subcellular metabolite analysis. This section describes salient examples of subcellular
metabolite analysis including selections from energy metabolism, ROS, oxidative damage,
and metal ion analysis.

4.2.1. Small molecule metabolism and transport—Subcellular organization plays a
critical role in the compartmentalization of carbohydrates and small molecules that
participate in cellular metabolism. When carbohydrate metabolism is impaired, alteration in
the subcellular localization of metabolites is likely altered, which is then associated with
disease.326 Similarly, carbohydrates are critical sources of energy and serve as growth
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regulators in plants. However, carbohydrates comprise are only a small component of the
metabolome. Other metabolites such as amino acids also play pivotal roles and define
metabolic networks that are responsible for maintaining homeostatic control within the cell.
This subsection describes relevant examples of recent reports in which small molecule
metabolism and transport are described within the frame of the subcellular organization of
the cell.

The subcellular description of glucose transport is critical to investigate the impact of
glucose accumulation in coronary endothelial cells. Fluorescent glucose analogues were
used to track glucose subcellular colocalization by confocal fluorescent microscopy in the
presence of cytochalasin B and D-glucose (inhibitors of glucose transporter p roteins 1-5)
and in the presence of insulin (an activator).327 Stimulators and inhibitors of the transporters
caused changes in the subcellular distribution of the fluorescent analogues. Thus, the authors
demonstrated for the first time that endothelial cells could compartmentalize glucose near
the plasma membrane and, specifically, at cell-to-cell junctions. This finding led them to
suggest glucose forms a ¢ oncentration gradient at the cell membrane, which is eliminated,
with glucose transporter impairment.

The rate of carbon flux during photosynthesis in barley leaf cytosol, chloroplasts, and
mitochondria was studied with 14CO,-incubated protoplasts at different incubation times.324
Three enriched subcellular fractions were prepared with a combination of pressure and
filtration. The three fractions consisted of: (1) mitochondria, chloroplasts, cytosol; (2)
mitochondria, cytosol; and (3) cytosol markers. Compounds of interest were separated with
two-dimensional paper chromatography, extracted, and detected with liquid scintillation
counting. The differences in radioactivity between fractions were quantified. The cytosolic
fraction contained the largest pool of photosynthetic metabolites. A small, constant amount
of the metabolites was found in chloroplasts-enriched (fraction 1) and to a lesser extent in
the mitochondrial-enriched (fraction 2) fraction. Examples of the photosynthetic metabolites
identified were 3-phosphoglyceric acid, triose phosphate, hexose monophosphate, fructose
1,6-bisphosphate, and ribulose 1,6-bisphosphate. Table 9 describes the localization of all a
ccumulated carbon compounds.324

Changes in the colocalization of invertases in potato tubers led to changes in carbohydrate
subcellular localization.328 Invertases are enzymes responsible for the h ydrolytic
degradation of sucrose. By changing the subcellular localization of invertases, their role in
carbohydrate subcellular compartmentalization can be studied. The subcellular location of
invertases changed when the peptide targeting sequence was changed. Plastid, cytosol, and
vacuole fractions were isolated via non-aqueous fractionation (NAQF). Gas chromatography
coupled to mass spectrometry was used to determine subcellular concentrations of 50
confirmed metabolites. Isomaltose and sucrose accumulated in vacuoles and trehalose,
maltose, and malitol (a sugar alcohol) were found primarily in the cytosol. Cell lines with
modified subcellular distributions of invertases had decreased levels of cytosolic glucose,
fructose, and sucrose in the enriched plastid, cytosol, and vacuole subcellular fractions.
While carbohydrate subcellular localization was affected by invertases, carbohydrate
metabolites (glucose-6-phosphate, fructose-6-phoshphate, and 3-phospho-glycerate) were
only slightly increased in concentration in the cytosol. Increases in amino acids in both
invertase-modified cells lines were observed, which may represent a regulatory system to
maintain amino acid biosynthesis.

NAD* has distinct roles in different subcellular compartments. Monitoring the activity of
poly-ADP-ribose polymerase (PARP), which uses NAD™ as a substrate, allows for the first
visualization of free NAD*.394 PARP was used as an organelle-specific fusion protein for
NAD* visualization. Hence, PARP was fused to glutamate dehydrogenase specific for
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mitochondria NAD™ visualization. When free NAD* was available, NAD* was polymerized
onto PARP. The polymerized NAD™ could then be immunodetected. Figure 15 shows a
schematic description of NAD™ visualization.3%* Free NAD* was found in mitochondria,
peroxisomes, ER, and the Golgi of HeL a cells. Because many processes such as poly-ADP-
ribose protein degradation use NAD™ as signaling molecule, the indirect detection of NAD™*
has significant potential for future investigations of subcellular signaling.

Riboflavin is an intracellular regulator of cAMP. The subcellular distribution of riboflavin
and how cAMP affects its distribution also was investigated.3%® Liquid scintillation counting
was employed to track [3H]-riboflavin in various subcellular fractions prepared from human
choriocarcinoma and human epithelial colorectal adenocarcinoma cells. [12°1]-transferrin, a
known endocytic marker was used as an experimental control. Riboflavin was more
abundant in clathrin-coated vacuoles than endocytosed transferrin implying riboflavin
endocytosis was receptor mediated. Riboflavin was also more abundant in the Golgi and
mitochondria than transferrin suggesting that receptor-mediated endocytosis can deliver
endocytosed contents to these organelles. Furthermore, the increased concentration of cCAMP
caused decreased internalized riboflavin and decreased association of riboflavin with
clathrin-coated vacuoles.

Subcellular localization and dynamics of glycogen are important for the proper supply of
energy during muscle exertion. Transmission electron microscopy was used to determine the
subcellular location of glycogen g ranules during post-exercise restoration in human
muscle.3030 Changes in glycogen concentration in muscle-derived tissue sections were
tracked over time via a glycogen-specific staining technique. This method utilized osmium
tetroxide and K4Fe(CN)g to quantify the subcellular glycogen volume with transmission
electron microscopy. Glyocogen was observed in the nucleus, between the sarcolemma and
nucleus, between nucleus and myofibrils, and in the sarcolemma both away and adjacent to
subsarcolemmal mitochondria. However, the highest density of particulates and the highest
rate of glycogen replenishment were in the subsarcolemmal mitochondria.

Carbohydrate concentrations in various subcellular compartments may play a role in rose
flower blooming. A recent study examined carbohydrate profiles in the apoplastic,
cytoplasmic, and vacuolar subcellular fractions of . Aybrid393@ NAQF was used to enrich
subcellular fractions and cation exchange HPLC was used to separate and identify
carbohydrates. Enzymatic assays were used to quantitate carbohydrates using sorbitol as an
internal standard. Markers for the cytoplasm (NAD™*-glyceraldehyde-3-phosphate
dehydrogenase) and vacuole (a-mannosidase) in the NAQF fractions were used to calculate
the amount of carbohydrates in the respective subcellular location. Transmission electron
microscopy was used for visualization of organelles and to calculate organelle volumes. The
determination of carbohydrate content in the apoplasts required the infiltration method, a
technique optimized for the enrichment of apoplastic fluids. While in a HEPES buffer,
pedals were set onto an upper filter in a disposable tube and centrifugated. Soluble
apoplastic carbohydrates were released from the pedals into the solution. Carbohydrates in
solution were analyzed with HPLC. Glucose and fructose were present in the apoplasts in
early petal development and were present in the vacuoles during f lower d evelopment and
flower opening. Sucrose was present in the vacuole and cytoplasm in the early developing
flower and in the vacuoles as the flower aged through development stages. The
concentrations of glucose, fructose, sucrose, methyl glucoside, xylose, and myo-inositol
were varied in the apoplast, cytoplasm, and vacuole at different flower development stages.
A mechanism was proposed for flower opening involving increased fructose and glucose ¢
oncentrations in the vacuole, which would cause an increased osmotic pressure in the
vacuoles.
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Another non-targeted metabolomic study investigating the subcellular distribution of
metabolites in G. max soybean leaves was recently performed.32 Non-aqueous extractions
from cytosolic and vacuoles were analyzed with gas chromatography coupled to mass
spectrometry. Over 92 different metabolites in enriched stroma, cytosol, and vacuole
enriched subcellular fractions were identified when using the NIST02 Mass Spectral L
ibrary (Table 8) as the reference database. A major finding from this study was vacuoles
have high levels of carbohydrates, organic acids, and fatty acids. This supports the
hypothesis that vacuoles are important reservoirs for starch metabolism. While there have
been many metabolomics papers on plants, this was the first r eport f ocused on the
subcellular distribution of metabolites in plants.

Thymidine-derived sugars (TdR) are potential angiogenesis markers because they are
transformed by thymidine phosphorylase, an enzyme often overexpressed in cancer cells. A
recent study determined the subcellular localization of TdR in human colon carcinoma
cells.330 Cells were treated with [5-3H]-TdR for different periods of time. Figure 16 shows
the distribution of TdRs in enriched subcellular fractions.330 Tritium label signal decreased
over time and was hardly detectable after 24 hours. The plasma membrane concentration of
TdR increased up to 6 hours and was not detectable at 24 hours. Tritium was increased in
the nucleus to 55% of the total radioactivity and 45% in the cytoskeletal protein fraction
after 24 h. In RT112/TP cells, that have a lower rate of T dR degradation compared to
Col0320 cells, the nuclear storage was decreased 25% compared to the nuclear fraction from
Col0320 cells. This suggests thymidine sugars are primarily used in the cytosol and plasma
membrane fractions but not primarily in the nuclei.

A global plant metabolomics study determined the subcellular distribution of known
metabolites (e.g., starches, GAPDH, UGPasg, nitrates, triacylglycerides, and flavonoids) and
unknown metabolites in A. thaliana leaves.3% Six fractions separated by differential
centrifugation were characterized using organelle markers (e.g. citrate synthase for
mitochondria) and extracted with a non-aqueous solvent before analysis by gas
chromatography coupled to TOF-mass spectrometry or reverse phase UPLC-MS. UPLC-MS
reported 726 and 461 lipophilic and semipolar metabolites and gas chromatography coupled
to TOF-mass spectrometry reported 88 metabolites. Identifications were made by
comparison with previously detected compounds from the KNApSAcK database (Table 8),
fragmentation patterns, and mass shifts of 13C, 15N, and 34S. Of the metabolites detected,
81.5% of the metabolites could be associated to a single non-aqueous fraction (Figure
17).39% The findings of this subcellular metabolomic study are relevant for investigating
signaling and trafficking pathways.

Single vacuoles from the algae C. australis were selected for metabolic analysis.33 Due to
their large size, single organelle metabolomics was possible using microscopy to visualize
vacuoles and nanospray ionization tips as micropipettes to select specific vacuoles for
analysis. The metabolites in single vacuoles were analyzed using capillary electrophoresis
coupled to mass spectrometry. After vacuole collection, the remainder of the cell was also
analyzed. Marker enzymes for the vacuole (a.-mannosidase) and the remaining whole cell h
omogenate (malate dehydrogenase) were analyzed from selected vacuoles using specific
enzymatic assays. The vacuole fraction contained 99.9% of the a-mannosidase activity and
the remaining whole cell homogenate contained 93.1% malate dehydrogenase activity
indicating the importance of these organelles in maintaining mannosidase and malate
dehydrogenase activity. Intermediates of the glycolytic and pentose phosphate pathway were
observed in the remaining whole cell h omogenate but the pathway’s products were found
enriched in vacuoles.
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4.2.2. Reactive oxygen species metabolism—ROS causes oxidative damage in
biological systems and plays a critical role in signaling pathways. Both oxidative damage
and signaling are regulated by antioxidant systems (e.g. glutathione). When antioxidant
systems are insufficient to maintain homeostasis, oxidative damage ensues. Such damage is
critical to the etiology and understanding of neurological disorders, age-related diseases, and
cellular insults caused by hypoxia. ROS levels may also result from drug treatments or
pathogenic invasion. ROS metabolism has recently been reviewed in the literature.5® This
section provides salient examples in the analysis of ROS and oxidative damage from a
subcellular perspective.

Mitochondrial ROS have been associated with dysfunctional mitochondria in sperm and, in
turn, may be associated with oxidative stress and male infertility. The subcellular
accumulation of ROS and lipid peroxidation in sperm mitochondria was d etermined by
confocal fluorescence microscopy.332 Superoxide levels were indirectly determined using
dihydroethidium or MitoSox Red. Lipid peroxidation was assessed using the probe BODIPY
Cj1. Confocal fluorescent imaging was sufficiently sensitive to detect basal rates of ROS in
untreated mitochondria. Sperm incubation with antimycin A and myxothiazol (Complex Ill
inhibitors) caused an expected increase in ROS. A positive correlation was observed
between treatment of polyunsaturated fatty acids and ROS production. Decreased sperm
mobility was suggested to be a result of increased polyunsaturated fatty acids and an
increase in ROS. Although superoxide determination based on imaging was affected by non-
specific responses of the probe, the insights gained here suggest a role for mitochondria in
ROS production and a link to sperm mobility.

Superoxide dismutase 1 (SOD1) and cytochrome ¢ oxidase (CCO) localize in mitochondria
and are believed to play an important role in regulating mitochondrial ROS. In a recent
study, mitochondria were treated with different reagents that increase ROS production.333
The probe LO1 was used to monitor ROS generation in the mitochondrial-enriched fractions
by measuring chemiluminescence. Valinomycin, calcium, iron, arachidonate, and palmitate
long chain fatty acids all caused increased mitochondria respiration and produced increased
ROS. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) used to depolarize
mitochondria, also caused increased oxygen metabolism but inhibited ROS production.
Table 10 summarizes the effects of treatment with these different reagents.333 Overall, the
study demonstrated that both SOD1 and CCO mitochondrial levels were greatly affected by
increased mitochondrial ROS.

Cells respond to hypoxia with increased subcellular-specific ROS generation and non-
esterified free fatty acid production. A recent study evaluated relationships between ROS
and free fatty acid levels in a hypoxic cell m odel.334 Superoxide levels in mitochondria
were estimated using MitoSox Red in whole cells by confocal fluorescence microscopy and
in enriched mitochondrial fractions using a fluorescence plate reader. Hydrogen peroxide
levels were estimated in enriched mitochondrial fractions using the Amplex red/horseradish
peroxidase assay in a plate reader. Hypoxia did not cause any changes in mitochondrial ROS
production. This result was different from that observed in whole cell homogenate, where
there was an increase in ROS. This suggested that hypoxia affects other parts of the cell
more so than it does mitochondria. Surprisingly, treatment with free fatty acids caused
increased hydrogen peroxide release from the mitochondrial fraction. Furthermore,
mitochondria treated with free fatty acids under hypoxic conditions resulted in higher
release of hydrogen peroxide and superoxide compared to similar treatment under normoxic
(normal oxygen levels) conditions. Although the findings should be interpreted with caution
because of the methodology used to evaluate superoxide levels, this study suggests free fatty
acids play a role in elevating mitochondria ROS in concert with hypoxia.
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ROS levels increase in response to pathogenic invasion in some plants. After infection of ~.
satfvum peas leaves with Plum Plox virus, the levels of hydrogen peroxide, superoxide, lipid
peroxidation and protein oxidation were determined in enriched chloroplasts.33
Chloroplasts displayed increased levels of hydrogen p eroxide in the initiation phase of the p
athogen infection. During the disease development phase, there was an additional increase in
superoxide, lipid peroxidation, and protein oxidation. These metabolite changes were
accompanied with changes in the levels of antioxidant enzyme levels. Oxidative pentose
phosphate pathway and glucose-6-phosphate dehydrogenase activities were both increased
in chloroplasts suggesting increased carbohydrate metabolism and ribonucleotide synthesis.
Photosynthesis-associated peptides, such as the oxygen evolution enhancer protein/complex,
were decreased in chloroplasts. These results suggest Plum Plox viral infection directly
causes an oxidative stress response in cells and chloroplasts.

Immunoelectron microscopy was used to analyze the subcellular distribution of glutathione
in the yeast S. cerevisiae.33® Immunogold labeling of glutathione cannot distinguish b
etween the oxidized or reduced forms of the enzyme, but does exclude detection of
glutathione-conjugated proteins. Mitochondria had the highest glutathione content followed
by the cytosol, nuclei, cell walls, and vacuoles. To test the response of the microscopy
method to changes in glutathione, a hydrogen peroxide treatment that stimulated apoptosis
caused an 87% decrease in glutathione in yeast mitochondria and the appearance of
morphologically enlarged vacuoles and mitochondria. These results suggest that subcellular
re-distribution of glutathione occurs in the yeast defense mechanisms against oxidative
stress.

The mitochondrial redox status, indicated by ratio of glutathione (GSH)/glutathione
disulfide (GSSG), is a potential indicator of o xidative damage. The mitochondrial GSH/
GSSG ratios of seizure-induced and ¢ ontrol rats were recently ¢ ompared.337 Mitochondrial
enriched fractions from mouse hypocampus were analyzed by HPLC coupled to
electrochemical detection. The mitochondrial GSH/GSSG ratio decreased following seizure
induction suggesting the mitochondria had a more oxidizing environment following
seizures. This highlights the importance of mitochondrial redox status in seizures and
suggests mitochondria could be damaged following seizures.

It has been suggested that the production of ROS in mitochondria f ollowing doxorubicin
treatments is associated with cardiotoxicity. Individual organelle analysis was utilized to
investigate the genesis of superoxide in enriched mitochondria fractions from human
leukemia cells treated with doxorubicin.325 The mitochondria enriched fraction, containing
other organelle types, was prepared by differential centrifugation and analyzed with CE-LIF.
ROS levels were based on the fluorescence of 2'7'-dichlorofluorescein that forms upon
oxidation of 2°7’-dichlorodihydrofluorescein diacetate. The presence of doxorubicin in an
organelle was investigated by monitoring the native fluorescence of doxorubicin in a
different spectral range. CE-LIF analysis could not specifically identify mitochondria but
indicated that 9.3% of organelles contained doxorubicin, 66.6% had 2'7'-dichlorofluorescein,
and only 2% of organelles included both. Organelles that contained doxorubicin had a large
increase in ROS as determined by 2'7'-dichlorofluorescein fluorescence suggesting that
doxorubicin induced the formation of ROS in this small fraction of detected organelles.

A second study utilized CE-LIF to estimate the levels of superoxide in individual
mitochondria.338 Prior to subcellular fractionation, human osteosarcoma cells were dually
treated with hydroethidine (HE) to react with superoxide and with MitoTracker Green to
fluorescently label mitochondria. Hydroethidine, which diffuses across the mitochondrial
inner membrane is oxidized to hydroxyl-ethidium (superoxide specific) and ethidium (non-
specific oxidation). Both products are positively charged and are unable to cross the
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mitochondrial inner membrane. Although it was not possible to ascertain separately the
contribution of the two hydroethidine oxidation products to the overall fluorescence,
treatment with inhibitors of the electron transport chain (antimycin A and rotenone) that
induced superoxide production ¢ onfirmed that ¢ hanges in fluorescence intensity could be a
ssociated with increased superoxide production. The method was suitable for observation of
superoxide production at the individual mitochondrion level.

Superoxide is released asymmetrically to both sides of the mitochondrial inner membrane by
complexes I and I11. Micellar electrokinetic chromatography, a form of capillary
electrophoresis, was used to assess the relative levels of superoxide released into the
mitochondrial matrix or outside the mitochondrial inner membrane.156 Enriched
mitochondrial fractions from human osteosarcoma cells, BALB/c mouse liver tissue, and
Fischer 344 rat skeletal muscle were treated with the probe MitoSox Red. After treatment,
an organelle-enriched fraction was separated into a pellet and a supernatant by differential
centrifugation. The pellet contained the MitoSox Red products formed within mitochondria.
The supernatant contained the MitoSox Red products released outside the inner membrane.
The pellet and supernatant were analyzed separately by micellar electrokinetic
chromatography with laser-induced fluorescence detection to clearly distinguish the
superoxide-specific product triphenylphosphonium hydroxyethidium from the non-specific
triphenylphosphonium ethidium. An application of this method consisted of evaluating the
direction of superoxide release caused by various electron transport chain inhibitors
including rotenone, antimycin A, and menadione. Figure 18 shows how these inhibitors
affected superoxide accumulation outside and inside the mitochondria.1®6 A subsequent
report used this method to demonstrate that mitochondrial superoxide released outside
mitochondria increases with inactivity in rat fast-twitch skeletal muscle.33°

4.2.3. Subcellular metabolic modeling—Some metabolic models have begun utilizing
subcellular organization and dynamics to predict metabolic pathways. Recently, a model of
human heart mitochondria, based on the proteomics database Mitominer, was developed to
improve knowledge of mitochondria metabolic dysfunction.3% Previous mitochondria
models were restricted by the limited amount of information on the mitochondrial proteome
and biochemical pathways. Mitominer allowed for integration of an increased humber of
metabolic reactions and additional proteomic information. The new model accounts for the
most recent stoichiometric information available for ROS production, maximum ATP
production, citric acid cycle flux, and glycolysis. As an application, the new model was used
to investigate disorders associated with deficiencies in fumarase, succinate dehydrogenase,
and a-ketoglutarate dehydrogenase activities. Several simulations were performed to
determine affected mitochondria function in response to decreases in substrates. When
fumarase activity was deficient, maximum ATP production was reduced to 95%. Deficiency
of succinate dehydrogenase activity led to a similar reduction in ATP to fumarase activity. A
deficiency of a-ketoglutarate activity reduced ATP production by only 5% but an 80%
increase in fatty acid synthesis due to an alternative enzymatic route being necessary for
maintaining ATP production.

4.2.4. Lipid composition and metabolism—Lipids are important components of
organelle composition and have been identified in both the membrane and lumen of
organelles. Lipids included in this section are phosphatidylserines,
phosphatidylethanolamines, phosphatidylcholines, cardiolipins, phosphatidylinositols,
phosphatidylglycerol, sphingomyelins, and ceramides. Their molecular diversity and high
biological significance has been a catalyst for the establishment of lipidomics as a new
technological paradigm. Lipid MAPS has captured such diversity as shown in Figure 19.322
Because of such diversity, the subcellular analysis of lipids requires an extensive ensemble
of subcellular fractionation, lipid extraction, biomolecular separation and detection
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techniques. This diversity also poses major challenges when the goal is to characterize or
quantify the complete set of lipids and their function in a subcellular fraction (i.e. subcellular
lipidomics).57 It is not surprising that complete lipidomic surveys rely on separations
accomplished by gas chromatography, reverse phase HPLC, and hydrophilic interaction
chromatography (HILIC) to separate volatile, hydrophobic, and polar lipids, respectively. At
the same time, structural characterization and quantification uses 1H, 13C, 170, and 31p
nuclear magnetic resonance (NMR) (for simple mixtures) or high mass accuracy mass
spectrometry with the caveat that the latter usually requires an internal isotopically labeled
standard for quantification. However, the availability and ongoing proliferation of databases
with detailed listings of m/z values of lipids make mass spectrometry the method of choice
for comprehensive lipid identifications in lipidomics studies.

Recent reviews on the biological roles of lipids have covered p eroxisome membrane
lipids,% mitochondrial lipids,51 the biological roles of lipids in lipid droplets,52 lipids in
plants cells and organelles,®® cardiolipins in mitochondria,®3 and lipids and fatty acids in the
brain.>® The status of lipidomics techniques has a Iso b een recently reviewed.54-66
However, none of those reviews focused on subcellular analysis of lipids. In this section, we
discuss reports focusing on membrane isolation, identification of lipids in different
subcellular compartments, and how subcellular lipid findings contribute to the understanding
of lipid metabolism and their effect on biological function. Lipid extraction, analytical
separations, and structural characterization techniques will not be explicitly discussed unless
they present unique aspects of subcellular analysis.

4.2.5. Membrane isolation for lipid analysis—Enrichment of membranes from a
specific organelle type is essential to identify lipids specific to membranes and compare
membrane compositions among different subcellular regions. While there were reports on
the isolation of plasma membranes,34! these will not be covered here because this review
focuses primarily on intracellular organelles.

One such study was on the isolation of membranes of early and late endosomes
accomplished in less than one hour and w ithout using any centrifugation.342 Macrophages
were allowed to endocytose iron-oxide magnetic particles and endocytic organelles were
recovered by electromagnetic chromatography from the whole cell homogenate. In this
technique, the cell homogenate was passed through a column, packed with a stainless s teel
wire mesh and held between two magnets. Endosomes containing the magnetic particles
were retained while other subcellular compartments were washed away. The magnetically
retained endosome fraction contained no detectable ER contamination, but had some
lysosomal and mitochondrial contaminants. Lipids from the endosome-enriched fraction
were extracted with chloroform/methanol mixtures. High performance thin layer
chromatography revealed that cholesterol was the most abundant lipid in endosomes
consisting of 28%-30% of total lipid contents. Analysis of enriched early endosomes and
late endosomes showed increases in phosphatidylcholine and phosphatidylglycerol in late
endosomes and an increase in oleic acids in early endosomes. Relative to early endosomes,
late endosomes had higher levels of phosphatidylcholine, phosphatidylethanolamine,
phosphatidylglycerol, and sphingomyelin. Late endosomes also had lower levels of oleic
acid and s tearic acid.

4.2.6. Lipidomics including multiple organelle types—An excellent subcellular
lipidomic study investigated lipid composition in nuclear, plasmalemma, ER, mitochondria,
and heavy microsome enriched fractions prepared from RAW264.6 macrophages.343
Because of lipid diversity, separate extraction procedures were used to extract sterols,
glycerophospholipids, cardiolipin, sphingolipids, and prenols. The analytical methods were
tailored to each lipid class and used reverse phase HPLC and multiple reaction monitoring
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performed via a Q-TOF mass spectrometer. In total, 163 glycerophospholipids, 48
sphingolipids, 13 sterols, and 5 prenols were observed containing different distributions in e
ach organelle. Figure 20 describes the various lipid types found in each subcellular fraction,
with the ER having the majority of the observed lipids.343

An in vitro approach to investigate subcellular transformations of pregnenolone,
progesterone, dehydroepiandrosterone, and dehydroepiandrosterone in subcellular fractions
prepared from chicken brain was recently reported.3** This tissue was selected because of
the role of steroids in memory formation. The nuclear, cytosolic, organelle and microsome
fractions were treated with [3H]-progesterone, [2H]-pregnenolone, and [3H]-
dehydroepiandrosterone and supplemented with NADPH as a cofactor. Comparison of R¢
values of radioactive spots in thin layer chromatography plates was adequate to identify lipid
metabolites. Pregnenolone was metabolized to 20p-dihydropregnenolone and 5p-
dihydropregnenolone in the cytosolic fraction and to 11-deoxycorticosterone and 3a.,58-
tetrahydroprogesterone in the nuclear fraction. Interestingly, none of the steroids tested here
were metabolized in the fraction containing other organelles. This suggests that steroids
metabolism is mainly localized to nuclear and cytosolic regions.

Another recent study used thin layer chromatography to isolate phosphatiylethanolamine,
phosphatidylcholine, and phosphatidylinositols in fractions enriched from plasma
membrane, ER, nuclear, plastids, and clathrin-coated vesicles prepared from A. thaliana.3*>
After thin layer chromatography isolation, compounds were identified by mass s
pectrometry. Salt induced stress of A. thaliana leaves showed increases in
phosphatidylinositols in enriched plasma membrane and clathrin-coated vesicles. ER, nuclei,
and plastids had either no change or a decrease in phosphatidylinositol content or other
phospholipids. These data are shown in Figure 21.34% To confirm the role of clathrin with
the plasma membrane’s increase in lipids, YFP-clathrin was found to localize with the
plasma membrane marked with RedStar-PLC81-PH, a protein with a specific binding site
for phosphatidylinositol 4,5-bisphosphate. A. thaliana’s response to hyperosmaotic stress
requires changes in membrane dynamics and lipid composition, which may be directly
associated with the changes in phosphatidylinositols that were observed in this report.

The subcellular localization of metabolites of a-tocopherol, a c ommon ingredient in dietary
supplements, was recently investigated in Sprague-Dewey rat liver.346 Enriched subcellular
fractions of microsomes, mitochondria, and peroxisomes were analyzed with HPLC
equipped with a triple quadrupole mass spectrometry detector. a-Tocopherol and its
metabolites a-2,5,7,8-tetramethyl-2-(2’-carboxyethyl)-6-hydroxychroman (a-CEHC; final
metabolism product) and 13’-OH-a-tocopherol (intermediate from B-oxidation metabolism)
were monitored. a-Tocopherol was enriched in the microsome and peroxisome fractions
with each fraction containing ~40% of the total detected a-tocopherol. The mitochondria
fraction had the lowest level (~20%). When rats were injected with additional a.-tocopherol,
greater accumulation of the parent compound occurred in the microsome fraction. These
findings suggest that microsomes play an important role in a-tocopherol metabolism, while
peroxisomes and mitochondria are less relevant. In relation to a-tocopherol metabolites, the
abundance of 13’-OH-a-tocopherol was highest in the microsomal fraction followed by the
mitochondrial fraction, and was lowest in the peroxisomal fraction either when a.-tocopherol
was dietary only or injected. a-CEHC was found largely enriched in the mitochondrial
fraction and was not detectable in either the microsomal or peroxisomal fractions. However,
a-Tocopherol injection caused a slight increase in a-CEHC microsome localization (~10%
of the amount found in the mitochondrial fraction). Overall, these results show a-tocopherol
metabolism products localize to different subcellular locations.
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The role of mitochondria and cytosol in the metabolism of 17-a-hydroxyprogesterone, a
steroid essential in inhibiting preterm delivery, was investigated in human placentas.34/
Mitochondria and cytosol possess hydrolases, cytochrome P450s, and other phase two
metabolic enzymes conducive for the conversion of 17-a-hydroxyprogesterone into other
metabolites. The analysis of mitochondrial and microsomal fractions enriched from
placentas was performed by reverse phase HPLC with either liquid scintillation detection or
a single-quadrupole mass spectrometer. Scintillation counting was used for quantification
while mass spectrometry was used for structural characterization. Six metabolites were
observed in the mitochondrial fraction and four metabolites in the microsomal fraction. The
four metabolites in the microsomal fraction were also found in the mitochondrial fraction
but in a higher concentration. These results demonstrate that in addition to the cytosol, the
mitochondria are a key player in the metabolism of 17-a-hydroxyprogesterone.

A second paper investigated the metabolism of 17-a-hydroxyprogesterone in D. labrax male
gonads.38 Alteration in the metabolism of 17-a-hydroxyprogesterone may be used as an
indicator of the presence of endocrine disruptors that lead to changes in reproductive
behavior and sexual characteristics of this fish. Tritium labeled 17-a-hydroxyprogesterone
and B-androsteredione were incubated with subcellular fractions prepared f rom the male
gonads. The mitochondrial and microsomal fractions were analyzed by reverse phase HPLC
with a radioactivity detector for quantitation and gas chromatography coupled to mass
spectrometry for identification. In mitochondria, the main metabolite formed from 17-a.-
hydroxyprogesterone was p-androsteredione (39%), which was further metabolized to 11p-
hydroxyandrostenedione (7%), and an unknown metabolite (28%). The microsomal fraction
converted 17-a-hydroxyprogesterone into B-androsteredione (60%) and a different,
uncharacterized metabolite (5%). The cytosol produced 41% p-androsteredione, 30% of
second unknown metabolite, and 14% of a third unknown species. When fish were exposed
to nonylphenol or ketoconazole, 17-a-hydroxyprogesterone metabolism to -
androsteredione in the mitochondrial fractions decreased to 50% and 26% relative to the
metabolism of non-exposed fish, respectively. Overall, this data suggests the metabolism of
17a-hydroxyprogesterone may be monitored to investigate mitochondrial-related endocrine
disruption.

A less conventional approach to investigate the subcellular localization of lipids is confocal
fluorescence microscopy. In a recent report, 3T3 cells were treated with cholines modified
with an alkyne moiety to form propargylcholine, which then was fluorescently labeled via
click chemistry to visualize cholines within the cell.3® The choline analogues were found at
high levels in the plasma membrane, Golgi, mitochondria, and the ER. Because
mitochondria and the plasma membrane do not synthesize choline phospholipids, these
findings demonstrate that choline analogues were incorporated and synthesized into
phospholipids in the ER and Golgi and trafficked successfully to other organelle types. This
method cannot be used with detergents, which removes the choline derivatives from
membranes, and is incompatible with phospholipase C b ecause i t cleaves the choline head
groups and eliminates fluorescence. This method may provide applications in future lipid
trafficking studies.

Treatment with palmitate in cells leads to incorporation of this phospholipid in the ER
membrane causing morphological and functional alterations. In order to investigate the
chemical fate of [3H]-palmitate, Chinese hamster ovary cells were treated with of [3H]-
palmitate and subcellular fractions were analyzed by scintillation counting.3%0 Palmitate-
treated Chinese hamster ovary cells had 58% of the palmitate in the crude mitochondrial
fraction and 23% in the rough microsomal fraction, which mainly contains ER. Treatment
with the AMP-activated protein kinase activator 5-aminoimidazole-4-carboxamide-1-3-4-
ribofuranoside, which stimulates p-oxidation of lipids, decreased palmitate incorporation in
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the rough microsomal fraction (which contains ER) by 50% and in the mitochondria-
enriched fraction by 30%. The reduced incorporation into the mitochondrial fraction was
attributed to two factors: increased mitochondrial oxidation of palmitate and organelle
fraction contamination. In the rough microsomal fraction, palmitate was incorporated mainly
into phosphatidylcholine (50%), free fatty acids (27%), and triacylglycerol (5%) as
determined with ESI mass spectrometry. ER calcium concentrations were found to decrease
up to 25% following palmitate treatment. Palmitate treatment also caused morphological
disruption of the ER as determined by transmission electron microscopy. In addition to 5-
aminoimidazole-4-carboxamide-1-p-4-ribofuranoside sensitivity, palmitate was shown to
cause mitochondrial loss of cytochrome ¢ and loss of mitochondrial membrane potential.
Mitochondrial toxicity could be a result of decreased ER calcium concentration. It is likely
that the accumulation of palmitate in the membranes of these subcellular compartments is
intimately associated with ER stress.

4.2.7. Golgi lipidomics—The membranes of organelles involved in the secretory
pathway (i.e. endoplasmic reticulum, Golgi, vesicles, vacuoles, and plasma membrane) have
unique lipid profiles.351 A recent report assessed the lipid composition of Golgi-derived
vesicles in the yeast strain KSY302 that overexpresses FusMidGFP, which is the fusion
construct of FusMid and GFP. FusMid is a protein involved in vesicular transport from the
Golgi to the plasma membrane.3°2 In this study, Golgi-derived vesicles and Golgi were
separated by density gradient centrifugation and immunoenriched with antibodies against
FusMidGFP. Lipid standards were mixed with the vesicle fractions prior to lipid extraction
and analyzed by direct infusion (without HPLC) into either an LTQ Orbitrap or a Q-TOF
mass spectrometer. Instrumental parameters were adjusted to allow the investigators to focus
on specific lipids (e.g. diacylglycerol, phosphatidylcholine, and ceramide) using precursor
ion scanning and multiple reaction monitoring. In the vesicles, the lipids consisted of
ergosterols (22.8 mol %) and mannosyl-di-inositolphosphoceramides (11.1%). In the Golgi
fraction, the lipids detected were phosphoinositols (8.5%) and ergosterols (9.8%). Relative
to the Golgi fraction, vesicles displayed a 3.2-fold phosphatidic acid, 2.3-fold ergosterol,
2.6-fold mannosyl-di-inositolphosphoceramide, 2.2-fold inositolphosphoceramide, and 2.4-
fold mannosyl-inositolphosphoceramide enrichments. R elative to vesicles, the Golgi f
raction showed ~3-fold phosphatidylserine, ~2.5-fold phosphatidylethanolamine, ~2-fold
diacylglycerol, and ~1.5-fold phosphatidylcholine enrichments. The difference in lipid
profiles between the vesicles and Golgi could not have been accomplished without the
subcellular purification strategy that was introduced in this report.

Cells receive cholesterol mainly as low-density lipoprotein through endocytosis and
hydrolysis of low-density lipoprotein. The role of the Golgi in cholesterol transport is
unknown even though it has been identified in the ER and plasma membrane. The
involvement of the Golgi in low-density lipoprotein and cholesterol transportation was
evaluated in C hinese hamster ovary cells.3%3 After a short treatment with [3H]-cholesteryl
linoleate, the preparation was diluted with label-free cell culture medium. Subcellular
fractions were prepared at 0, one, and two hours later to monitor 3H-cholesterol traffic. The
Golgi-enriched subcellular fraction was further purified using an immunoaffinity column
having a nti-Syntaxin 6 antibody as the affinity reagent. Treatment with tritium labeled
linoleate allowed for tracking of cholesterol in the organelle fractions. Tritium-radioactivity
was detected in Golgi-enriched fractions prior to detection in the ER and plasma m embrane.
This report suggests new routes of cholesterol transport in the cell.

4.2.8. Lipid droplets lipidomics—Understanding the trafficking and lipid composition
of lipid droplets is essential to cellular energetics, lipid metabolism, membrane trafficking,

and intracellular signaling. A recent study investigated lipid composition of lipid droplets is
olated from G. hirsutum (cotton) embryos and A. thaliana seeds and leaves.3>* Individual
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lipid droplets observed by microscopy were selected for extraction via ammonium acetate
and 1:1 v/v chloroform:methanol. Their lipids were directly infused into a nanospray source
for mass spectrometry analysis. The analysis included both lipids in lipid droplets of wild
type G. hirsutum and the genetically modified variety Bnfad2, which has lipid droplets
larger than the wild type. The same eight lipids were detected in both varieties of G.
hirsutum but with different compositions. The Bnfad?2 lipid droplets had higher
concentrations of triacylglycerides. These compositions and triacylglyceride contents are
shown in Figure 22.3%4 Comparing the lipid droplets of A. thaliana seeds and leaves, the
seeds had more eicosenoic fatty acid-containing triacyl glyceride. Also, A. thalianaleaves
had 16:3, and 18:3 fatty acids-containing triacyl glycerides that were absent in the seeds.
This methodology can be easily applied to other tissues and other species. Furthermore,
since lipid droplets can be visualized prior to analysis, lipid droplets in similar spatial
arrangement or similar morphology can be independently analyzed.

Another study on lipid droplets investigated whether prostaglandins were present in lipid
droplets of cancer cells.3%° Because prostaglandins are produced via the cyclooxygenase
pathway they also monitored cyclooxygenase-2 expression. Confocal immunofluorescence
microscopy was used to determine the localization lipid droplets with either prostaglandin or
both prostaglandin and cyclooxygenase-2. Cancerous colon tissue showed increased lipid
droplet and prostaglandin production when compared to healthy tissue from the same
individual. Because prostaglandin colocalized with lipid droplets, the authors suggested that
lipid droplets of cancer cells play an important role in the synthesis of prostaglandins and
possibly other eicosanoids.

4.2.9. Mitochondria lipidomics—The abundance of cardiolipins and the oxidation status
of their fatty acids are both active participants in the apoptosis pathway and have been
associated with release of pro-apoptotic factors from the mitochondria. Developing therapies
to prevent oxidation of the fatty acids in cardiolipin could prevent excessive apoptosis.
Some of the protection may be based on administration of oxidation resistant fatty acids
such as octadecanoic acid. In a recent study, mouse embryonic and ASCL cells were treated
with the modified fatty acid triphenylphosphonium-linked octadecanoic acid and studied
under conditions leading to apoptosis.3>6 Actinomycin D was used to stimulate apoptosis.
Cardiolipin and triphenylphosphonium-linked octadecanoic acid were analyzed w ith liquid
chromatography coupled to a linear ion t rap mass spectrometer. Triphenylphosphonium-
linked octadecanoic acid and triphenylphosphonium were both observed in the
mitochondria-enriched fraction. Cardiolipins contained an increased amount of octadecanoic
acid when cells have been treated with triphenylphosphonium-linked octadecanoic acid.
Treatment with this modified fatty acid also conferred the cells with more resistance to
apoptosis relative to untreated cells and cells treated with unmodified octadecanoic acid.

Although it is accepted that ceramide synthesis occurs in the ER,3%7 a recent study suggested
that this process may occur in the plasma membrane and mitochondria as well.3%8 After
treatment of Jurkat E6.1 cells with 3H-palmitic acid and 3H-dihydrosphingosin, cells were
y-ray irradiated to induce ceramide and sphingolmyelin syntheses. The levels of ceramide in
subcellular-enriched fractions were quantified by 2D thin layer chromatography and
scintillation counting. In plasma membrane rafts, ceramide was detected 15 minutes
following irradiation. In mitochondria, ceramide synthesis began immediately and remained
steady 4-8 hours after irradiation. Sphingomyelin was also found in mitochondria 4 hours
following irradiation. Consistent with these findings, immunogold transmission electron
microscopy of sphingomyelinase, an enzyme that produces ceramide from sphingomyelin,
confirmed that ceramide could be synthesized in the mitochondria.
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The inner and outer mitochondrial membranes have different function and composition. The
effect of growth conditions on the lipid composition of the mitochondrial inner and outer
membranes from the yeast £. pastoris was recently investigated.3%9 Carbon sources used for
growth included glycerol, glucose, sorbitol, methanol, and fatty acids. After isolating
mitochondria, they were treated with hypo-and hyperosmolar buffers followed by sonication
to rupture the mitochondrial membranes. Sucrose gradient centrifugation was adequate to
separate the outer and inner mitochondrial membrane because they have different densities.
Lipids from each membrane type were extracted and then separated by two-dimension thin
layer chromatography. Fatty acid lipid analysis was conducted via gas chromatography.
Changes in the carbon source for yeast growth modified the mitochondrial levels of fatty
acids, phosphatidic acid, phosphatidylinositol, phosphatidylserine, phosphatidylcholine,
phosphatidylethanolamine, cardiolipin, dimethyl phosphatidylethanolamine, zymosterol,
ergosterol, fecosterol, episterol, lanosterol, and lysophospholipids. When compared to the
inner mitochondrial membrane, the outer membrane had higher phospholipid and
phosphotidylinositol levels but lower ergosterol levels. As expected, the inner membrane did
contain more cardiolipin. Lastly, the study showed that the inner mitochondrial membrane
has a lower phospholipid to protein ratio than the outer mitochondrial membrane.

Three reports by the same group focused on comparing the lipidome of non-synaptic and
synaptic mitochondria.360 In the first study, the strategy to separate the two mitochondria
types is based on Ficoll density gradient centrifugation that separates non-synaptic
mitochondria from synaptosomes. The synaptosomes were subsequently disrupted and the
released mitochondria were further purified by sucrose gradient centrifugation. In contrast,
the non-synaptic mitochondria were directly purified by sucrose gradient centrifugation.
Lipids in each mitochondria type were then extracted and analyzed by ESI-triple quadrupole
mass spectrometry. In the second study,36% the lipid profiles of the two mitochondria types
were similar, except for increased phosphatidylserine and ceramide in synaptic mitochondria
and increased cardiolipin in non-synaptic mitochondria. Phosphatidylethanolamine,
phosphatidylcholines, cholesterol, cardiolipin, phosphatidylinositol, phosphatidylglycerol,
sphingomyelin, phosphatidylserine, and ceramide were all detected. The second study
focused on the analysis of lipids extracted from non-synaptic mitochondria isolated from
VM and B6 mice; the former has a 210-fold increase in incidence of brain tumors.3602
Relative to B6, the VM mouse model showed higher levels of ethanolamine
glycerophospholipid, plasmenylethanolamine, phosphatidylinositol, phosphatidylserine, and
ceramide. However, the VM mouse model manifested lower levels of choline
glycerophospholipid and phosphatidylcholine. These results suggest an association of
mitochondria lipid composition with brain cancer incidence. The third study compared the
lipidomes of mouse mitochondria isolated from cancerous and non cancerous tissue and
non-synaptic mouse mitochondria isolated from cultured astrocytes and mouse tumor
cells.369¢ This allowed for comparisons between both in7 vivoand in vitro models.
Mitochondria were enriched as previously described.36% A comparison of the lipid profiles
is shown in Table 11.360¢ While there were expected differences in lipid profiles between
cancerous and non-cancerous tissue, surprising findings of this study were that the /n vitro
cell culture environments and the tissue had marked differences in the mitochondrial lipid
profiles, which challenges the significance of in vitro lipidomic studies.

A streamlined method to characterize the lipidome of mitochondria used MALDI-TOF mass
spectrometry.361 Using this method, lipid extraction and separation technologies were not
needed as the mitochondria fraction was directly analyzed after mixing with the MALDI
matrix 9-aminoacridine. The method was applied to the analysis of lipids in mitochondria
from various sources including bovine heart and S. cerevisiae. The lipids detected included
cardiolipin, phosphatidic acids, phosphatidylethanolamines, phosphatidylglycerols,
phosphatidylserines, and phosphatodylinositols. A typical mass spectrum showing these
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chemical signatures is shown in Figure 23.361 The method was capable of detecting
cardiolipin modifications in the null-S. cerevisiae CRD1 gene (cardiolipin synthase) and
null-TAZ1 (remodeling of acyl groups in mitochondria). In CRD1 mitochondria, the lipids
detected were different from the wild type and, as anticipated, cardiolipin was not detected.
The TAZ1 mitochondria contained different cardiolipin species with modified acyl
compositions. This is a promising method to quickly survey the lipid composition of
enriched mitochondrial fractions.

A separate survey of the mitochondrial lipidome was based on shotgun LC-MS.362 A HPLC
instrument hyphenated to an E xactive ESI-orbitrap mass spectrometer, operated at high
energy collision-induced dissociation for extensive M S/MS analysis, was used to analyze
the lipids extracted from rat mitochondria. The cardiolipin limit of detection was 5
picomoles and with a mass a ccuracy of less than 1.5 ppm. The lipid classes d etected
included prenolipids, sterols, sphingolipids, fatty acyls, cardiolipins, phosphocholines,
lysophosphocholine, phosphoethanolamine, and phosphoserines. Usually cardiolipins
subclasses are not identified when using other shotgun techniques. Impressively, this report
identified and quantified 28 u nique cardiolipin containing species.

A separate study reported the effect of tacrine and tacrine analogue treatments on the lipid
profile of non-synaptic rat brain mitochondria.363 Tacrine and its analogues are
cholinesterase inhibitors used as a treatment for Alzheimer’s disease. Lipids extracted from
mitochondria were separated into classes by thin layer chromatography and then f urther
characterized with ESI-linear io n trap-tandem mass spectrometry or quantified with a
phosphorous assay. Lipid classes present included sphingomyelin, phosphatidylcholine,
phosphatidylinositol, phosphatidylserine, phosphatidylethanolamine, cardiolipin, and
ceramide-1-phosphate. Following treatment with tacrine analogues,
phosphatdiylethanolamine and phosphatidylcholine were the most abundant lipids in
mitochondria. On the other hand, tacrine treatment resulted in Increased phosphatidylserine
levels in mitochondria. In addition, tacrine and tacrine analogues treatments caused the
appearance of four new types of phosphatidylserines. Integrating this data with other
functional data on cholinesterase activity is a promising avenue to elucidate the potency and
therapeutic window of tacrine and tacrine related compounds.

4.2.10. Nucleus lipidomics—The nucleus contains a pool of lipids known as
endonuclear lipids. The key lipid forms in this environment are diacylglycerols, generated
from phosphatidylinositols and phosphatidylcholines, and has been suggested to play a key
role in the nuclear biosynthetic pathway of nuclear phosphatidylcholine.364 A recent report
evaluated the phospholipid composition of the endonuclear environment and developed a
method to monitor the synthesis of endonuclear phosphatidylcholine using ESI-MS/MS.385
Mouse embryonic fibroblasts were treated with choline-dg to accumulate intracellular pools
of deuterium la beled lipids. Cells were then homogenized in the presence of Triton X-100,
which removes the nuclear envelope and contaminating phosphatidylcholine upon
fractionation by differential centrifugation. After isolation of the nuclear pellet, lipids were
extracted and analyzed with an ESI-triple quadrupole mass spectrometer. Endonuclear pools
of phosphatidylcholine (deuterium-labeled and wild-type), sphingomyelin,
phosphatidylethanolamine, and phosphatidylinositol (labeled and wild-type) were all
detected. Phosphatidylcholines, phosphatidylethanolamines, and phosphatidylserines
contained more saturated species in the nuclei-enriched fractions than in the whole cell
homogenate.
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4.3. Subcellular metabolism and distribution of xenobiotics

Xenobiotics are compounds or objects that are not native to the cell but are found
intracellularly after they enter the cell by passive diffusion or active transport. Once inside,
such compounds can distribute to one or several subcellular regions where they may either
interact with biomolecules, altering their molecular function, or experience
biotransformations catalyzed by endogenous enzymes such as cytochrome P450s.
Intracellular localization of xenobiotics may result from medical treatments or from
voluntary or involuntary exposure to such compounds. Analysis of the organelle contents of
xenobiotics and their metabolic products is essential to assess their toxicological,
therapeutic, agonistic, or antagonistic effects. Subcellular xenobiotic analysis is similar to
the analysis of endogenous metabolites. The study of xenobiotics usually involves
subcellular fractionation followed by compound extraction, and analysis with CE-LIF,
HPLC-MS, flow cytometry, scintillation counting, inductively coupled plasma-atomic
emission spectrometry (ICP-AES) or inductively coupled plasma — mass spectrometry (ICP-
MS). The last two are well suited for elemental analysis without complications from matrix
interferences. Fluorescence microscopy is also a dequate to monitor fluorescent xenobiotics
and/or their fluorescent metabolites.

There have been several recent reviews that focus on xenobiotics.87-70 Specialized topics
have included the advancements in technology and animal models for the analysis of
xenobiotics, mammalian enzymes that metabolize carbonyl xenobiotics,3%8 the effect of
drugs, pollutants, cosmetics, and diet on endogenous or xenobiotic metabolism.387 This
review focuses on select examples of the subcellular analysis of various kinds of
xenobiotics. It includes contaminants such as polyaromatic hydrocarbons,368 anti-cancer
compounds such as p-boronphenylalanine, 369 ruthenium drugs,37° and triphenylphosphine
compound derivatives.3"1

4.3.1. Therapeutic compounds—To be effective, therapeutic compounds exert their
effects by acting extracellularly on cell receptors (such as Gefinib that targets and epidermal
growth hormone receptor for treatment of malignant glioma)372 or by entering the cell. To
be effective, a compound that penetrates the cell must also reach the organelle that contains
the compound's molecular target. In some instances, compound precursors (such as pro-
drugs) may need activation in a given subcellular environment before they exert their
influence on the corresponding molecular target in the same or other subcellular
environment. In contrast, localization of therapeutic compounds in non-target subcellular
locations (or in non-target tissues) or biotransformations of the compound into other
metabolic products may lead to unwanted side effects, cytotoxicity, or reduced potency.
Subcellular analysis of xenobiotics helps establish whether a compound is potentially
effective or if it may lead to secondary cytotoxic effects.

The relevance of subcellular anti-cancer agent accumulation and metabolism has drawn
significant attention. A-L-leucyldoxorubicin is an approved doxorubicin p rodrug that upon
activation to doxorubicin causes cardiotoxicity. The subcellular distribution and metabolic
transformations of A-L-leucyldoxorubicin in cultured c ancer cells were recently
investigated.373 Four subcellular fractions prepared from wild type and doxorubicin-resistant
human uterine sarcoma cells were treated with A~L-leucyldoxorubicin and analyzed by m
icellar electrokinetic chromatography. This technique separates doxorubicin from A-L-
leucyldoxorubicin making their quantification possible. The accumulation of doxorubicin
relative to A-L-leucyldoxorubicin was highest in the nuclear fraction, followed by the
lysosome-containing fraction. These findings suggest that the pro-drug A-L-
leucyldoxorubicin is effective at delivering its product doxorubicin to the nucleus, which
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hosts one of the primary doxorubicin targets. It also suggests that accumulation in the
lysosome may modulate the overall efficacy of this anti-cancer treatment.

Mitoxantrone is a fluorescent anthracenedione whose anti-cancer properties resemble those
of doxorubicin. The subcellular distributions of mitoxantrone in human MDB-MB-231 cells
and MCF-7 breast cancer cell lines were determined by confocal fluorescence
microscopy.374 Although mitoxantrone was found in the nucleus in both cell types, the
compound was also co-localized in the cytosol, which is an indicator of trafficking by this
compound in each cell line. MCF-7 cells manifested a diffuse cytosolic localization of
mitoxantrone, while MDB-MB-231 cells displayed a more punctuate pattern. Fluoresence
intensity was 2.5-fold higher in MCF-7 suggesting a higher intracellular concentration,
which is in agreement with the higher cytotoxicity of this compound in the latter cell line.
Surprisingly, the ER of the MCF-7 cells displayed fluorescence with a different emission
spectrum, which may be caused by either a different subcellular environment or
biotransformation of mitoxantrone into a different compound.

Ruthenium drugs and the platinum drug cisplatin bind to DNA in the nucleus halting DNA
replication, which is vital for cancer cell proliferation. Unfortunately, platinum drugs are
also very toxic to non-cancer cells. Such toxicity may be associated with drug accumulation
in other subcellular environments. A recent study investigated the uptake and subcellular
distribution of cisplatin and two ruthenium drugs, KP1019 and NAMI-A (Figure 24), in wild
type human ovarian carcinoma cells and cisplatin-resistant cells.370 The subcellular enriched
fractions were analyzed by size exclusion chromatography equipped with an ICP-MS
detector. This detector can easily monitor platinum and ruthenium with high sensitivity. The
analysis showed cisplatin and the ruthenium drugs are present in the nuclear, organellar, and
cytosolic fractions in both cell types. Ruthenium drugs were most localized in the organelle
fraction while cisplatin distributed equally between the nuclear and organelle fraction in the
wild type cell line. Further analysis indicated that all three drugs were present in the
mitochondrial fractions. In the cisplatin-resistant cell line, all t hree drugs were still observed
in the nuclear, organelle, and cytosolic fractions; however, their subcellular distributions
were different. A majority of cisplatin was observed in the organelle fraction and most of the
ruthenium-compounds were found in the nuclear and organelle fractions. Cisplatin was not
detected in the mitochondrial fraction of resistant cells and KP1019 was decreased 3.7-fold
in the mitochondria fraction. Determining the subcellular localization of the cisplatin and
ruthenium drugs is relevant to define their intracellular trafficking and their possible
cytotoxicity mechanisms.

Compounds with triphenylphosphine moieties, which are positively charged and
hydrophobic, accumulate in mitochondria due to the negative membrane potential of these
organelles. A series of triphenylphosphine moiety-containing compounds were screened for
anti-cancer effects in numerous cancer cell lines.3’! Three novel triphenylphosphine-
containing compounds (Figure 25) showed mitochondrial colocalization and contained anti-
cancer properties as determined from submicromolar ICsq, arrested cell cycle, and inhibited
tumor growth i n mice. These compounds caused decreased oxygen consumption, increased
superoxide production, and changes in abundance or phosphorylation of 103 proteins. The
latter is critical to cancer studies because phosphorylation regulates cell cycle progression,
growth factor signaling, and DNA transcription. Subcellular localization was investigated by
confocal fluorescence microscopy. These findings imply that mitochondria may play a
prominent role in the anti-cancer properties of these compounds.

A promising compound for brain cancer therapy is para-boronphenylalanine whose
subcellular distribution in T98 glioblastoma cells was recently investigated.369 Secondary
ion mass spectrometry of glioblastoma cells treated with 1°B-boronphenylalanine revealed

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

Page 41

boron accumulation in mitochondrial, nuclear, and the cytosolic regions with levels that
increased with treatment length. The mitochondrial region had lower 19B levels than either
the nuclear or the cytosolic regions. Boron accumulation in the nucleus increased in cells
after 1 hour, was unchanged at 2 hours, but nearly doubled after 6 hours. Dual labeled 13C
and 15N-phenylalanine uptake had a similar profile to 1°B-boronphenylalanine. The authors
suggest that intracellular processing of boronphenylalanine and phenylalanine was different
due to their different subcellular distributions.

Nilutamide is an anti-androgenic drug used for metastatic prostate cancer that has interstitial
pneumonitis as a side effect, o r inflammation of lung tissue. Biotransformations of
nilutamide in three subcellular fractions revealed that the cytosolic and not other subcellular
fractions (microsomal, mitochondrial, or nuclear) had the highest metabolic activity in rat
lung.37® Reverse phase HPLC-ESI mass spectrometry revealed that the main metabolites
were hydroxylamino-and amino-derivatives of nilutamide when the subcellular fractions
were incubated with nilutamide and FMN, NADPH, and NADH as cofactors. These findings
may imply that the cytosolic accumulation of metabolites contribute to the etiology of the
observed side effect.

A new type of noncationic myocardial imaging agent that exhibits wide-range bio-
distribution in tissues is 9MTc(N)-bis-(A-ethoxyethyl)dithiocarbamato-bis-(dimethoxy-
propylphosphinoethyl)ethoxyethalamine (*°™Tc(N)-(DBOC)(5)) (Figure 26). A recent
report described the subcellular localization and metabolism of 99MT¢(N)-DBODC(5) in
subcellular fractions from rat myocardial tissue.376 To calculate the levels of this agent in
each subcellular fraction, the 99MT¢(N)-(DBOC)(5), detected with a gamma counter, was
normalized to the mitochondria-specific malate dehydrogenase activity of the corresponding
fraction. The mitochondrial fraction contained %°MTc(N)(DBODC)(5), but its levels
decreased dramatically when mitochondria were depolarized with carbonylcyanide-
chlorophenylhydrazone. This suggested localization to mitochondria is membrane potential
dependent. One drawback of this study was that mitochondria ruptured during the sample
preparation procedure and released 99MTc(N)-(DBOC)(5) into other subcellular fractions,
which implies higher than reported accumulation of these compounds in mitochondria.

4.3.2. Toxic compounds—With the increase of nanoparticle use for drug delivery
systems, it is important to ensure that the nanoparticles themselves do not cause non-target
toxicity or decrease the efficacy of the delivered drug. Subcellular analysis of
medulloblastoma cells exposed to rhodamine B isothiocyanate poly (glycerol-adipate)
nanoparticles demonstrated that the particles were degraded effectively in endosomes and
lysosomes.3”7 Transmission electron microscopy, flow cytometry, and confocal
fluorescence microscopy all indicated the nanoparticles entered endosomes and localized to
lysosomes where they were rapidly degraded. None of the nanoparticles were observed in
the nucleus or other subcellular regions where they may contribute to cytotoxicity.

Polycyclic aromatic hydrocarbons are a potential hazard because of their mutagenic and
carcinogenic properties. As soil contaminants, they may enter organisms, particularly plants,
thereby entering the food chain. The first step in this process is the accumulation of
polycyclic aromatic hydrocarbons in the subcellular locations of plants. In a recent study, the
accumulation of acenaphthene was determined in subcellular fractions of G. mosseae and G.
etunicatum roots by HPLC with UV detection.368 Acenaphthelene accumulation in
organelles was higher than in the cell walls for both examined species. This report is the first
in shifting the focus of polycyclic aromatic hydrocarbon distribution to studies at the
subcellular level.
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Alcohol intake is associated with deleterious effects in the uterus. Because alcohol
metabolites that accumulate in different subcellular regions may be implicated, the
subcellular metabolism of alcohol to acetylaldehyde in rat uterine horn tissue was recently
analyzed.3"8 Ethanol metabolites were analyzed with gas chromatography coupled to flame
ionization detection in cytosolic, microsomal, and mitochondrial enriched fractions.
Microsomal analysis was performed with and without a NADPH regeneration system
(NADPH, 4, Fisocitric acid, and isocitric dehydrogenase) under aerobic conditions.
Cytosolic analysis was carried out with hypoxanthine, NAD™, and ethanol under aerobic c
onditions. The microsomal fraction displayed higher metabolism than the cytosolic fraction
and did not require NADPH. The cytosolic fraction was also capable of metabolizing
ethanol to acetaldehyde in the presence of NAD* but to a lesser extent. Nearly negligible
aldehyde dehydrogenase levels existed in both fractions suggesting that acetaldehyde is
synthesized and not further metabolized in the microsome and cytosol subcellular fractions.

Mining and contamination introduces increased arsenic le vels into water and sediment. This
makes sediment-feeding polychaetes, such as marine worms, at risk for increased toxicity
resulting from exposure to arsenite that forms from arsenate in sea water.3’° The association
of arsenic exposure with accumulation, distribution, and speciation of arsenic in A. marina
worm and its surroundings were examined in a recent study.389 Arsenate was measured with
either scintillation counting for seawater treatments or ICP-AES for sediment treatments.
Subcellular fractionation of frozen-thawed A. marina produced three fractions containing:
metal rich granules and cellular debris, organelles, and cytosolic components. The latter was
further fractionated to produce a heat-sensitive protein fraction containing enzymes and a
heat-stable protein fraction containing metalloproteins. Metalloproteins and metal-rich
granules contained biologically detoxified arsenic, while organelles, enzymes, and cellular
debris contained active arsenic species (likely arsenate and arsenite). The environments of
A. marinahad a dramatic effect on the subcellular distribution of total arsenic. Polychelates
exposed to sediment with low levels of naturally occurring arsenic had 50% of the total
arsenic detected in the cell homogenate (control) was in the metalloprotein fraction and 25%
in the cellular debris. When worms were exposed to arsenic in the seawater, the
metalloprotein and cellular debris levels remained similar to the basal levels, but arsenic
appeared at 15% in the metal rich granules, 10% in the enzymes, and 5% in the organelles.
With increasing arsenic levels, the cellular debris had 50% of the total arsenic and the
relative arsenic levels in organelles and enzymes were lo wer. In the presence of high levels
of arsenic in the sediment, arsenic levels reached 50% in the metalloproteins, 25% in the
cellular debris, and 10% in the metal rich granules. These results suggest the cytosol is the
main arsenic reservoir at basal-levels, but increased exposure leads to arsenic accumulation
in the cellular debris, organelles, and enzyme fractions. While storage in the cellular debris
is likely temporary, the transient storage of arsenic in both the organelle and enzyme
fractions is significant when considering their association with arsenic toxicity.

4.4. Elemental analysis

The subcellular distribution of different transition metals using X-ray fluorescence
microscopy has recently been reviewed.¢ Both labile and metalloprotein-bound iron were
found to play critical roles as reaction centers in many subcellular compartments including
the nucleus, mitochondrion, lysosome, and chloroplast.381 The subcellular distribution of
iron in P, sativum, L. esculentumand A. thaliana was investigated by transmission electron
microscopy, confocal fluorescence microscopy, micro X-ray fluorescence (uXRF), and
micro particle-induced x-ray emission (UPIXRE). uXRF and uPIXRE detected x-ray
fluorescence specific to elements such as iron. The nucleus of P. sativum embryos and A.
thalianaand L. esculentum embryos and leaves were iron-rich. As determined from
overlapping images obtained with different techniques used in this report, iron was observed
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in the cell periphery and in vacuoles. The increased concentration of iron in the nucleus is an
interesting discovery when considering its possible interactions with nucleic acids.

5. Organelle dynamics, interactions, and maturation

Organelles display a dynamic morphology and movement within the cell. Dynamic
morphologies result from maturation and growth, fusion and fission, and from interactions
with other organelles. The subset of interactions in this complex network that is discussed in
this section, as shown in Figure 27, occur among organelles of the same type (homotypic
interactions) or different types (heterotypic interactions). Homotypic interactions will be
reviewed in 5.1. -5.5. and heterotypic interactions will be reviewed in 5.6. -5.10.

Organelle movement within the cell changes with cellular function as the cell undergoes
processes like cell division, stress, or cytokinesis. Not surprisingly, one of the critical areas
of subcellular analysis has included monitoring the dynamics of m ovement and
morphological changes of organelles both in whole cells and after organelle isolation. A
recent review has focused on the most common techniques used to monitor and investigate
organelle dynamics.”! The reader may consult this review to explore such techniques in
more detail.

Most observations of organelle dynamics have been obtained by imaging cultured cells and
not tissues. Subcellular images are difficult at deep tissue regions due to field penetration
issues. However, when tissues such as plant roots have microscopic features such as root
hairs, organelle dynamics could be monitored in vivo.382 Therefore most of the studies
included in this section investigate dynamics in cell culture systems. One alternative to
investigate dynamics in whole tissue is to utilize indirect methods such as those based on the
morphology of mitochondrial networks in the heart determined by electron microscopy.’2
Some reports mentioned in this section make use of this technique.

Another essential component to investigate subcellular interactions has been the ever
increasing knowledge of the proteins involved. Despite the multiple types of possible
organelle interactions (c.f. Figure 27), the majority of these interactions rely on three types
of proteins: Soluble N-ethylmaleimide-sensitive factor activating protein receptors
(SNARE), Rab, and proteins that are part of large complexes such as the homotypic fusion
and vacuole p rotein-sorting (HOPS) complex. Understanding the role of these proteins in
subcellular interactions generally requires genetic alteration of their levels using knockouts,
knockdowns or overexpression and the use of techniques such as confocal fluorescence
microscopy or transmission electron microscopy. Because of the importance of the function
of these proteins in multiple reports included in this section, we explain salient features of
these proteins in the next three paragraphs.

SNARE proteins are responsible for trafficking, docking and fusion.383 When SNARE
proteins interact with each other they coil, b ringing membranes in different organelles in d
irect contact with each other.383 SNAREs are typically classified into subgroups such as v-
SNARE (SNARE present on an interacting vesicle) and t-SNARE (the SNARE residing on
the interacting vesicle’s fargeted membrane). Another common classification is R-SNARE
(v-SNARE) and Q-SNARE (t-SNARE). The R and Q designation indicates the presence of
either a glutamine or arginine amino acid in the SNARE.383 When organelles begin to
interact and SNARE proteins interact, SNARESs can be classified as frans-SNARE
complexes. Once tethering occurs, the two organelle membranes begin to interact with each
other and eventually form a single membrane. At this point, the SNARES are classified as
cis-SNARE complexes. Interacting organelles will then complete fusion and the individual
SNAREs used to form the SNARE complexes can be recycled or degraded. Some of the
essential tSNARE proteins that are part of recent reports involving subcellular analysis are

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

Page 44

synaptosome-associated proteins (SNAP) and syntaxin. Similarly, among the vSNAREs that
are relevant to recent reports involving subcellular analysis is the vesicle-associated
membrane protein (VAMP).383

Rab proteins are GTPases that cycle between GTP-bound and GDP-bound states and are
believed to regulate SNARE activity.384 Rabs are able to recruit multiple cytosolic proteins
to the membranes. These proteins are capable of regulating SNAREs either directly or
indirectly through Rab effector proteins.38> An excellent review of Rab proteins has been
recently published.384

In addition to Rabs and SNARES, protein complexes can have either a direct involvement in
the formation of the franssSNARE complex or promote organelle interactions indirectly.
One of these complexes is the HOPS complex that is a tethering factor capable of inducing
vacuole-vacuole and endosome-vacuole interactions through t-SNARE formation.386 HOPS
can function independent of Rab proteins or in association with Rab proteins that facilitate
organelle interaction.386 Another important player in organelle interactions is the CORVET
complex (class C core vacuole/endosome tethering), which is similar in protein composition
to the HOPS complex, but involved in interactions between endosomes and the Golgi.38” A
third important complex is the ESCORT complex (endosomal sorting complex required for
transport), which is utilized for endosomal interactions.388

5.1. Mitochondrial dynamics and morphology

Mitochondrial fusion, fission, and movement along the cytoskeleton are essential processes
in cell function. Mitochondrial movement along the cytoskeleton is highly coordinated with
their morphology. Two mitochondria moving towards each other may fuse and exchange
their contents after contact. Similarly, fission of mitochondria has to involve adjacent
mitochondrial regions pulling apart with opposite directionality. The balance between these
two processes defines morphology and is influenced by factors such as Ca?*, nitric oxide,
and protein aggregates.38% While many proteins involved in these processes have been
identified,390 one of the remaining challenges is to understand how such proteins contribute
to the plasticity and dynamics of mitochondria. Most of the recent advances in
mitochondrial fusion and fission have involved the use of fluorescent proteins in
combination with live track fluorescence microscopy. Salient examples of advances in the
field of mitochondrial dynamics include studies comparing the dynamics of mitochondria
and cytoskeleton,391 description of mitochondria that are unable to exchange contents,392
the exchange of respiration complexes due to mitochondria fusion and fission,3%3 and the
discovery that mitochondria on different cytoskeletal tracks can still interact.3%4

Because cytoskeletal polymerization and depolymerization dynamics occur at rates of
microns per minute and are ten-fold faster than mitochondrial movement, the interactions
between cytoskeleton and mitochondria require speed-matching molecular adaptors.
Subcellular imaging facilitated the identification of a new molecular adaptor mmbZ1p in
yeast.391 The approach to define the role of this adaptor protein required using the proteins
atb2p and cox4, which are in the cytoskeleton and mitochondria, respectively, as trackers.
Colocalization of the green fluorescent protein (GFP) and red fluorescent protein (RFP)
constructs of mmb1p and cox4, respectively, demonstrated that mmb1p interacts with the
mitochondrial network. Similarly, colocalization of the fluorescent protein mCherry
construct of atb2p with the mmb1p-GFP demonstrated that mmb1p also interacts with
cytoskeletal microtubules. Live imaging using these protein constructs demonstrated that
mmblp slows down depolymerization of the cytoskeleton confirming that this protein works
as a speed-matching molecular adaptor.
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Mitochondrial fusion enables the mixing of mitochondrial contents and may help
compensate for damage in mitochondrial regions. Fission of a mitochondrion leads to two
daughter mitochondria: one polarized and one depolarized, with the depolarized
mitochondrion commonly destined for mitophagic degradation. Live track imaging has
shown that mitochondria show concerted fusion/fission events as shown in Figure 28.39
These events appear in a “kiss and run” pattern with fusion lasting for 1 to 2 minutes.
However, not all mitochondria appear to fuse or to experience fission.395-3% Ljve track
imaging of mitochondria labeled with MTPA-GFP, a photoactivable (PA) fluorescent
protein that localizes to the mitochondrial matrix, has shown that the activated GFP
redistributes among some but not all mitochondria. In fact, some mitochondria retained their
fluorescent load instead of distributing it to other mitochondria. The use of live track
imaging of mitochondria with photoactivation of fluorescent proteins has also been applied
to other biological systems as shown by a recent report that used this approach to monitor
the movement of mitochondria on the cytoskeletal tracks of live BY-2 tobacco cells.397

Live tracking microscopy has been adapted to monitor exchange of membrane proteins after
mitochondrial fusion. A study focused on the distribution of Complex I, tagged with RFP or
GFP after fusion of cells induced by polyethylene glycol.3% After one hour, Complex I in
mitochondria from both cells have mixed and Complex | showed a patchy appearance.
Similarly, other complexes of the electron transport chain, labeled with either GFP or
DsRed, showed mixing and patchy appearance in 10—-24h after fusion as seen in Figure
29_393

An important discovery based on live track imaging was the transient fusion of mitochondria
from adjacent microtubule scaffolds.394 Using various matrix targeted fluorescent proteins,
such as PA-GFP, kindling fluorescent protein (KFP), GFP, yellow fluorescent protein
(YFP), and RFP, high resolution confocal imaging showed extremely short exchanges (4
seconds) between two mitochondria, that upon separation preserved their original
morphology. Monitoring membrane potential with the dye DilC4(5) and controlling
temporal resolution using photoctivable KFP suggested that having a high membrane
potential is not required for transient fusion/complete fusion. This report strongly suggests
that mitochondrial dynamics are indeed more complex than initially anticipated. In may not
be simply a fusion-fission process that uses the cytoskeleton as scaffold. In fact, other forms
of communication between mitochondria and peroxisomes that appear budding of 100-nm
diameter vesicles from mammalian mitochondria have been recently suggested.3%9

5.2. Peroxisome dynamics and morphology

Peroxisomes form de novo from the ER or via growth and division. Both mechanisms
appear to operate simultaneously in mammalian cells and only by growth and division in
yeast. Therefore, subcellular analysis of yeast is a suitable model to explore the process of
peroxisome fission.

The yeast species Hansenula polymorpha has only one peroxisome that experiences fission
during vegetative reproduction, which results in the transfer of a new peroxisome to the
daughter yeast cell. The dnm1 mutant of H. polymorpha has its peroxisome arrested in a late
step of fission. In order to monitor the process of fission, GFP constructs of proteins
involved in this process, including Pex8, Pex10, Pex 14 and Pex25, observed by
fluorescence microscopy showed the spatio-temporal distribution of these peroxisome
membrane proteins in budding cells.?%9 The stages of peroxisome division were controlled
using different media containing methanol/methilamine to induce peroxisome biogenesis
and then methanol/ammonium sulfate to repress Pex25-GFP synthesis. Two distinct regions
were apparent: a single large organelle in the mother cell and a long tubular extension
protruding into the developing bud. These regions are shown in Figure 30. Because
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biogenesis of peroxisomes by fusion is conserved, the findings of these subcellular studies
are of high relevance to investigating peroxisome biogenesis in other species.

Similar subcellular studies of peroxisomes using confocal microscopy showed the role of
Pex11p in segmentation and d ivision in peroxisomes of mammalian COS-7 cells.*1 The
fluorescent protein DsRed fused to the peroxisomal targeting signal 1 was used to localize
peroxisomes and their tubular extensions. The protein fusion Pex11p beta-YFP(m) was used
as scaffold and then truncated versions of this scaffold were used to identify the key
molecular features in this protein that are responsible for its distribution during peroxisomal
fusion.

5.3. ER and Golgi apparatus dynamics

The ER and the Golgi apparatus display one of the most complex and dynamic subcellular
structures. The ER has a series of tubules and sheets that are thought to be interconnected,
defining a continuous luminal space. Dynamic processes of the ER include budding
(secretory pathway), vesicle incorporation (secretory pathway), new tubule formation
(cytoskeleton association), tubule retraction (cytoskeleton association), transitions between
tubules and sheets, fusion of tubules, and tubule breakage.#02 The interactions of the Golgi
have also recently been reviewed.”3

The morphological changes of the ER that occur during mitosis have been recently
investigated.403 Using confocal microscopy to monitor the ER-specific fluorescently tagged
protein Hsp47-GFP, this report shows that during mitosis the ER is mostly tubular and
remains continuous. It also demonstrated that stripping the rough ER of ribosomes during
the interphase made the ER mostly tubular. The images were processed to quantify
subcellular features including branch points, total profiles and tubule lengths. ET confirmed
the morphological details determined from the confocal microscopy images.

One of the challenges in subcellular studies of the Golgi is that the same molecular markers
are also found in the ER from which they shuttle to the Golgi. A clever approach to
investigate Golgi dynamics in response to treatments used confocal microscopy imaging to
determine the subcellular localization of p-1,4-galactosyltransferase-cyan fluorescent
protein (GalT-CFP) as either Golgi (condensed structure) or the ER (diffuse structure).404
Treatment with Brefeldin A (BFA), which fully collapses the Golgi complex toward the ER
was used to illustrate this technique and its automation. After application of Brefeldin A the
Golgi disappeared. After washing off BFA, the Golgi began reassembling as reported by
tracking GalT-CFP. The procedure took advantage of subcellular features (i.e. nuclear
envelope) to automatically localize the Golgi in many cells in parallel. Although the
dynamics of subtle processes are not revealed in this system due to speed of image
acquisition and resolution, this is a promising technique to elucidate morphological changes
of the Golgi resulting from other drug treatments or cellular states.

5.4. Lipid droplet dynamics

Lipid droplets have been reported to experience fusion (See Table 1). Time lapse
microscopy was used to monitor fusion of lipid droplets in Drosophila S2 cells expressing
LSD1-mCherry and BODIPY 493/503.405 LSD1-mCherry is on the surface of the droplet,
while the BODIPY stain accumulates within the entire droplet. This subcellular assay was
used as a reporter to identify genes that are associated with lipid droplet fusion that leads to
their enlargement.
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5.5. Dynamics of isolated organelles and organelle models

Fusion and fission studies carried out in cell-free assays facilitate control of the experimental
conditions used for subcellular analysis. On the other hand, many previous reports carried
out on isolated organelles had been unable to mimic the /n vivo dynamics of organelles.
Recent reports demonstrated the use of isolated organelle preparations to investigate
mitochondria fusion and fusion, fission of vacuoles in yeast, antegrade and retrograde
transport between the Golgi and ER, and fusion of artificial vesicles. Salient examples on
these topics are reported below.

A chemiluminescence assay to monitor fusion of isolated mitochondria was recently
reported.#08 The assay is based on two separate cell lines expressing only venus-zipper-
luciferase or luciferase-zipper-venus localized to mitochondria. Chemiluminescence is only
emitted if the venus-zipper luciferase and luciferase-zipper-venus combine to form an active
renilla luciferase. In this study, mitochondria were isolated and mixed that resulted in
detection of chemiluminescence under conditions resembling those of the cytosol in whole
cells. Investigation of how cytosolic factors such as those involved in apoptosis or involved
in organelle fusion confirmed the validity of the method.

In yeast, vacuoles are the t erminal compartment in the endocytic pathway. Fusion of
vacuoles is an essential process of this pathway. In order to elucidate the molecular basis of
this process, a previously used in vitro technique combined isolated vacuoles isolated from
two separate yeast strands.#07 Each strand has the components needed for activation of
alkaline phosphatase upon vacuolar fusion. One strand had Prbl1p, a vacuolar serine
protease; the second strand had pro-alkaline phosphatase that was activated by Prb1p upon
fusion. Fusion was reported as activity of alkaline phosphatase that transforms para-
nitrophenol phosphate into p-nitrophenol. This assay is widely applicable as demonstrated
by extending its use to investigate how novel factors that control fusion and fission of yeast
vacuoles*®8 and the role of osmolarity on yeast vacuole fusion.40

Fission of yeast vacuoles has been also investigated /7 vitro.*10 The studies revealed that the
vacuole-associated target-of-rapamycin complex 1 (TORC1) stimulates vacuole
fragmentation. Although salt concentration and temperature also play a role in fission, these
factors cannot explain the level of fission caused by TORCL1. On the other hand, ATP and
GTP hydrolysis were essential for in vitro fission. Because TORC1 is inactivated during
nutrient restriction (autophagy) during which vacuole volume increases, the /n vitro
observations of the TORCL reported here are in agreement with physiological aspects of
vacuole fission.

Another study on fission used unillamellar liposomes immobilized onto silica beads as
organelle models. An excess of liposomes were deposited onto the silica beads in the
presence of a high ionic strength buffer. Addition of dynamin and GTP led to formation of
tubules, formation of vesicles and their fission in the form of budding vesicles. Although the
dynamics are much slower than those observed in cells, this subcellular model provides
evidence that dynamin is a key player in fusion and that it is not removal of GTP that causes
fusion. Similar studies on fission using artificial organelle models could be done with other
proteins that are involved in the fission of the ER (Sarl GTPase) or the Golgi (Arfl
GTPase).#11

Fission is also a key feature of transport between the Golgi and the ER, because it is
involved in the formation of vesicles where budding begins. Transport from the ER to the
Golgi requires GTP hydrolysis and a coating defined as COPII, which includes Sarlp,
Sec23/24p, and Sec 13/31p proteins. Using giant unilammelar liposomes that mimic the
composition of the ER and that are observable by confocal microscopy, a recent report
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described that the coat is essential for formation of a tubular structure (bead-on-a-string
morphology) that is prominent in the reconstituted liposomes when GTP is replaced by a
non-hydrolysable analog. These observations also suggest that other proteins must be
participating to regulate the degree of fission and that transport may include structures other
than single vesicles such as a fused train of partially joined vesicles.412

A related study used giant unilammelar liposomes with compositions resembling that of the
Golgi to investigate the retrograde transport from the Golgi to the ER.#12 Because of the
enlarged size of the liposomes, the resolution of fluorescence microscopy was adequate to
observe membrane deformation and track fluorescently labeled species. Resembling
conditions in the Golgi (e.g., low membrane tension) the protein Arfl interacted with the
coatamer (complex mixture of coat-related proteins) in the Golgi membrane system inducing
regions of extensive membrane deformations with lipid compositions, which are believed to
b e different from the parental membrane. In contrast to fission observed in the liposome
model of ER to Golgi transport, the retrograde transport model from the Golgi to the ER did
not show vesiculation. On the other hand, the clearly defined membrane deformations that
were observed suggested that such deformations are critical to the tubovesicular transport
between the Golgi and other intracellular compartments.

5.6. Endocytic organelles and endocytosis

While the autophagy pathway is responsible for the degradation of cargos already present in
the cell, the endocytic pathway is responsible for the internalization and degradation of
extracellular material. Endocytosed cargo can be recycled for usage at the plasma membrane
or degraded to serve as cellular fuel. Internalization may take different forms: phagocytosis,
macro-pinocytosis, clathrin-coated, and caveolae based endocytosis. A schematic of
endocytosis is shown in Figure 32.414 After internalization, the first intracellular organelles
formed are the early endosomes. In addition to their maturation to late endosomes, early
endosomes may interact with recycling endosomes to return endocytosed material back to
the extracellular space. Early endosomes may also interact with the Golgi to deliver
endocytosed materials.*1° Despite their multiple interactions, the most common fate of early
endosomes is their maturation into late endosomes. Late endosomes are more acidic than
their precursors, the early endosomes. Due to their structure, they are also known as
multivesicular bodies (Table 1). In addition to maturation to lysosomes, late endosomes are
also able to interact with autophagosomes to form amphiosomes (See 5.7.2).

Some of the key molecular players in the maturation of endocytic organelles and their
interactions with other subcellular compartments have been identified as described in the
Introduction of 5. For example, Rab7 is recruited and activated to mature early endosomes
into late endosomes.*16 The importance of subcellular analysis in defining the roles of such
molecules cannot be underestimated. On the other hand, describing all the studies in which
subcellular analysis has contributed to examine the roles of such molecules would be
repetitive. For this reason, we have tabulated most of these recent studies in Table 12.
Below, we discuss salient reports related to maturation (5.6.1) and other interactions (5.).

5.6.1. Maturation, from early endosome to lysosome—The first interactions in the
endocytic organelle pathway are those of the early endosomes. The SNARE protein sorting
nexin 27 (SNX27) mediates early endosome maturation to late endosomes through Phox-
containing domains.*17 Recruitment of these protein domains to endosomes is regulated by
phosphatidylinositol 3-phosphate. A recent study used confocal fluorescence microscopy to
show that SNX27 is present in early endosomes, clathrin coated vacuoles, and endocytic
trafficking vacuoles of rat neurons. This study also used a yeast two-hybrid screen, which is
a valuable tool to identify protein binding partners and to assist in determining the specific
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function of proteins. This screening revealed that SNX27 interacts with A-methyl-D-
aspartate receptor 2C, which was reflected by an increase in this protein level when SNX27
was knocked down. Lastly, the SNX27 knockdown had an 85% reduction in N-methyl-D-
aspartate receptor 2C localized to endocytic vesicles, which confirms the importance of the
role of SNX27 in endocytic maturation.

Vpsd5 is a SNARE protein essential for organelle fusion. The effects of Vps45 and its
interacting protein rabenosyn-5 on early endosome maturation were studied in C. elegans.*18
Texas Red-labeled BSA was endocytosed to monitor endocytosis flux and GFP-Rme8
fluorescence was used as a marker for endosomes. Confocal fluorescence microscopy was
performed at multiple time points to determine changes associated with modified Vps45 and
rabenosyn-5 functionality. An increase in the number of small endosomes and a decrease in
late endosome-lysosome interaction were observed in V ps45 mutated cells. The yeast two-
hybrid assay confirmed rabenosyn-5 interacted with VVps45. Expression of a mutated form of
rabenosyn-5 gave a similar phenotype observed with mutated Vps45. Lysosome morphology
was not affected by mutations in either Vps45 or radenosyn-5 suggesting Vps45 and
rabenosyn-5 mainly exerted their effects on endosomes. This data suggests Vps45 and
rabenosyn-5 are able to regulate interactions between endosomes and lysosomes.

Early endosomes collect vacuoles from the plasma membrane containing endocytosed
materials, such as transferrin, cholera toxin B, low-density lipoprotien, and dextran.
Materials such as transferrin and cholera toxin B are then delivered to the Golgi and ER for
reuse in the cell and low density lipoprotein and dextran are delivered to the late endosome
and lysosome for degradation. Synthetic fluorescent analogues of transferrin, acetylated-low
density lipoprotein, cholera toxin subunit, and dextran were used to investigate /n vitro
fission of early endosomes in rat adrenal medulla cells.*1® The jn vitro assay developed is
based on confocal fluorescence microscopy imaging of organelles isolated from cells loaded
with he fluorescent analogues m entioned above. After endocytosis of transferrin or low-
density lipoprotein for five minutes, cells were diluted into cargo-free medium for 30
minutes. After the chase, the cells were homogenized and the post-nuclear fraction was
imaged. To increase fission of early endosomes, the supernatant was incubated at 37°C in
the presence of ATP and rat brain cytosol. Confocal fluorescent microscopy showed fission
of early endosomes characterized by the segregation of cargo consisting of two fluorescent
species originally colocalized within the early endosome. Such segregation reflects
mechanisms by which the fission process separates cargo trafficking to the Golgi and ER
(e.g., AlexaFluor488-transferrin) or to late endosomes and lysosomes (e.g., AlexaFluor594-
acetylated low density lipoprotein). Initially early endosomes will contain both fluorophores,
but as they segregate into vesicles, the fluorophores are no longer colocalized. The assay
was used to identify key proteins involved in early endosome fission. Inhibiting the function
of early endosomal auto antigen 1 (EEA1), which is used in binding vesicles, by treatment
with anti-EEA1 antibody inhibited the fission of early endosomes (i.e. the fluorescent
transferrin and low density lipoprotein cargo remained colocalized). Cells possessing a
mutated form of the protein A~ethylmaleimide-sensitive factor, which participates in
recycling of c/ssSNARE complexes, also inhibited early endosome fission. This suggests
both EEA1 and A-ethylmaleimide-sensitive factor are important for early endosome
interactions with other organelles.

A recent study investigated diphtheria toxin processing through endocytosis and showed the
importance of Rab5 in this process in H eLa cells.*2% Confocal fluorescence microscopy was
used to determine colocalization and fusion of early endosomes and late endosomes by
tracking either YFP-labeled or GFP-Rab5. After cellular exposure to diphtheria toxin, YFP-
Rab5-containing organelles increased in size. Increasing the pH of these organelles with the
lysosomotropic agent ammonium chloride prevented the increase in size and suggested the
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organelles were early endosomes. YFP-Rab5-labeled organelles also had E EA1, a marker
for early endosomes, confirming their identity as early endosomes. When Rab5 was
mutated, the increase in the size of early endosomes after diphtheria toxin exposure was also
no longer observed. Since Rab5 is known to regulate endosome interactions, this also
suggests endosome-endosome interactions are involved in the mechanism that causes the
diphtheria toxin effects.

Another experiment in the report above used photoactivatable GFP-Rab5 to determine how
fusion and fission of early endosome change with diphtheria toxin processing.#23 Rab5-
containing early endosomes had an increase in size with diphtheria toxin treatment but had
no effect with Rab7 containing late endosomes suggesting that diphtheria toxin was not able
to interact with late endosomes. Untreated early endosomes manifested a significant
decrease in fluorescence after 5 minutes, likely due to organelle fission that decreases the
levels of GFP-Rab5 below the detection limits of the imaging system. In contrast, diphtheria
toxin treatment resulted in GFP fluorescent intensities that were 40% higher compared to
organelles from untreated cells. The higher GFP-Rab5 fluorescence intensity suggests Rab5
had decreased fission. Overall t his experiment also suggests decreased interactions between
other organelles and late e ndosomes due to diphtheria toxin incubation.

The epidermal growth factor (EGF) and its receptor (EGFR) are quite different from
Influenza A virus as endocytic cargos and in their final subcellular location. EGF and EGFR
are targeted to early endosomes, transferred to the late endosomes, and finally degraded in
lysosomes, while the influenza A virus is endocytosed, transferred to the early endosome,
then retained in the late endosome, and then finally released into the nucleus and cytosol. A
recent study investigated the role of the ubiquitin-complex scaffolding protein Cullin-3
(Cul3) in the endocytosis of three very different cargos in adenocarcinomic human alveolar
basal epithelial cells and HeLa cells.#2> Confocal fluorescence microscopy was used to
monitor EGFR, EGF, and influenza A virus in organelles and Western blotting was used to
track EGFR degradation. Transmission electron microscopy of Cul3 knockdown cells
showed an increased size and increase number of vacuoles. These vacuoles were likely late
endosomes because LysoTracker staining showed that they were acidic and because
immunolabeling revealed that they contained Rab7. In addition, confocal fluorescence
microscopy of knockdowns of Cul3 showed an increased colocalization of Influenza A virus
with both LAMP1 and cation-independent mannose-6-phosphate receptor positive
organelles. This suggests that they were retained in the late endosomes. In the case of EGF
and EGFR, knockdowns of Cul3 had twice as many EGF-positive vesicles, which were
seemingly late endosomes or lysosomes b ecause they were also immunolabeled with L
AMP1 antibodies. Western blotting indicated a 9-fold increase in EGFR signal in the Cul3
knockdown cell suggesting that Cul3 is essential for EGFR degradation after EGF binding.
Interestingly, when EGF was bound to EGFR for degradation, the complex was
ubiquitinated even in Cul3 knockdown cells. This suggests the EGFR complex was marked
for degradation by an ubiquitin ligase (not activity from Cul3) but the absence of Cul3
caused changes in endocytic flux.

5.6.1. Heterotypic interactions not involved in maturation of endocytic
organelles—Endocytic organelles do not just interact with each other as shown in Figure
32 but also with other non-endocytic organelles as shown in Figure 27. An example of this is
an indirect interaction with autophagosomes. The ability of ubiquilin to be degraded in
chaperone-mediated autophagy (CMA) was recently investigated.431 Ubiquilin is known to
regulate ER-mediated protein degradation but its role it macroautophagy and CMA have not
been determined. CMA was examined by treating enriched lysosomes with ubiquilin and
assessing CMA-based lysosome internalization with an /n vitro assay. This assay used media
optimized for CMA either with or without the presence of protease inhibitors. To determine

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

Page 51

the rate of lysosome internalization, Western blotting of ubiquilin, glyceraldehyde-3-
phosphate dehydrogenase (known to be internalized by CMA), and ovalbumin (not
internalized by CMA) was used. The assay indicated that 10% of ubiquilin was internalized
into lysosomes by CMA. When ubiquilin had to compete for CMA internalization with
simultaneous treatment with glyceraldehyde-3-phosphate dehydrogenase, ubiquilin
internalization was decreased 50%. This competition was not observed with ovalbumin.
When antibodies that bind either hsc70 or LAMP2A were added, both known CMA protein
mediators, ubiquilin internalization was eliminated providing further evidence that ubiquilin
is internalized into lysosomes with CMA.. Enriched autophagosome fractions also contained
ubiquilin. The authors proposed that depletion of ubiquilin with CMA could decrease the
formation of autophagosomes. Accordingly, the decrease of CMA could increase the
formation of autophagosomes.

Nine different Rab proteins have been identified in lipid droplets. A recent study
investigated the role of some of these Rab proteins as mediators of interactions between
lipid droplets and early endosomes.*32 Immunolabeling of enriched fractions a nalyzed by
transmission electron microscopy showed high abundance of Rab5, Rab11, and Rab18 on
the surface of lipid droplets suggesting that these Rabs could be the most relevant. When
Rabs were inactivated via treatment with a Rab GDP dissociation inhibitor, the amount of
interaction between early endosomes and lipid droplets was significantly decreased as
determined by Western blotting of lipid droplets after removal of other components. To
further strengthen the argument that Rabs were critical to interactions with lipid droplets and
early endosomes, lipid droplets were treated with GTP-yS and early endosomes. Due to their
GTPase activity, presence of GTPyS locks Rabs in their active form. When droplets were
treated with early endosomes and GTP+yS, there was a significant increase in EEA1 and
transferrin (both early endosome markers), which colocalized with Rab5 and Rab11 (lipid
droplet markers). Overall, these results confirmed that Rab proteins are needed for lipid
droplet-early endosome interaction. To confirm the role of Rab5, a protein known to interact
with EEAL, the interaction between immunolabeled EEAL and either wild type or mutated
Myc-tagged-Rab5 was monitored /n vivo by confocal fluorescent microscopy. Unlike the
wild type, mutated Rab5 was unable to colocalize with EEAL. This suggests Rab5 is indeed
needed for interactions b etween lipid droplets and early endosomes.

A recent report analyzed the role of endosomes in the recycling of synaptic vesicles in rat
adrenal medulla cells and hamster kidney fibroblast cells.#33 Confocal fluorescence
microscopy of immunolabeled early ndosome SNARE roteins enabled heir detection in
synaptic vesicles, suggesting interactions between these two types of organelles. An /n vitro
assay was used to determine the homotypic interactions of enriched synaptic vesicles and the
heterotypic interaction with endocytic organelles. Confocal fluorescence microscopy was
used to track interactions with two different fluorescent treatments. Synaptic vesicles could
be incubated with dextran-labeled AlexaFluor488 and dextran-labeled AlexaFluor 568 to a
ssess colocalization of fluorophores as a result of homotypic fusion. Styryl-labeled early
synaptic vesicles could also be used for confocal fluorescence microscopy analysis in vivo.
Upon interaction and fusion with other organelles, styryl will diffuse and create increased
numbers of fluorescent organelles. Homotypic fusion of synaptic vesicles and heterotypic
fusion of synaptic vesicles and endosomes were both low (4%) as determined from
colocalization of two different dextran labels. Styryl labeling showed extensive organelle
interaction to m uch higher levels than with the /n vitro assay. Nearly 50% of synaptic
vesicles possessed the early endosome marker Rab5 suggesting that recycling vesicles and
early endosomes had interacted and suggests synaptic vesicle interactions could extend to
other endosomes e.g. late endosomes.
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SNAP proteins are a type of SNARE protein with two SNARE motifs in their protein
sequence. A recent report showed that the GFP-SNAP-29 protein in C. elegans localized to
recycling endosomes.*34 Confocal fluorescence microscopy revealed the knockdown of
GFP-SNAP-29 caused modified morphology of recycling endosomes, which were identified
by the presence of recycling endosome specific proteins GFP-RME1, GFPRab11, and GFP-
Rab10. In comparison, Golgi markers RFP-mannosidase-I1, RFP-Rab6, and RFP-Rab2 and
ER markers GFP-Sp-12 indicated Golgi and ER morphology were not affected by SNAP29
knockdown. As expected, knockdown of SNAP-29 also caused a decrease in secretory
pathways that deliver the contents of recycling e ndosomes to the plasma membrane. This
was determined by monitoring GFP labeled caveolinl and RMEZ2. Instead of localizing in
the plasma membrane, both were located in punctates near the nucleus. The compromised
secretory pathway and the altered morphology of the recycling endosomes suggest an
interaction between the ER/Golgi complex and recycling endosomes.

A recent study investigated how VAMP7 and VAMP3 (both SNARES) affected late
endosome interactions with autophagosomes and the plasma membrane (through exosomes),
respectively.43> VAMPTY regulated plasma membrane-late endosome interactions in human
bone marrow lymphaoblast cells. Confocal fluorescence microscopy showed that a GFP-
VAMP7 construct (with GPF at the N-terminus) caused VAMP7 containing exosomes to
traffic but not interact with the plasma membrane. GFP-containing exosomes were larger in
size as compared to exosomes possessing VAMP7-GFP (with GFP at the C-terminus). This
suggests exosomes originating from late endosome interactions were unable to interact with
the plasma membrane when VAMP7 was not f unctional. V AMP3 was also shown to
regulate autophagosome-late endosome interactions.3> Transmission electron microscopy
revealed that VAMP3 colocalized with LC3. Starvation, which induces autophagy, caused
an increase in the colocalization of Rab11, a late endosome protein, and LC3 indicating
increased interaction between late endosomes and autophagosomes. Accordingly, the
expression of the light chain of the tetanus protein, a protein that cleaves VAMP-3 rendering
it non-functional, caused decreased interaction between autophagosomes and late
endosomes. The interactions of late endosomes were further assessed to determine if
VAMP7 and VAMP3 are able to regulate each other. When VAMP7 function was
decreased, autophagosome-late endosome in teractions also decreased. This suggests the
VAMPY7 in late endosomes is able to regulate autophagosome interactions indirectly.

The unique morphology of late endosomes may originate from a subcellular network
defined by the Golgi and early endosomes.436 \V-ATPase inhibition with concanamycin A
caused a decrease in vesicle genesis from the Golgi. Concanamycin A treatment caused both
a reduction in the number of late endosomes and protein export from the Golgi.
Transmission electron microscopy of late endosomes following concanamycin A treatment
displayed modified, tubular morphology. Overall, this suggests V-ATPase function is
required to maintain the morphology of late endosomes. A separate experiment using
confocal fluorescent microscopy and transmission electron microscopy indicated the ESCRT
proteins Vps28, Vps22, and Vps2 were also distributed between both late endosomes and
Golgi in wild-type A. thaliana protoplasts. The shared distribution of the ESCRT proteins
between the two organelles suggested that the organelles had interactions. In wild type
Vps2, the Golgi and late endosomes markers Syp61 and Vps2 gradually delocalized over
time. The expression of mutated-Vps2 resulted in sustained colocalization of the Golgi and
late endosome markers. This suggests late endosomes originated from the Golgi and that the
protein Vps2 is responsible for the interaction of the two organelles.

Plants recycle plasma membrane proteins in response to environmental stress and
developmental signals. A recent report provided evidence that the Golgi network and early
endosomes are important in the recycling of plasma membrane proteins in A. thaliana
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root.#37 Comparisons of Golgi and early endosome morphologies and their localization of
plasma membrane markers under conditions of stress were made by transmission electron
microscopy and confocal fluorescence microscopy. Stress resulted in the formation of a
trans-Golgi network-early endosome fused organelle that contains the brassinosteroid
insensitive receptor 1, which is a known plasma membrane protein.

5.7. Autophagosome maturation and interactions

Autophagosome membranes appear to originate from multiple source organelles including
the ER and plasma membrane. Autophagosome interactions are shown in Figure 31.
Additionally, as autophagosomes form, they must be able to interact with organelles tagged
for degradation (e.g. peroxisomes, mitochondria, and ER). Once autophagosomes are
formed and organelles destined for degradation have been incorporated into their double-
membrane lumen, autophagosomes fuse with lysosomes to facilitate the d egradation of their
cargo. Autophagosomes may also fuse with endosomes. Recent reviews have described the
stages of autophagosome maturation’4="° as well as the role of key biomolecules.’6-78
There have also been many excellent reviews published on specialized forms of autophagy
such as peroxisomes (pexophagy),’?-81 mitochondria (mitophagy),82-83 and the ER
(reticulophagy).”* These reviews have not focused on subcellular analysis.

Several reports in which subcellular analysis was essential to investigate the roles of various
proteins in autophagy are summarized in Table 13. These reports have utilized confocal
fluorescence microscopy of cell systems expressing fluorescent proteins or stained with
chemical probes, flow cytometry, Western blotting, or transmission electron microscopy.
Among these, some salient reports are further discussed below. They cover topics on the
origin of autophagosome membrane,*38 the role of the protein Atg8,43° and a new method to
monitor autophagosome maturation.*40 We also review reports on autophagosome-lysosome
interactions,*41 autophagosome-late endosome interactions,*42 and insights into
autophagosome-mitochondria interactions.#43

5.7.1. Autophagosome formation—The origin of the autophagosome membrane has
been extensively investigated because multiple organelles have been associated with the
autophagosome membrane. In particular, the ER region termed the omegasome, rich in
phosphatidylinositol-3-phosphate, h as been associated with autophagosome genesis (Figure
33).438a Confocal fluorescence microscopy revealed that in human embryonic kidney cell
the autophagosomal membrane originated from the omegasome.438 A GFP fusion protein of
double FYVE domain-containing protein 1 (DFCP1), which binds to phosphatidylinositol-3-
phosphate was used to localize this phospholipid. DFCP1-fluorescent areas (punctates) were
present in both ER and autophagosomes and were colocalized with LC3 in autophagosomes.
Although other organelles, such as mitochondria and the plasma membrane, may contribute
to the contents of autophagosome membranes, these findings provide convincing evidence
for the role of ER regions in autophagosome formation and interactions between ER and
autophagosomes.

A Kkey process in autophagosome formation is membrane fusion. A recent study investigated
the involvement of Atg8 in membrane f usion of liposomes and a utophagosome formation
in yeast.*39 Atg8 formed a complex with phosphatidylethanolamine-containing liposomes
and Atg8 mediated the tethering of membranes. Atg8 was essential for the expansion of
autophagosomal membranes as determined with confocal fluorescence microscopy and
Western blotting. The level of fusion between autophagosomes and liposomes increased
with increasing concentrations of Atg8. Similarly, the extent of fusion was based upon the
presence of Atg8 as indicated by the mutated Atg8-containing yeast. In these cells,
mutations of Atg8 were identified to impair tethering and membrane fusion by decreases of
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50%. Transmission electron microscopy also indicated an increase of autophagic bodies in
mutated Atg8 cells.

A flow cytometry assay for monitoring autophagosome formation in human osteosarcoma
cells was recently reported.*40 The cells expressed GFP-LC3, which shows the same
localization properties of native LC3. GFP-LC3-I is cytosolic and GFP-LC3-11 is lipidated
and localized to a utophagosomes. To remove GFP-LC3-I, cells were treated with saponin
that p ermeabilized the cell m embrane and solubilized LC3-I. On the other hand, GFP-LC3-
I r emains within the cell. Flow cytometry measurements after saponin treatment
demonstrated that very low GFP fluorescence levels remained following permeabilization,
suggesting that only small amounts of GFP-LC3 were in the LC3-11 f orm. Not surprisingly,
when cells were treated with chloquinine, which prevents processing of LC3-I1 in the
autolysosome, flow cytometry revealed that the levels of detectable LC3-I1 p rotein
increased dramatically (Figure 34).440 While cells expressing GFP-LC3 constructs were
necessary, the assay was able to report how LC3-11 levels during maturation of
autophagosomes.

5.7.2. Autophagosome-lysosome and autophagosome-endosome interactions
—The final stage of the autophagy pathway is the interaction and fusion of lysosomes and
autophagosomes to form autolysosomes. This fusion facilitates degradation of cargo
internalized inside autophagosomes. Subcellular analysis has been critical to investigate the
roles of proteins involved in autophagosome-lysosome interactions. Some examples of these
s tudies include the identification of new proteins involved in the process such as
TECPR1%44 and the Rab protein OTAL1,%47 the characterization of the interaction between
UVRAG with either beclinl or C-Vps 449 and the role of histone deacetylase 6.446 The
effect of cellular conditions, such as ER stress,*®0 lipid levels, cofactor presence, pH, and
temperature,**8 on autophagosome-lysosome interactions have also been investigated.

On this topic, a recent study monitored the dynamics of the interactions between
autophagosomes and lysosomes in real time.#41 Rat kidney cells were used for this study.
Live-cell imaging was used to monitor lysosomes labeled with Oregon Green 488 dextran
and autophagosomes labeled with mCherrry LC3. Both interactions between the lysosomes
and autophagosomes, kiss-and-run and complete fusion, were observed. Autolysosomes
formed by complete fusion had a much longer lifetime than autophagosomes.

Besides their terminal interaction with lysosomes, autophagosomes have also been shown to
fuse with endosomes to form amphiosomes. Subcellular analysis has helped explore the role
of proteins involved in the process of amphiosome formation including endosomal sorting
complex required for transport (ESCRT) proteins: Vps4, Fab1,3882 B-COP, and a.-COP.3880
These and other recent reports on autophagosome-endosome interactions are included in
Table 13.

Besides proteins, other species such as calcium also regulate interactions between autophagy
and late endosomes to form amphiosomes.#42 In human bone marrow lymphoblast cells,
autophagy induction caused amphiosome formation in a calcium-dependent manner as
assessed by fluorescence confocal microscopy. Amphiosomes were identified because they
displayed colocalization of the autophagosome marker LC3 and the late endosome marker
protein Rab11. The interaction was confirmed by knocking down Rab11, which prevented
the interaction from occurring. This study also demonstrated that the formation of
amphiosomes is independent from the formation of autolysosomes, because inhibition of the
interaction of the autophagosomes and lysosomes had no effect on the fusion of late
endosomes and autophagosomes.
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Autophagosomes containing pathogenic bacteria can be defined as xenophagosomes that are
able to degrade bacteria as part of the immune response in non-phagocytic cells. A recent
study investigated whether specific SNARE proteins such as VAMP7, VAMPS, and Vtilb
were involved in xenophagosome-lysosome interactions in human breast adenocarcinoma
cells, lung adenocarcinoma epithelial cells, and HeLa cells infected with Group A
Streptococcus.339 Confocal fluorescence microscopy was used to assess the localization
SNARE proteins in the lysosome (colocalization with LAMP1), the autophagosome
(colocalization with LC3-I1) or the autolysosome (both markers). Vtilb-GFP was localized
with xenophagosomes independently of lysosome interaction. VAMP7 and VAMPS8
localized to xenophagosomes only when these organelles interacted with lysosome. Knock
down of the SNARE proteins suggested only Vtilb and VAMP8 mediated the interaction of
autoxenophagosomes and lysosomes. Proteins required for t raditional autophagosome-
lysosome interactions such a s the g-SNAREs syntaxin 7 and syntaxin 8 were not needed for
fusion of the xenophagosome and the lysosome. This suggests that VAMP8 and Vtilb are
involved in a different route for autophagic degradation that does not involve syntaxins 7
and 8.

5.7.3. Mitophagy—There have been several recent reports in which subcellular analysis
has advanced understanding of autophagy that specifically targets mitochondria, which is
termed mitophagy. We review here studies that provide insights on the proteins required for
proper mitophagy activity.

One study investigated the role of the protein Parkin in the recruitment of dysfunctional
mitochondria to autophagosomes in HeLa cells.#432 The loss of function of Parkin2, which
is commonly associated with the early onset of Parkinson’s disease, has been linked to
autophagy deficiency. Because mitochondria depolarization is involved in Parkin
recruitment to mitochondria, CCCP treatment was used to cause mitochondrial
depolarization. Small, depolarized mitochondria labeled with mCherry-Parkin were
colocalized with GFP-LC3-I1 in autophagosomes pointing to mitophagy of depolarized
mitochondria. To further investigate the role of Parkin, either wild-type or knocked-down
Parkin HeLa cells were treated with CCCP. In the wild-type, no mitochondria were
detectable after 48 hours. In the Parkin knock-downs, fragmented mitochondria were still
present after 48 hours. This work points to the critical role of Parkin in mitophagy of HeLa
cells.

Similar to Parkin, extracellular signal-regulated protein kinase 1/2 (ERK1/2) is responsible
for the regulation of several neuronal functions. A recent study reported that increased
activation (through phosphorylation from MAPK/ERK kinase 2 or 6-hydroxyldopamine
treatment) of ERK1/2 caused increased mitophagy in neuronal cells similar to the phenotype
observed w ith treatment with 6-hydroxydopamine, a known neurotoxin.#43? In agreement,
mutation of ERK1/2’s kinase decreased mitophagy. Similar activation of ERK1/2 has
resulted from acute and chronic treatments with the neurotoxin 1-methyl-4-
phenylpyridinium.443¢.d After treatment with this neurotoxin, autophagy increased as
reported by increased in the relative level of LC3-11 v ersus LC3-I, detected by Western
blotting, and by higher number of autolysosomes labeled with monodansylcadaverine,
detected by fluorescence confocal microscopy. Increased mitochondria degradation and
fragmentation was also observed by fluorescence confocal microscopy, which was
consistent with reduced levels of mitochondria proteins (pyruvate dehydrogenase and
p110°4), detected by Western blotting. Overall, the authors suggested that the neurotoxin
treatment activated the ERK signaling pathway and induced mitophagy because knockdown
of LC3, ATG5, or ATG7 prevented degradation of mitochondrial proteins and decreased
levels of LC3-I1 following neurotoxin treatment.
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Microtubule-associated protein 1S (MAP1S) is implicated in microtubule dynamics, mitotic
abnormalities, and cell death. MAPL1S association with mitochondria has been known but its
role in mitochondrial removal through mitophagy was only explored recently.*43¢ This study
focused on the interactions between MAP1S and autophagosome biogenesis and degradation
in mice embryo cells and mouse embryonic fibroblasts. MAP1S associated with LC3 and
regulated autophagosome trafficking as determined by transmission electron microscopy.
When MAP1S was knocked-out, autophagosomal biogenesis and autophagy flux became
defective and led to accumulation of autophagosomes and dysfunctional mitochondria as
detected by fluorescence confocal microscopy, Western blotting of LC3-11, and sustained
mitochondrial enzymatic activity (citrate synthase activity). These findings suggested that
MAP1S is necessary for the interactions of mitochondria and autophagosomes.

5.8. Phagocytosis

Another cellular internalization pathway in the cell is phagocytosis. Phagosomes entrap
foreign objects after introduction into the cell by phagocytosis. Phagosomes will typically
fuse with either lysosomes or autophagosomes in order to degrade the phagocytosed
materials (Figures 27, 32). Many pathogenic bacteria, such as M. tuberculosis, L.
monocytogenes, and L. pneumophilia, are able to enter cells through phagocytosis and are
able to escape degradation by preventing fusion of phagosomes and lysosomes. As a result,
these pathogens have been used to study phagosome interactions with lysosomes because
they halt the phagosome-lysosome interaction at a c ritical step of phagosomal maturation.

Phagocytosis can also be triggered with antibody coated latex beads (opsonized beads) and
with pathogenic bacteria such as those mentioned previously. As with autophagosomes and
endocytic organelles, confocal fluorescence microscopy and transmission electron
microscopy are the main methods of subcellular analysis to study phagosomal interactions.
Studying phagosomal interactions has benefited from overexpressing, mutating, or knocking
down proteins with potential roles in phagosomal interactions.

The first portion of this section describes non-pathogen based studies used to investigate
phagosome maturation and some essential features of phagosome maturation.*! Next,
phagosome-lysosome interactions with pathogen-based models#>2 and phagosome-
autophagosome interactions are discussed.4>3 Finally we discuss recent insights into
phagosome interactions with other membrane systems such as the plasma membrane?®,
ER,%5% and Golgi.*>8 For interested readers, Table 14 summarizes proteins of interest
involved in phagosome interactions.

5.8.1. Phagosome-endocytic organelle interactions—The formation of phagosomes
can be induced by exposure to latex beads after their opsonization with antibodies. This is a
common procedure that takes advantage of accelerated phagocytosis of objects destined to
generate an immune response from the cell. Opsonization is often utilized to elicit an
immune response in cells. The interaction of phagosomes and lysosomes is critical to this
pathway. The roles of LAMP1 and LAMP2 proteins in phagosome interactions with
endocytic organelles were determined in mice peritoneal macrophages.#>12 LysoTracker
served as an acidotropic probe. Phagosomes interacting with lysosomes should appear as
morphologically large organelles stained with LysoTracker when observed by confocal
fluorescence microscopy. Knockdowns of LAMP1, LAMP2, or double knockdowns were all
able to phagocytose opsonized beads, however, the double knockdown had a nearly
complete loss of lysosome-phagosome interactions as confirmed by transmission electron
microscopy. In addition, live cell microscopy showed that lysosomes and phagosomes had
decreased mobilities in the double knockdowns relative to wild type microphages. Lastly,
the effect was lysosomal specific because the double knockdown had no effect on early
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endosome-phagosome interactions (tracked with the early endosome marker Rab5-GFP) and
had very little effect on the interactions b etween late endosomes and phagosomes (tracked
with Rab7-GFP or CD63-GFP).

Opsonization of latex beads with antibodies was found to increase phagocytosis in mouse
macrophage cells, human histiocytic lymphoma cells, and primary mouse peritoneal m
acrophages.*>1P This study investigated whether opsonization accelerated the rate of
lysosome-phagosome interactions as well. Cells were treated with either BSA or 1gG
labeled, 1-um diameter, latex beads. Phagosomes were monitored with the dye filipin and
lysosomes were monitored with tetramethylrhodamine-labeled dextran. When observed by
confocal fluorescence microscopy, cells treated with IgG-coated beads had an increased and
faster colocalization with the late endosome/lysosome protein marker CD63 than the BSA
coated beads. A novel /n vitro assay involving enriched cytosol, lysosomes containing [3H]-
cholesteryl ether, and phagosomes containing beads was used to further study the interaction
between lysosomes and phagosomes. S cintillation from the latex beads in the phagosomes
require immediate contact of tritium-derived B-particles found in lysosomes.*’0 Scintillation
decreases exponentially with distance between tritium and the beads thereby providing
exquisite selectivity and selectivity to detect phagosomes interacting with lysosomes.

This study also investigated the role of the Fcy receptor and protein kinase C in
autophagosome-lysosome interaction in a Chinese hamster ovary cells.451P After treatment
with antibody-opsonized beads, cells overexpressing both Fcy receptor and protein kinase C
(or control cells transfected with an empty plasmid) were used to prepare cytosolic fractions.
When the cytosolic fraction was mixed with isolated phagosomes and lysosomes, those
overexpressing both Fc-y receptor and protein kinase C showed an increase of 37% in the
number of interactions with the tritium-based scintillation assay described above.4’0 To
further investigate the origin of the increased interaction between phagosomes and
lysosomes, the in vitro assay was performed in the presence of latrunculin A, cytochalasin D
(both of which are inhibitors of actin polymerization), or alkaline carbonate (which prevents
tethering). These three agents blocked the observed increase of phagosome-lysosome
interactions suggesting that opsonization increases actin dynamics between organelles and
increases tethering of SNARES between phagosomes and lysosomes.

Flashing is the process of F-actin polymerization around a phagosome. A recent study
utilized latex beads labeled with either antibody, mannan, or avidin to investigate how the F-
actin flashing regulates phagosome-lysosome interactions in mouse macrophages.4’
Confocal fluorescent microscopy and transmission electron microscopy revealed that
flashing only occurred in phagosomes before they interacted with ly sosomes. Phagosomes
containing a ctin coats from flashing could not interact with lysosomes. This suggests
flashing down regulates phagosome-lysosome interactions. Furthermore, when both
lysosomes were overloaded with non-degradable materials, such as BSA-colloidal gold, and
phagosomes were overloaded with antibody-labeled latex beads, the number of flash-
activated actin-coated phagosomes increased. These results suggest that actin is an important
regulator of phagosome-lysosome interactions.

5.8.2. Interactions of endocytic organelles with pathogen-containing
phagosomes—As mentioned above, pathogenic bacteria often cause decreased
interactions between endocytic organelles and phagosomes to survive inside cells and
maximize infection. Understanding of such interactions could help design strategies to slow
down bacterial infections. One study investigated the role of the sodium ion channel NaV1.5
on phagosome maturation in human peripheral blood monocytes, which were differentiated
to macrophages and treated with dead bacillus Camille-Guerin, a model for mycobacterial
infection.#522 Confocal immunofluorescence microscopy showed that NaV/1.5 was localized
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in the endosomes near the periphagosome region. Knockdown of NaV1.5 caused about a 9-
fold decrease in phagocytosis of the dead bacillus. Furthermore, NaV1.5 knockdown cells
did not have mitochondria in the phagosome periphery (which was observed in the wild-type
macrophages). Because mitochondria are an important site for calcium storage, calcium
levels were also monitored. When NaV1.5 was knocked down, the cytosol had lower
calcium levels as reported by Fluo-4, a fluorescent calcium indicator. The importance of
NaV1.5 in the interplay between Na*/Ca*2 needed for successful phagocytosis was further
confirmed by inactivated mitochondria Na*/Ca*2 mitochondrial voltage-gated pumps with
the inhibitor CGP-37157. This suggests that NaV1.5 activity in the endocytic organelles and
mitochondria in proximity to the phagosome is critical for sustained phagocytosis.

M. tuberculosis stops phagosome maturation in infected macrophages. The role of Rab14 in
phagosome maturation was studied with M. tuberculosis-infected mouse macrophage cells
and human embryonic kidney cells.#520 Although Rab14 is known to participate in early
endosome-Golgi trafficking, confocal fluorescence microscopy revealed that Rab 14 was
colocalized with phagosomes containing M. tuberculosis. Decreased expression of Rab14
with siRNA knockdown caused increased interaction of lysosomes and phagosomes
containing M. tuberculosis. On the other hand, an increase in Rab14 expression caused
decreased phagosome-phagosome and phagosome-lysosome interactions. However, this
decrease may have been a consequence of a competitive preferred interaction between
phagosomes and early endosomes.

L. monocytogenes is a microbe that evades cellular degradation by escaping delivery to the
degradative environment of the lysosome. This event is dependent upon production of the
enzyme listeriolysin O, which causes poration of the phagosome membrane and facilitates
the scape of this pathogen. A recent study investigated the role of phagosome membrane
permeability on the fusion of the phagosome with lysosomes in L. monocytogenes-infected
mouse macrophages.#52¢ Confocal fluorescence microscopy was used to monitor the pH and
calcium concentrations in phagosomes using ratiometric fluorescent probes. In cells
expressing listeriolysin O, phagosomes were permeabilized, and the pH and calcium
concentration of the L. monocytogenes-containing vacuoles remained close to cytosolic pH,
i ndicating compromised membrane permeability. In contrast, Listerolysin O-deficient
phagosomes became more acidic and had increased calcium concentration. These results
suggest that an increase in membrane permeability allows escape of L. monocytogenes into
the cytosol, but also compromises the fusion between infected phagosomes and lysosomes.

Given that a large number of Rabs are key regulators of phagosome interactions, an
excellent study addressed this issue by surveying 48 Rab proteins for their ability to
associate with maturing phagosomes in HeL.a and mouse macrophage cells infected with in
S. Typhimurium.*524 The Rab proteins were tagged with GFP or CFP and their subcellular
location was determined by colocalization with organelle markers using confocal fluorescent
microscopy. Eighteen Rab proteins showed association with maturing phagosomes in
pathogen containing phagosomes. Mutants with knocked out Rab23 and Rab35 inhibited
phagosome-lysosome fusion. Rab5A, Rab5B, Rab5C, Rab7, Rab11A, Rab11B, Rab7, and
Rah9 appeared associated with invasion of S. Typhimurium.

Another study done on mouse macrophages investigated the role of Rab proteins in the
maturation of phagosomes after infection with M. tuberculosis and S. aureus.*52¢ Confocal
fluorescent microscopy and transmission electron microscopy were used to monitor the
localization of 42 different GFP-Rab proteins and to describe phagosomal morphology.
Western blotting of phagosome enriched fractions 'floated' in sucrose density gradient
centrifugation revealed 22 and 17 Rab proteins present in phagosomes when cells were
infected with S. aureusand M. tuberculosis, respectively. Only Rab8, Rab8b, Rah9, Rab22b,
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and Rab43 were common in phagosomes after infection with either bacterium. Mutated
forms of each Rab made it possible to single out those involved in phagosome-lysosome
interactions. Rab7, Rab20, and Rab39 favored phagosome-lysosome interaction in M.
tuberculosis-containing phagosomes. Furthermore, Rab7, Rab20, Rab22b, Rab32, Rab34,
Rab38, and Rab43 recruited lysosomal cathepsin D to phagosomes indicating that M.
tuberculosis-containing phagosomes were able to interact with lysosomes. Further
confirmation showed that mutated forms of Rab7, Rab20, Rab22b, Rab32, Rab34, Rab38,
and Rab43 prevented phagosome acidification and cathepsin D recruitment. Since both this
study?52¢ and the study mentioned in the previous paragraph*>2d used the same cell line, but
different pathogens, it is feasible to compare the role of Rab proteins that were studied.
Surprisingly, Rab7 was the only protein with equivalent roles in the pathogenic systems that
were investigated. Rab32 had several roles: it was involved in the degradation of S.
Typhimurium and was used to internalize S. aureusand M. tuberculosis.

The subcellular localization of the M. avium subspecies Paratuberculosis in mouse
macrophage cells and polymorphonuclear cells from Crohn’s disease was part of a study
aiming at understanding the effects of this pathogen on the interaction of the phagosome
with endocytic organelles.*>2f Fluorescence confocal microscopy revealed that
Paratuberculosis was present in early endosomes as determined by colocalization with the
transferrin receptor, which is an early endosome marker. In contrast, dead Paratuberculosis
was internalized in mouse macrophage cells, but was primarily found in lysosomes. This
suggests functional Paratuberculosis inhibits interaction of phagosomes w ith late
endosomes and lysosomes. By preventing phagosome-late endosome and phagosome-
lysosome interactions, Paratuberculosis increases its odds for survival.

The phagocytic entry of bacteria into cells requires cholesterol in the plasma membrane,
which results in accumulation of bacteria in phagosomes, but not in autolysosomes. A recent
study investigated the effect of cholesterol d epletion on the phagosome-lysosome
interactions after infection of mice bone marrow cells with M. avium.*>29 Cholesterol
depletion was triggered by treatment with methyl-B-cyclodextran. The phagosome-lysosome
fusion, i nduced by cholesterol depletion, was observed through transmission electron
microscopy. Although M. avium-containing phagosomes fused with lysosomes, the lytic
environment of the phagolysosomes was not sufficient to degrade this pathogen.

Some protozoa parasites have an amastigotes (intracellular stage of cell cycle) and a
promastigotes (extracellular stage of cell cycle). In L. chagasiboth parasitic stages display
unique interactions with membrane ¢ omponents to maximize their survival. In a recent
study the parasitic L. chagasi parasitic cell line was used to investigate the interactions of
phagosomes in mouse bone marrow macrophages, containing one of the two stages of L.
chagasi, and endocytic organelles.#52" Confocal fluorescence microscopy revealed that
disrupting the cholesterol-containing lipid rafts on the plasma membrane decreased
promastigote phagocytosis. Despite this decrease, promastigotes transferred to organelles
with LAMP1 (late endosomes, lysosomes) earlier than amastigotes; this transfer continued
over 24 hours. On the other hand, an entirely different intracellular route was observed for
amastigotes. Amastigotes localized longer than promastigotes in vacuoles that displayed
early endosome markers Rab5 and EA1 (early endosome-antigen 1). This colocalization was
persisted for up to 2 hours and was not affected by disruption in lipid rafts. Overall, these
two parasitic forms seem to use two different intracellular routes to avoid degradation:
amastigotes extend their survival by retaining early endosome markers. Promastigotes
extend their survival by delaying their interaction with late endosomes and lysosomes.

5.8.3. Phagosome-autophagosome interactions—Autophagy is an indirect route for
pathogenic bacteria degradation. After phagocytosis of a pathogen, phagosomes may fuse
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with autophagosomes, which would subsequently lead to degradation of the pathogen when
the autophagosome fuse with lysosomes to form autolysosomes (Figure 31). The
participation of the proteins CD40 and CD154 in autophagosome-phagosome interactions in
human monocyte-derived macrophages, mouse resident peritoneal macrophages, and mouse
bone marrow macrophages was recently investigated.>3 Macrophages were infected with 7.
gondir. Immunofluorescence and f luorescence confocal microscopy demonstrated that,
upon overexpression of CD40, phagosomes containing 7. gondii fused with late endosomes
and lysosomes. Binding of CD40 with an anti-CD40 antibody resulted in detection of
phagosome-autophagosome fusion, suggesting that phagosome-lysosome interactions occur
via autophagosomes. Similarly, when CD154 was inactivated through binding with an anti-
CD154 antibody, phagosome-lysosome fusion did not occur. This suggests that CD40 and
CD154 protein play critical roles in regulating in autophagosome-phagosome interactions

in. 7. gondi.

5.8.4. Interactions of the phagosome with other membrane systems—In
addition to their interactions with the endocytic pathway, phagosomes interact with other
membrane structures as well. The analysis of interactions between the plasma membrane
and phagosome for recycling cellular components gave new insights into the role of Rab11
in mouse macrophage cells.*>* A unique aspect of this study was the introduction of proteins
such as Rab 11 and antibodies after permeabilization of the plasma membrane with
streptolysin O. To monitor the recycling of phagosomal components to the plasma
membrane, S. aureus was opsonized with 1251-mouse anti-DNP IgG and the radioactivity

of 1251-mouse anti-DNP IgG was measured in the extracellular media, which is indicative of
phagosome-plasma membrane interactions. Rab11 was required for phagosome-plasma
membrane interactions. Mutations of Rab11 reduced 1251-mouse anti-DNP 1gG recycling to
the extracellular space by ~50%. Incubation with non-hydrolyzable GTPyS increased 1251-
mouse anti-DNP 1gG scintillation and confirmed the role of a Rab protein that requires GTP
for plasma membrane-phagosome interactions. Prenylated Rab11 increased 1251-mouse anti-
DNP IgG scintillation in the extra cellular locale suggesting the anchoring of Rab11 to
membranes through prenyl groups enhanced the recycling of phagosomal components.
Lastly, treatment of macrophages with latex beads that had been opsonized with
fluorescently-labeled antibodies made it possible to visualize interactions between either
wild-type or mutated Rab11-GFP with phagosomes.

The interaction between phagosome membranes and the ER was investigated in mouse
macrophages treated with latex beads coated with 1gGs.#>® It was already known that
phagosomes have membrane components from the ER, which would imply that SNARES
from the ER could also impact interactions in phagosomes. Phagosomes were isolated by
'floating' in sucrose density gradient centrifugation after phagocytosis of latex beads.
Confocal fluorescent microscopy of whole cells and Western blotting of enriched fractions
showed the ER’s SNARE proteins syntaxin 18, D12, and sec22b were all also localized in
phagosomes. M utation and siRNA knockdown of D12 and s yntaxin 18 decreased
phagosome formation. In addition, a binding assay and Western blotting showed syntaxin 18
interacted with the plasma membrane syntaxins 1-4. This suggests the ER’s SNAREsS
proteins become incorporated into phagosomal membranes where they facilitate interactions
with plasma membrane syntaxins, which would imply that SNAREs from the ER indirectly
regulate exocytosis.

Sortilin is a neurotensin receptor responsible for mediating signaling through chemical
compounds, growth factors, and lysosomal proteins. Sortilin is known for its traffic from the
Golgi to lysosomes. It is upregulated in response to infection of macrophages by pathogenic
mycobacteria. A recent report explored the role of sortilin in Golgi-phagosome interactions
in mouse and rat macrophages.4>6 Confocal fluorescence microscopy and transmission
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electron microscopy indicated sortilin localized to both the Golgi and phagosomes. Live cell
fluorescence imaging showed sortilin-GFP trafficked from the Golgi to phagosomes through
Golgi-derived vesicles. Brefeldin A treatment, which inhibits Golgi transport of proteins to
other organelles e xcept the ER, decreased the delivery of sortilin-GFP to phagosomes. In
addition, sortilin knockdown caused decreased delivery of acid sphingomyelinase and
prosaposin, a sphingolipids catabolism enzyme, to the phagosome. This suggests sortilin
traffics proteins from the Golgi to the phagosome in addition to the lysosome.

5.9. Secretory organelles interactions with other organelle types

There are multiple routes for secretion of cellular components into the extracellular medium
involving organelles such as exosomes, secretory granules, secretory lysosomes and
enlargeosomes. For a brief description of the function of these organelles see Table 1.
Exosomes interact with the plasma membrane as part of exocytosis. An excellent review on
the topic appeared recently.4’2 While many details of this interaction are known, some of the
aspects such as the role of the protein complex munc-13-4-Rab27 in tethering,*’2 and
identifying additional SNARE proteins used in the interaction®’4 await elucidation.

Intracellular organelle interactions that precede secretion include exosome-plasma
membrane,*’2 secretory lysosome-plasma membrane,*”3 immature secretory granule-mature
secretory granule,4”® and enlargeosome-plasma membrane interactions.4’ These
interactions are commonly investigated using the subcellular analysis techniques d escribed
in 5.6. The rest of this section focuses on salient examples of recent reports that utilize
subcellular analysis to understand the mechanisms of these interactions. A general
description of key proteins involved in these interactions appears in the Introduction of 5.

Syt proteins are believed to participate in membrane fusion. A report focused on the role of
SytlV on the maturation of secretory granules in rat adrenal medulla cells.47>? Western
blotting revealed that SytlV was present in an immature secretory granule enriched fraction.
When SytlV was knocked down, homotypic fusion of immature secretory granules
decreased and compromised maturation. Autoradiography was used to monitor the
abundance of [3°S]-sulfate-labeled secretogranin 2 (Sg2) in enriched fractions of immature
and mature secretory granules. This is an important marker of secretory granule maturation.
After a 5-minute pulse and 15-minute chase with Sg2 in rat adrenal medulla cells, Sg2 was
present only in the immature secretory granules. In contrast, a one-hour pulse followed by
an overnight chase resulted in Sg2 accumulation in the mature secretory granules. These
results suggest that the protein SytlV was needed for processing of Sg2 from the immature
to mature secretory granules.

Golgi-associated, y-ear-containing, ADP-ribosylation factor binding proteins (GASs) are a
family of clathrin-protein adaptors that facilitate cargo sorting in clathrin coated vesicles, an
organelle used to internalize materials during endocytosis and a Iso in cellular trafficking. A
recent study used mutated GAs to investigate the involvement of clathrin-coated vesicles in
the maturation of immature secretory granules in rat adrenal medulla cells.4”>¢ Confocal
fluorescence microscopy showed mutated GAs inhibited membrane remodeling in immature
secretory granules. Although the mutation did not cause changes in homotypic fusion of
immature secretory granules, it impaired maturation as observed by accumulation of sSg2 in
the immature secretory granules in flow cytometry experiments. Another experiment was
based on the transfection of rat adrenal medulla cells with prohormone convertase 2, an
enzyme that processes Sg2 to the protein p18, present in mature secretory granules. Mutated
GAs inhibited the activity of prohormone convertase 2, which is responsible for processing
Sg2 to p18, which resulted in accumulation of Sg2 and decrease in p18 levels. The study
also investigated the role of the SNARE protein VAMP4. During maturation VAMP4 from
the immature secretory granules appeared in the mature secretory granules. Knockdown of
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GAs caused the accumulation of VAMPA4-Flag protein in secretory granules suggesting
degranulation was not occurring. Overall, these results suggest that interactions between
secretory granules and clathrin-coated vesicles are necessary for maturation and
degranulation of secretory granules.

Tethering of secretory lysosomes to the plasma membrane is a key process prior to
secretion. A recent report showed the Munc13-4/Rab27 complex was required for secretory
lysosome tethering to the plasma membrane in rat fibroblast cells and cytotoxic T
lymphocytes isolated from whole blood.#”3 Prior to this report, the mechanism regulating
secretory lysosome degranulation through interaction with the plasma membrane was
uncertain. Protein interaction assays aided in identifying Munc-13-4 as one of the proteins
interacting with GTPy3°S--Rab27a. Total internal reflectance fluorescence (TIRF)
microscopy, which provides an observation window that is localized within tens of
nanometers from the surface of the cell, was used to visualize interactions between secretory
lysosomes and the plasma membrane. Munc-13-4 point mutations prevented binding
between Munc-13-4 with Rab27 and resulted in impaired CD-107 localization to the plasma
membrane. CD-107 is associated with the secretory lysosomes. This suggests that Rab27
and Munc-13-4 must bind to allow interactions between the secretory lysosome and plasma
membrane.

Instead of using S NARE proteins to investigate secretory vesicle t rafficking to the plasma
membrane in plants, a recent study used SNARE protein fragments called Sp2 fragments.*74
Sp2 fragments can be used as a dominant negative form, or mutation, of specific SNARE
proteins, which prevent normal SNARE function. Confocal fluorescence microscopy of N.
tabacum and A. tumerfaciens cells was performed to monitor the accumulation of GFP used
as secretory marker. This marker accumulated in secretory lysosomes when plasma
membrane interactions were blocked. Sp2 fragments of the plasma membrane SNARES
AtSYP121, AtSYP122, and AtSYP71 blocked the interaction between the plasma
membrane and secretory vesicles resulting in cargo retention in secretory vacuoles. On the
other hand, the Sp2 fragments of AtSYP111 and AtSUP21 did not inhibit secretion (i.e.
plasma membrane-secretory vesicle interaction). In addition to the interaction with the
plasma membrane, the report also demonstrated the use of Sp2 fragments to investigate
interactions between the ER and secretory vesicles. Vesicles were labeled with tonoplast
intrinsic factor-yellow fluorescent protein (TIF-YFP). The Sp2 fragment AtSYP21
prevented accumulation of YFP-TIF to the ER and had a significant loss in fluorescence.
This suggests that Sp2 methodology can be generalized to study other secretory
compartment-organelle interactions.

Enlargeosomes are small vesicles that have rapid exocytosis in response to increases in
cytosolic calcium levels. Confocal fluorescence microscopy showed how enlargeosomes in
rat adrenal gland cells and human neuroblastoma cells respond to changes in SNARE
protein expression.4”® This technique showed that SNARE proteins Stx6 and VAMP4 were
in the membrane of enlargeosomes. Knocking down either one of these proteins with siRNA
inhibited enlargeosome exocytosis. This was the case even when calcium levels were kept
high through use ionomycin, which is a calcium ionophore. This is the first time a SNARE
had been implicated in enlargeosome-mediated exocytosis.

5.10. ER interactions with the Golgi and nucleus

The ER maintains multiple interactions with endocytic organelles, exocytic organelles, the
autophagy system, mitochondria, the Golgi, and the nucleus (Figure 27). Recent reports
describing interactions with the Golgi, liposomes, autophagosomes, endocytic organelles
and phagophores were presented earlier (5.3., 5.5., 5.6.1., 5.7.2., 5.8.4.). In this section we
focus on interactions of the ER with the Golgi and the nucleus. The subcellular analysis
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techniques used to investigate these interactions have been described in other subsections of
5.

The association of the ER with the Golgi is essential because proteins and lipids are sent
from the ER to the Golgi via anterograde transport, where proteins are modified, sorted, and
packed into vesicles. In addition, other material returns to the ER from the Golgi via
retrograde transport. Studies included here have used subcellular analysis to investigate ER-
Golgi interactions at the molecular level.*’7 Another paper reviewed here focuses on the
description of the ER-nuclear envelope interaction.#’® Lastly, a report demonstrating the use
of artificial liposomes to deliver material to the ER illustrates a strategy to investigate
subcellular interactions*79

Sec22 is a highly conserved SNARE protein that mediates fusion of vesicles shuttling
between the ER and Golgi. This role was supported in a recent study that investigated the
subcellular localization and effects of altering Sec22 levels on the morphology of the ER
and the Golgi.*’"2 Confocal fluorescence microscopy and transmission electron microscopy
indicated Myc-Sec22 fusion protein localized to the ER membrane (colocalized with the
marker calreticulin) and not in the Golgi in A. thaliana seedlings. Similar results were
observed for mouse Sec22 and human Sec22 homologue proteins. Knockdown of Sec22
resulted in changed (harrower) morphology of Golgi stacks. Another effect of knocking
down Sec22 was the formation of vesicle aggregates derived from the Golgi as determined
from transmission electron microscopy colocalization experiments using the Golgi marker
v-COP immuno-gold.

Another study identified Rab GTPase activating proteins (GAP) necessary to support the
role of Rab proteins in ER-Golgi interactions.#””? Thirty-eight GAPs with known effects on
60 Golgi Rabs were investigated in HeLa and telomerase-immortalized human retinal
epithelial cells. Two GAPs were of relevance: TBC1D20 and RN-tre. When RN-tre was
knocked down, it had a minimal effect on the appearance ER-Golgi associated vesicles,
suggesting that its role may be associated with the interactions of the Golgi with a different
organelle. Rab1 was the main TBC1D20 interactor discovered via a yeast two-hybrid screen.
There were high rates of GTP hydrolysis when both proteins were present and complete
fragmentation of the Golgi when Rab1 was knocked down. On the other hand, Rabl
inactivation through knockdown of TBC1D20 caused an accumulation of ER-derived
vesicles containing COPII. The COPII-labeled vesicles in the ER could not be tethered to
the Golgi and c argo could not be delivered to the Golgi. This suggests Rabl regulates
tethering of vesicles from the ER to the Golgi.

The nuclear envelope and endoplasmic reticulum are continuous membrane systems. A
recent study investigated the indirect effect of ER tubule formation inhibitors on the nuclear
envelope morphology.4’8 Morphological changes in the ER and the nuclear envelope of
HelLa cells were imaged with live cell and confocal fluorescence microscopy. GTPyS and
ATPyS treatment, both of which inhibit ER tubule formation, caused alterations in nuclear
envelope morphology and protein expression. By altering the ER tubular network, the
nuclear envelope could not grow. Inhibitors appeared to act by inhibiting ER membrane
fusion. This suggests ER tubules provide topology for assembly of the nuclear envelope.

Targeting liposomes to the ER may be a suitable strategy for improved intracellular delivery
of hydrophilic and hydrophobic materials to this subcellular compartment. In a related
report, human hepatoma cells were treated with liposomes and analyzed with standard and
live-cell confocal fluorescent microscopies.#”® Liposomes, made of phosphotidylinositol,
phosphatidylcholine, phosphoinositide, and phosphotisylserine, fused with ER membranes.
Docking and cargo delivery were confirmed with the self-quenching of R18 and calcein.
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When docking occurs, diffusion of either dye results in dilution and fluorescence increase.
Based on such dequenching experiments, the liposome cargo was released into the ER
lumen within 30 minutes of endocytosis. This is the first report demonstrating that artificial
vesicles directly interact with the ER.

6. Organelle function

Each organelle type has unique biochemical activities and physiological function.
Biochemical activities involve molecular transformations such as formation or
disappearance of compounds, the regulation of multiple molecules (e.g. ROS, carbohydrates,
and histones), and metabolism of lipids and other small molecules. Physiological functions
refer to processes such as cellular growth, protein fixation, membrane potentials, oxidative
phosphorylation, and molecular and ionic transport. This portion of the review describes
studies related to organelle-specific function and activities.

Monitoring biochemical and physiological activities in an organelle-specific manner has
been accomplished, directly or indirectly, using multiple techniques including confocal
fluorescence microscopy, transmission electron microscopy, enzymatic and spectrometric
assays and Western blotting. Other techniques include gel electrophoresis, respirometry,
spectrofluorometry, gas chromatography, liquid chromatography, and mass spectrometry.
These techniques allow for monitoring the appearance of products, disappearance of
substrates, activity of reporters, presence of enzymes, or the subcellular localization in
whole cells. These techniques will not be described in detail here. Below, each subsection is
dedicated to a specific organelle type, organized alphabetically. It should be noted that this
section includes only salient examples. For those readers interested in the topic Table 15
provides a more comprehensive list of studies focused on organelle function.

6.1. Chloroplast function

Glutathione peroxidase (GPX) is an important regulator of reactive oxygen species levels in
plants. The role of the GPX1 and GPX7 isoforms of glutathione peroxidase as antioxidants
in enriched chloroplasts from A. thaliana leaves under light stress was recently
investigated.>26 Chloroplasts with either GPX1 or GPX7 knockouts were isolated and
assayed for glutathione peroxidase activity. Glutathione peroxidase activity was determined
from the ratio of hydrogen peroxide degradation to NADPH oxidation using
spectrophotometry. Increased ROS production and cell death were observed in both
knockdowns. When knockdowns and wild type were exposed to high intensity light, the
glutathione peroxidase activity was reduced more dramatically in the knockdowns.
Furthermore, knockdowns had increased foliar ascorbate, glutathione, and salicylic acid
levels as determined with HPLC. These molecular changes are indicators of an increase in
the phenylpropanoid defense mechanism. Together, these studies describe the importance of
GPX 1 and GPX7 as defense agents against photo-oxidative stress in the chloroplast.

The subcellular distribution and activity of glucose-6-phosphate dehydrogenase in peach
fruit P. persica was recently investigated.>2” This enzyme oxidizes glucose-6-phosphate to
6-phosphogluconate. Enzymatic activity was assessed with a spectrophotometric enzymatic
assay of NADP* reduction in enriched subcellular fractions (nuclei, organelles, cytosol).
Immunogold transmission electron microscopy indicated that glucose-6-phosphate
dehydrogenase was found in chloroplasts and cytosol. Glucose-6-phosphate dehydrogenase
activity increased in aged fruit chloroplasts and cytosol and with decreased fruit firmness.
This increase, however, was mainly associated with the cytosol.

Flavin adenine dinucleotide and flavin mononucleotide are essential cofactors for many
enzyme activities, many of which remain unexplored. Two new flavin adenine dinucleotide
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synthetases (AtRibF1 and AtRibF2) in leaves from A. thaliana were recently described and
their subcellular roles were determined.>28 Confocal fluorescence microscopy revealed that
the GFP-AtRibF1 and GFP-AtRibF2 enzymes were localized to chloroplasts. Scintillation
counting of fractions enriched in chloroplasts and mitochondria isolated from C. bohatyr
peas incubated with [3H]-riboflavin indicated that chloroplasts contained [3H]-flavin
mononucleotide and [3H]-flavin adenine dinucleotide. This suggests chloroplasts were able
to synthesize and hydrolyze flavin nucleotides in plants.

Alkaline/neutral invertase is an enzyme that hydrolyzes sucrose into hexose. Functional
studies of the alkaline/neutral invertase isoforms were performed in chloroplasts isolated
from leaves of S. oleraceaand A. thaliana.>?® A. thalianaand S. oleracea chloroplasts had
13% and 20% of the total alkaline/neutral invertase of the lysate, respectively. Confocal
fluorescence microscopy of GFP-alkaline/neutral invertase and Western blotting confirmed
the presence of the enzyme in chloroplasts. Furthermore, chloroplasts of alkaline/neutral
invertase knockdowns contained a 33% loss in starch contents in whole cell homogenate
when compared to whole cell homogenate of wild type. There was no significant change in
sucrose concentration when comparing the whole cell homogenate. Overall, this report
suggested that chloroplasts can regulate carbon storage.

Both NADPH thioredoxin reductase C and plastidial thioredoxins are essential for the
function of 2-Cys peroxiredoxins, which metabolize ROS in the photosynthetic pathway.
The relationships between these enzymes were investigated by monitoring ROS and
oxidative damage in enriched chloroplasts from leaves of A. thaliana.>3° Knockdowns for all
three enzymes caused increased oxidative stress as indicated by increased protein
carbonylation. S imilarly, knockdowns of N ADPH thioredoxin reductase C and 2-Cys
peroxiredoxins showed higher production of hydrogen peroxide by chloroplasts.
Furthermore, monitoring the redox status by Western blotting of 2-Cys peroxiredoxins
indicated 2-Cys was oxidized only when NADPH thioredoxin reductase C was knocked
down. Together, the analysis of these enzymes established a functional relationship between
2-Cys peroxiredoxins and NADPH thioredoxin reductase C, which is essential for regulation
of ROS.

6.2. Endocytic organelle function

Deficiency in acetyl-CoA:a-glucosaminide Aacetyltransferase (NAT), a known lysosomal
membrane enzyme that acetylates membrane proteins, has been implicated in the etiology of
mucopolysaccharidosis 111C, an autosomal disorder. Purification and characterization of the
protein were performed in tissues and cells.531 NAT was enriched from human placenta
through a series of purifications (ammonium sulfate fractionation, affinity, ion-exchange,
gel-focusing, and chromatofocusing chromatography). Despite the purification procedure,
the final preparation contained multiple proteins. To identify NAT, the fraction was treated
with acetyl-[14-C]-coenzyme A to label NAT. Two protein fragments (120 kDa and 145
kDa) were identified via SDS-PAGE and audioradiography. Only the 120 kDa molecular
weight band was irreversibly bound to N-bromosuccinimide suggesting that such species
was NAT. Human skin fibroblasts were collected from healthy individuals and individuals
afflicted with mucopolysaccharidosis 111C. Lysosome membranes were enriched and
incubated with acetyl-[14-C]-coenzyme A to determine the presence of NAT. The 120k Da
band corresponding to NAT was not present in cells from afflicted patients indirectly
suggesting that NAT could be an important protein relevant to the phenotype of
mucopolysaccharidosis 111C.
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6.3. Endoplasmic reticulum and Golgi functions

Phosphatidylinositols have essential functions in eukaryotic cells, where they are converted
to multiple metabolites by phosphatidylsynthases. A recent study investigated the
subcellular localization of phosphatidylsynthase 1 and phosphatidylsynthase 2 in A.
thaliana.>32 Fluorescent phosphatidylsynthases were expressed in C43 cells. Confocal
fluorescent microscopy revealed that both fluorescent proteins localized to the ER. In
addition, the activities of these enzymes were monitored through the analysis of
phosphatidylinositols and phospholipids in subcellular fractions by gas chromatography with
flame ionization detection. Overexpression of phosphatidylsynthase 1 increased the levels of
saturated and unsaturated phosphatidylinositols and phospholipids. Similarly,
overexpression of phosphatidylsynthase 2 increased in phosphatidylinositol 4-phosphate and
phosphatidylinositol 4,5-bisphosphate. The authors suggest that phosphatidylsynthases acts
in different metabolic contexts for similar pathways and supplies different types of inositol-
containing lipids.

Protein tyrosine phosphatase 1B resides in the ER and is believed to play a role in ER stress
response. An important step in this process is the deactivation of this phosphatase via
covalent modification of the cysteine at its active site with hydrogen peroxide and nitric
oxide. A recent study investigated the hypothesis that hydrogen sulfide is also an important
regulator of protein tyrosine phosphatase 1B associated with ER stress.>33 Human
embryonic kidney cells were treated with tunicamycin to causes ER stress. Western blotting
of the ER protein BiP, which is upregulated in response to ER stress, was used as an
indicator of ER stress. Because, ER stress induced by tunicamycin generates hydrogen
sulfide, such stress decreased tyrosine phosphatase 1B activity. This effect was reversible as
confirmed by treatment with reducing agents. Liquid chromatography coupled to tandem
mass spectrometry indicated the active site cysteine residue was reduced following
deactivation with hydrogen sulfide. When cystathionine-y-lyase, an enzyme that produces
hydrogen sulfide, was knocked down and ER stress was triggered with tunicamycin,
hydrogen sulfide production was reduced. There was no decrease in protein tyrosine
phosphatase 1B activity relative to the wild type enzyme, and protein tyrosine phosphatase
1B inhibition via hydrogen sulfide was reduced. This suggests that cystathionine-y-lyase is
needed to regulate protein tyrosine phosphate 1B.

The roles of X-box binding protein 1 (XBP1) and choline cytidylyl-transferase (CCT) in the
ER were determined in mouse fibroblast cells.534 XBP1 is stimulated in response to
activation of the unfolded protein response pathway, which compensates for excessive
demands on protein folding. XBP1 causes extension of ER size and increased levels of
phosphatidylcholine, the most abundant lipid in the ER. Phosphatidylcholine is synthesized
through the Kennedy pathway and the rate-limiting enzyme is CCT, which converts
phosphocholine to cytidine diphosphocholine. This suggests that XBP1 regulates CCT and
CCT could regulate growth of the ER. Increased expression of XBP1 caused increased CCT
expression as determined by Western blotting. In agreement, there was an increase in CCT
enzymatic activity and increased production of cytidine diphosphocholine and
phosphatidylcholine, which were determined from methyl-[3-H]-choline chloride
incorporation, detected with scintillation spectroscopy. When CCT expression was increased
independently of XBP1, a similar increase in production of cytidine diphosphocholine and
phosphatidylcholine was observed. To determine the ability of CCT to regulate ER
extension, the surface area of the E R in cells expressing XBP1, CCT, or simply an empty
vector were compared by transmission electron microscopy. XBP1 caused a 3-fold increase
in surface area and volume, however, CCT expressing cells caused only a modest increase
over the empty vector. This suggests that even though CCT does significantly alter
phosphatidylcholine concentration in the ER, CCT was not sufficient to account for the
significant ER size changes observed.
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Identifying ER stress-inducing compounds could be the basis to screen potentially toxic
compounds. Along this concept, a new subcellular assay was recently developed to
determine nuclear proteins activated by ER induced stress.>3> A molecular construct termed
XBP1-HA-PL-C3 was designed and expressed in human osteosarcoma cells. Upon ER
stress, IRE1 endoribonuclease activity was stimulated. IRE1 was able to splice an intron
from the inactive XBP1 molecule rendering it active and able to traffic to the nucleus. Two
enzymatic fragments of p-galactosidase were present in the cell. One fragment (PL) was
bound to active XBP1. The other fragment (EA) was bound to the unfolded protein response
element (UPRE) in the nucleus. Upon XBP1-PL arrival to the nucleus, it interacted with the
UPRE recombining the two enzyme fragments and rescuing galactosidase activity.
Treatment with a chemiluminescent substrate for galactosidase was used to detect
expression of galactosidase. When there was no ER stress, the XBP1 component was
localized to the cytosol and did not have the correct binding domain to interact in the
nucleus. Known ER-stress inducing compounds such as colchicines and podophyllotoxin
were confirmed to produce chemiluminescence.

6.4. Mitochondria function

UMP-CMP kinases are involved in the nucleotide synthesis pathway that has been
previously observed in D. melanogaster. A recent study described the subcellular
localization and phosphorylation activity of UMP-CMP kinase 2 in HeLa cells.>36 Confocal
fluorescence microscopy revealed GFP-UMP-CMP kinase 2 colocalized with MitoTracker
Red in mitochondria. Scintillation counting revealed that UMP-CMP kinase 2 uses [y-32P]-
ATP to phosphorylate cytidine monophosphate, uridine monophosphate, deoxycytidine
monophosphate, and deoxyuridine monophosphate. These results suggest UMP-CMP could
have multiple roles in mitochondria including DNA regulation.

Rosiglitazone is an anti-diabetic drug that localizes to mitochondria and that has been
subject to conflicting reports on its effect on lipid metabolism and possibly fatty acid
metabolism. A recent study investigated the role and mechanism of rosiglitazone in skeletal
muscle.537 The study evaluated mRNA and protein expression levels of fatty acid
translocase (FAT), plasmalemmal and mitochondrial contents of FAT, the rates of fatty acid
transport in sarcolemmal vesicles, and fatty acid oxidation in subsarcolemmal and
intermyofibrillar mitochondria.>3” Radioactively labeled [14C]-palmitate was used to
monitor the metabolism of fatty acids in mitochondrial-enriched fractions. Although there
were no effects on FAT mRNA or protein expression levels, the overall fatty acid levels
were reduced in sarcolemmal vesicles of rosiglitazone-treated rats. In addition, rosiglitazone
caused an increase of palmitate oxidation and increased FAT activity in both
subsarcolemmal and intermyofibrillar mitochondria. These results suggest that rosiglitazone
act exclusively at the metabolic level and not at the genomic or transcriptomic level.

A recent study investigated the function and subcellular localization of malate
dehydrogenase isoforms in 7. brucei.>38 Confocal fluorescence microscopy of immuno-
labeled malate dehydrogenase confirmed that malate dehydrogenases were localized in the
cytosolic, glycosomal or mitochondrial regions. In the cytosol, this enzyme was responsible
for reducing oxaloacetate to malate in the glycolysis pathway. In the mitochondria, malate
dehydrogenases were active in the Krebs cycle. In the glycosome, a peroxisome-like o
rganelle present in 7. brucei, the malate dehydrogenase appeared to have similar roles to the
cytosolic form and be involved in malate oxidation and oxaloacetate reduction.

The relationships between metabolism in kidney cells, chronic kidney disease, and obesity
are still poorly understood. A recent comprehensive study investigated the effect of high fat,
low carbohydrate diet on respiration, lipid levels, and ROS production in mouse kidney
mitochondria.>3% Mouse embryonic stem cells were fed a high-fat, low-carbohydrate diet.
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This diet increased levels of hydrogen peroxide in mitochondria-enriched fractions that were
linked to Complex 1 function because, upon Complex 1 inhibition, the hydrogen peroxide
levels decreased. However, this diet did not alter mitochondrial respiration and had only a
modest increase on lipid levels of mitochondrial-enriched fractions. These findings suggest
that high-fat low-carbohydrate diets do not dramatically affect kidney mitochondrial
function.

Sphingolipids are important lipids in cells for growth and apoptosis. In S. cerevisiae the
enzyme inositol sphingolipid phospholipase C ( Isc1p) synthesizes ceramide from non-
fermentable carbon sources. A recent study demonstrated a direct link between Isclp
activity and phytoceramide synthesis in mitochondria.>49 The Isc1p and lipid levels were
assessed by Western blotting and HPLC-ESI-tandem mass spectrometry, respectively. As
expected, Isc1p knockdowns and wild-types had different mitochondrial lipid profiles.
Relative to wild-type, knockdown of Isc1p caused a reduction in the levels of a-
hydroxylated Cog-phytoceramide, non-hydroxylated Cog-phytoceramide, a.-hydroxylated
Cy4-phytoceramide, and a-hydroxylated C,4.1-phytoceramide, in mitochondrial enriched
fractions. Confirming the role of Isc1p, expression of FLAG-Isc1p protein in the Isclp
knocked-down cells caused an increase in the levels of ceramide molecules.

Another related study investigated the role of sphingomyelinase in mitochondrial ceramide
synthesis in zebrafish cell cultures.>*! Confocal immunofluorescence microscopy and
Western blotting of subcellular fractions revealed that sphingomyelinase localized to
mitochondria. Thin layer chromatography of the mitochondrial fraction, followed by
ammonium molybdate/ascorbic acid detection confirmed ceramide synthesis in this fraction.

Acid sphingomyelinase (ASM) causes ceramide release, which in turn results in apoptosis.
In a recent study ASM was activated with gemcitabine which resulted in ceramide
production in mouse glioma cells, which in turn increased the levels of apoptotic
markers.>42 Western blot analysis of mitochondrial fractions showed an increase in Bax, a
Bcl-2 family member and an apoptosis mediator. On the other hand, the activation did not
seem to be uniquely regulated through mitochondria. Fluorescence microscopy revealed that
upon treatment with gemcitabine, lysosomes accumulated ceramides that in turn activated
pro-apoptotic cathepsin D, which was detected by Western blotting. This result suggests that
the chemotherapeutic agent gemcitabine induces apoptosis through the ceramide pathway
that cross-talks between mitochondria and the lysosome.

Aluminum limits plant growth and is a neurotoxin in animals. The effects of aluminum
exposure on mitochondrial activity was determined in R. g/utinis aluminum-sensitive and
aluminum-insensitive cells.>43 Aluminum insensitive cells were developed with constant
aluminum treatment. Transmission electron microscopy demonstrated that aluminum-
insensitivity was associated w ith increased the number of mitochondria, which were smaller
and had simplified cristae. PCR revealed that aluminum-insensitive cells had also 2.5 to 3
fold increase in mitochondrial DNA relative to their sensitive counterparts. Furthermore,
aluminum toxicity was manifested as increased ROS and increased membrane potential in
mitochondrial fractions from aluminium-insensitive cells. Aluminum-sensitive cells also had
reduced cytochrome C oxidase findings imply that aluminum toxicity is associated with
increased ROS production and that mitochondria genesis could play an important role
preventing aluminum toxicity.

Soluble hydrocarbons accumulate following exposure in membranes and other lipid stores of
cells of shrimp (M. Borelli) affecting the composition and dynamics of phospholipids and
triacylglycerides. A recent study investigated mitochondrial and cytosolic enzymatic
activities associated with activation of triacylglyceride and fatty acid mobilization and
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degradation in response to crude oil exposure.>** Scintillation counting monitored long-
chain fatty acyl-CoA synthetase and B-oxidation activities using [1-14C]-palmitic acid as a
substrate and triacylglycerol lipase activity using carboxyl-[14C]-triolein as substrate. The
mitochondrial fractions from both adults and eggs exposed to water-soluble hydrocarbons
had statistically significant increased triacylglyceride lipase activity relative to unexposed
controls. Water-soluble hydrocarbon exposure also caused increased fatty acid B-oxidation
in the mitochondria of adult and stage 5 eggs.

6.5. Nucleus function

The subcellular localization and function of human biliverdin reductase A (BRA) protein
was studied in HeLa cells.>> BRA is a transcription factor and a kinase and has been
suggested to be a heme moiety transporter. Fluorescence correlation spectroscopy revealed
that GFP-BRA localized to both the cytosol and the nucleus. When treated with hematin,
BRA had increased nuclear colocalization. Its binding was confirmed by observing a
changed absorption spectrum for hematin in the presence of BRA. Furthermore, incubation
of BRA with hematin and double-stranded DNA fragments caused a 2-fold increase in its
kinase activity and an increase in the expression of heme oxygenase s uggesting BRA kinase
activity is nucleus specific.

Nuclear specific detection of oxidative stress has been challenged because most probes
specific for oxidative stress are not specific for a subcellular location. A new electron spin
resonance probe, F-DisT, that targets the nucleus for the detection of nuclear oxidative stress
has been recently developed.>#6 The probe uses a 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) derivative that employs a pyrrole polyamide, a known DNA minor-groove
binding moiety. TEMPO is a paramagnetic compound that is routinely used for nitroxide
detection. Under oxidative or reductive conditions, the probe is reversibly transformed into
its diamagnetic species (under reducing conditions, to its hydroxylamine form and under
oxidizing conditions, its oxo-ammonium form). When in diamagnetic form, the probe’s
electron spin resonance (ESR) signal is decreased. Using the ESR signal decay rate, it is
possible to detect the reducing or oxidizing environments inside cellular compartments. This
probe detects oxidative stress caused by NO, as confirmed by the r eduction of its response
upon t reatment with nitric oxide synthase. These studies revealed that NO, which is not a
significant player in mitochondrial or cell membrane oxidative stress, plays a larger role in
oxidative stress in the nucleus.

Sall is a nucleotidase/phosphatase that provides retrograde signaling from the chloroplast to
the nucleus in response to light or draught. A recent study investigated the activity of Sall in
the subcellular environments of A. thaliana under different light conditions.>4” Confocal
fluorescence microscopy revealed Sal1-GFP localized to both the chloroplast and the
nucleus and that it increased in abundance upon increased light exposure. The activity of
Sall was indicated by the formation of 3’phosphoadenosine-5’-phosphate, which was
monitored by HPLC analysis of cytosolic, nuclear, chloroplast, and mitochondrial fractions.
As expected, the Sall knockdown caused decreased formation of this metabolite.

Stat5 and PDC-E2 are involved in gene transcription involving both nuclear and
mitochondrial localizations. A r ecent study found b oth proteins in the nucleus of mouse
pro-B cell line BaF3, while only PDC-E2 was found in mitochondria.>*8
Immunoprecipitation suggested PDC-E?2 is a co-activator of Stat5. This interaction causes
translocation of PDC-E2 the nucleus, which was observed by confocal fluorescence
microscopy. Once localized in the nucleus, PDC-E2 is able to regulate STATS5 to activate
transcription suppressor of cytokine signaling 3 (SOCS3) as determined from SOCS3
mMRNA levels.
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6.6. Peroxisome function

Xanthine oxidoreductase (XOR) catalyzes the formation of uric acid and had two forms:
oxygen-dependent xanthine oxidase (XOD) and NAD dependent xanthine dehydrogenase
(XDH). A recent study investigated the distributions and a ctivities of XDH and XOD in
peroxisomes of P. sativum under different stress conditions.>4? An enzymatic assay for uric
acid synthesis in the presence of either oxygen or NAD was used to determine the relative
distributions of XDH and XOD, respectively. Wild type peroxisome fractions from ~.
sativum had 62% XDH and 38% XOD (normalized to total XOR activity). An anti-XOR
antibody was used with transmission electron microscopy to show that XOR proteins were
present in both peroxisomes and chloroplasts. Cadmium-induced oxidative stress reduced
the overall activity of both XOD and XDH relative to the basal levels but maintained the
relative activity of XOD and XDH.

7. Organelle heterogeneity

Heterogeneity is an intrinsic property of all living systems. Similar to cell-to-cell variations,
heterogeneity exists at the organelle level in almost every organelle type as a result of
normal processes, disease and aging.392 The identification and characterization of organelle
subpopulations, that can be hidden within the whole population, is of great importance for
providing a more complete understanding of many biological processes (e.g. autophagy).>%0
Organelle heterogeneity can be characterized either directly inside the cellular environment
or after the organelle isolation and purification.

7.1. Heterogeneity of organelles within the cell

Microscopic techniques are typically the methods of choice for /n vivo identification of
inter-organelle differences within cells.34 Observing cells by confocal microscopy has
revealed a variety of mitochondrial subpopulations, which differ in their size and
morphology, energy status and the abundance of characteristic proteins.

Imaging of the autofluorescence of mitochondrial flavoproteins, which reflect electron
transport through the electron transport chain and its relation to mitochondrial metabolic
activity, revealed large, perinuclear clusters of mitochondria in cardiomyocytes suggesting
their important role in nuclear import and ATP metabolism.?>1 Similar clusters were
observed in subsarcolemmal mitochondria in mouse skeletal muscle tissue. The intensity of
flavoprotein autofluorescence was more than four times higher in subsarcolemmal compared
to interfibrillar mitochondria, pointing to higher oxidative stress in the vicinity of the cell
membrane.

Accumulation of a subgroup of enlarged mitochondria, identified by ¢ onfocal microscopy,
was observed in long term-cultured and autophagy-compromised cells.552 This group of so-
called “giant mitochondria” characterized by a width larger than 1 pm (approx. 3 times
larger than normal mitochondria) had lower membrane potential, the inability to fuse with
other mitochondria and decreased abundance of the OPAL fusion protein, suggesting that
they are relevant to aging and disease.%3

7.2. Heterogeneity of populations of isolated organelles

Although microscopic techniques provide high-resolution information about organelle
properties in the natural cellular environment, their major drawback is their low throughput.
The number of organelles and cells that can be analyzed is usually limited to a maximum of
t ens of organelles, which limits the available sample size for subsequent data analysis.
Isolation, purification and the subsequent analysis of intact organelles have been the method
of choice for analyzing organelle function. The benefit is usually a high number of
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organelles that are analyzed, while the drawback is that the function of organelles may
change after their release from the cellular environment.554 Similarly, flow cytometry is a
well-established technique for a high throughput, detection of cell-to-cell heterogeneity.
However, its use for the analysis of intact organelles has been quite limited due to its rather
poor sensitivity.55°

Capillary electrophoresis with laser induced fluorescence detection (CE-LIF) has been
shown to be a powerful method for the analysis of individual organelles.>%6 CE separates
individual organelles based on the differences in their surface charge density, thus providing
information about the surface properties of each organelle. The separation takes place in a
narrow bore fused silica capillary attached to an ultra-sensitive laser-induced fluorescence d
etector with a zeptomolar limit of detection. In this arrangement, CE-LIF can measure
multiple fluorescence parameters of each organelle with a higher sensitivity compared to
flow cytometry and provide additional information about the surface properties of each
particular organelle. CE-LIF was used to investigate distributions of mtDNA in individual
mitochondria released from 143B cells.3% This method enabled the detection of a single
copy of mtDNA in a single mitochondrion. The same approach was used to d etermine the
pH heterogeneity within acidic organelles in two human leukemia cell lines.1®4 The drug-
resistant human lymphoblast cell line CEM/C2 contained acidic organelles with a mean pH
of 5.1. This was 1 pH unit lower than the mean pH of acidic organelles found in the drug
resistant human lymphoblast cell line C CRF-CEM. Cytoskeletal binding to mitochondria
was also investigated by CE-LIF.557 By simultaneous fluorescence labeling of mitochondria
and F-actin, it was found that 21% of mitochondria isolated by a standard isolation
technique contained cytoskeletal remnants on their surface. The electropherogram showing
cytoskeleton binding to mitochondria is shown in Figure 35.557 Another major benefit of the
narrow capillary of a CE instrument is that it can also be easily u sed as a precise injection
device, which allows investigators to sample and characterize properties of mitochondria
from single cells®8 and muscle tissue cross-sections.>>?

8. Future directions

This section provides an opinion on developments that are needed in the field of organelle
analysis. It also describes emerging strategies that are relatively new or that may not have
been applied previously that, in the long-term, could help advance this field.

8.1 Organelle imaging

Continued emphasis on the direct visualization of subcellular organization, both under static
and dynamic conditions will further assist refining our understanding of the subcellular

environment. Super resolution fluorescence imaging and new p owerful electron microscopy
techniques w ill likely continue to evolve and become more common in subcellular imaging.

The challenge of subcellular imaging of tissue has been only partially met by multi-photon
excitation imaging. Developments in subcellular tissue imaging continue to be a major
obstacle. On the other hand, the development of infrared multi-photon excitation may soon
provide opportunities to observe subcellular environments in tissue.>%9 This technique uses
wavelengths above 1080 nm, which enables the use of red fluorophores and fluorescent
proteins, doubles imaging depth, improves second harmonic generation of tissue structures,
and strongly reduces phototoxicity and photobleaching, compared with conventional multi-
photon excitation techniques. Furthermore, it still provides subcellular resolution at depths
of several hundred micrometers and will enhance long-term live cell and deep tissue
microscopy.
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The use of the near infrared light may also provide new possibilities for probe development
that could be used in subcutaneous and even deeper tissue systems. As an example, a near-
infrared excitable probe for pH determination in the vicinity of breast cancer tumors has
recently been developed.18* The molecular structure of this probe consists of a pH-sensitive
cyanine dye conjugated to a cyclic arginine-glycine-aspartic acid peptide that targets Rvp3
integrin, a protein involved in angiogenesis that is highly expressed in endothelial tumors.
This probe is fluorescent when the pH is below 5 and would be ideal for use in pH
determination of tumor lysosomes and endosomes.

Multiparametric imaging such hyperspectral imaging,®%! quadriwave lateral shearing
interferometry,®62 coherent anti-stokes Raman spectroscopy,®3 and mass spectrometry
imaging®%4 have potential in the subcellular analysis field. However, issues of spatial
resolution and insufficient sensitivity to obtain sufficient signal-to-noise ratio measurements
are still major limitations that must be addressed.

Lastly, fluorescence imaging will likely continue being a commonly used technique in
subcellular analysis for many more years. The current arsenal of subcellular-specific
fluorescent probes will continue to expand to include new synthetic probes, affinity
reagents, and molecularly engineered proteins.

An example of a recently developed engineered protein is the RFP variant, mNectarine,
which may become the preferred probe for biological pH measurements.56° This fluorescent
protein displays a dramatic change in fluorescence intensity within the range of biologically
significant pH with an excitation maximum of 558 nm and an emission maximum of 578
nm. While most fluorescent proteins exhibit pH-dependent changes in their fluorescence
intensity, excitation wavelengths or emission wavelengths, not all of them experience
changes in a pH range that is biologically relevant.

Another intriguing approach for subcellular fluorescent labeling would be the use of targeted
antibody-tagged nanoparticles in which the orientation of binding of the antibody to
nanoparticles is tightly controlled. A recent report has elegantly demonstrated such
technology in the immobilization of glycosylated antibodies.>6¢ Controlled orientation
resulted in a more efficient use of nanoparticle surface area, which enhances the sensitivity
of the detection scheme. This methodology would offer a great advantage when the antibody
targets have low abundance in the subcellular regions of interest.

It is also envisioned that labeling of samples for subcellular analysis will also progress with
the introduction of microfluidic devices. A preview of such a future is a recent publication
on the use of microfludic devices to immunolabel and image multiple cell lines, in parallel,
to analyze the properties of endocytic organelles.280 These technologies will certainly have a
positive impact on reducing sample size requirements, providing reproducible sample
preparation procedures, and enabling high-throughput comparisons of the subcellular
properties of multiple cells lines or cell treatments.

8.2. Analysis of isolated organelles

For many decades, the determination of organellar functions and molecular composition has
been based on the analysis of isolated organelles. The process of organelle isolation has
many drawbacks because it causes destruction, dramatic structural reorganization of the
original organellar morphology, loss of function, and loss of the spatial surroundings of the
organelle. On the other hand, it possesses powerful advantages as it provides access to an
extensive array of bioanalytical technologies that rely on specialized sample preparation
procedures.
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It is likely that isolated organelles will continue being a critical resource in organelle
analysis. Indeed, developments in sample preparation m ay help decrease lo ss-of-function
detrimental morphological rearrangements, which are currently a significant limitation of
this approach.534 Other initiatives may simply h elp emulate the interactions between o
rganelles that occur naturally in the intracellular milieu. Ultimately a deeper understanding
of how an organelle is transformed when it is removed from its cellular context will
facilitate more judicious selection of conditions that minimize perturbation of the properties
being monitored or measured.

Current limitations are also imposed by the purification techniques used to prepare organelle
fractions. The investigator is constantly faced with the dilemma that higher organelle purity
is associated with lower yield and lower biochemical activity or function. While it is not
anticipated that centrifugation-based organelle purifications will be displaced by newer
techniques in the near future, it is anticipated that f aster purification procedures such as t
hose provided by immunoaffinity reagents®®7 or other separation techniques that are
compatible with functional organelles, such as electrophoretic techniques?/3a273¢.568 yyjj|
provide a greater range of options to conduct subcellular-specific analyses.

Indeed, the need for subcellular purification strategies is dictated by the instrumentation
utilized in the subcellular analysis. Regarding molecular characterization techniques,
ultrafast separations (UPLC) and advanced mass spectrometers will likely enhance the depth
and coverage in studies focusing on the subcellular cosmos. Two examples of recent
developments in mass spectrometry are the Q Exactive and the TripleTOF 5600 mass
spectrometers. The “Exactive” was developed earlier for small molecule applications, but
contains only the Orbitrap analyzer.5%° The Q Exactive is an Exactive mass spectrometer
coupled to a quadrupole.570 This mass spectrometer employs only HCD (higher energy
collision dissociation), which tremendously simplifies the hardware associated with the
Orbitrap Velos that has been used extensively for proteomic analysis of complex peptide
mixtures. On the other hand, proteomic analysis of complex peptide mixtures using the Q
Exactive instrument produces results that are, in fact, very comparable to those obtained
with the Orbitrap Velos. Yet the Q Exactive machine is truly a benchtop mass s pectrometer
and is capable of extremely fast switching time of the quadrupoles, which allows it to select
ions for HCD fragmentation almost instantaneously. While the Q Exactive device has not
yet been used for subcellular proteomics, its use exemplified by the sensitive detection of
peginesatide, a performance-enhancing pegylated peptide in dried blood spots clearly
suggests it should be useful for subcellular proteomic analysis.>’1

8.3. Organelle dynamics, interactions and heterogeneity

Improvements in monitoring dynamic processes in the subcellular environment are
intimately linked to developments in time-lapse microscopy, stable, non-toxic organelle
markers such as fluorescent proteins, fast response probes, and image analysis software
capable of extracting kinetic parameters from image frames. It is anticipated that there are
ample opportunities to expand this area as resources supporting live cell imaging, probes,
and software become more standardized and relatively easy to use.

The interactions between organelles may also be considered from the point of view of the
thermodynamic equilibrium between molecular species. These interactions may involve
various membrane components including lipids, carbohydrates, and proteins and span Kp
values over nine orders of magnitude, having as their ceiling, the classical interaction
between biotin and streptavidin (Kp ~ 10719).

Some of these interactions may be studied by adapting techniques that are based on the
direct determination of binding and dissociation rates, such as those based on surface
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plasmon resonance®’2 or non-equilibrium capillary electrophoresis of mixtures at
equilibrium.573 On the other hand, when the interactions have slow dissociation rates, which
are usually associated with low KD values, the involved molecular species remain bound
even upon isolation of subcellular environments. Indeed, techniques to investigate
subcellular in teractions characterized by low KD values and that withstand extensive
sample handling have included immunoprecipitation, western blotting, and affinity
chromatography. Other techniques capable of reporting interactions between organelles,
such as the analysis of binding between mitochondria and cytoskeleton by capillary
electrophoresis with laser-induced fluorescence detection, have also begun to appear. 557
Lastly, other future developments in this area will likely involve adaptations of existing
methodologies (e.g. development of aptamers for cells) to characterize or purify organelles
with high selectivity.>74

Another possibility to investigate transient interactions between organelles (i.e. involving
interacting molecules that dissociate at high rate) is to use clickable crosslinkers. For
instance, clickable reagents that penetrate cells and crosslink proteins within the cell
efficiently ‘freeze' transient subcellular interactions. An example of development in this field
used ubiquitin as their model system.>”> The cross-linked peptides were purified and their m
ass spectrometric analysis made possible to identify intra-and inter-protein interactions. It is
anticipated that the use of cross-linking technologies to analyze molecular interactions
occurring between two organelles b oth /n vivoand in in vitro systems will likely enable a
variety of new types of subcellular analyses to be performed.

High throughput analysis of strong subcellular interactions is also a critically emerging area.
An example of such development is the analysis of interactomes by Parallel Affinity Capture
(iPAC) in a D. melanogaster model system.5’8 iPAC is a triple-tagged system in which
yellow fluorescent protein is used for screening and expression profiling, and Strepll and
FLAG tags are used for parallel affinity capture. A tagless control identifies proteins
common to both Strepll and FLAG purifications. The method appears to generate a
"catalogue" of high-confidence interactions as well as a library of proteins that
nonspecifically bind to many resins (termed "BEADomes").

One of unexplored areas of subcellular analysis is that of the sources of organelle
heterogeneity in terms of organelle morphology, biophysical properties, or composition. In
many instances such heterogeneity simply represents the stochastic nature of the property
under investigation. Modeling of such properties may be an approach to predict such
heterogeneity. However, heterogeneity may also have a component associated with the
existence of subpopulations of organelles. Some subpopulations are difficult to observe
because they are defined morphologically (e.g. giant and normal mitochondria),>>3 while
identification and definition of other subpopulations will likely need unbiased data analysis
systems and experimental models that can be directed to define such subpopulations.

8.4. Subcellular analysis-Large datasets and models

One of the greatest challenges in the subcellular analysis field is the integration of powerful
biostatistical and bioinformatics resources to analyze imaging data, ‘'omics' data, or large
data sets of multiparametric measurements such as those obtained through individual
organelles. This collection of disparate data sets usually requires development or adaptation
of resources existing in other data intensive disciplines. Such adaptations require the
additional spatial and temporal dimensions provided by the subcellular architecture.

An example of subcellular focused database is a recent resource on plant organelle
dynamics.®’” In its current form, it includes static images, procedures for isolation of
organelles and movies. These resources aid at identifying position, movement, division and
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behavior, particularly in response to a stimuli. Efforts to make large datasets downloadable
and to develop quantitative tools are in progress. In addition, there are efforts in predicting
subcellular f unction, such as the seminal work of Smith et al. on mitochondrial dysfunction
(reviewed in 6.4.)340 and cataloguing information on the distributions of biomolecules in
various subcellular environments, such as the initiatives described by Murphy et al.88

8.5. Future areas enabled by organelle analysis

Avreas that will continue benefiting from the development of organelle analysis
methodologies are the fields of drug and gene delivery in which both cellular uptake and
subcellular targets require extensive subcellular experimentation. This is particularly
relevant when the drug target is localized in an intracellular organelle. Recent reviews
describe m ethods of subcellular drug targeting based on molecular designs.>’8 These
developments clearly rely on our understanding on how membrane proteins, lipids, nutrients
and some pathogens are internalized into the cell to be targeted to distinct subcellular
compartments via membrane trafficking (reviewed in 5.). A more specialized drug delivery
system is gene therapy that aims to regulate gene expression.

Gene delivery faces similar challenges for delivery to its molecular targets. A recent review
covered efforts to use polymers, peptides, liposomes and nanoparticles to enhance cellular
uptake of genetic material, including organelle-targeted systems. Among these carriers,
cationic polymers and peptides have been further developed as intracellular organelle-
targeted delivery systems. The cytoplasm, nucleus, and mitochondria have been considered
primary targets for gene delivery using targeting moieties or environment-responsive
materials.5"®

The importance of biomedical nanotechnology in modern society is having unprecedented
impact on research addressing gene therapies, m olecular imaging devices, and treatments
for organelle-specific diseases. A recent review clearly highlights the importance of
subcellular targeting,>89 in which the authors describe the present and predict the future in
which engineered nanoparticles take into consideration intracellular interactions, processing,
and trafficking. Clearly, the development and performance of these technologies ultimately
relies on the existence of subcellular analysis.

An ambitious project is the mapping the subcellular distribution of all human proteins,
which is the cornerstone for deciphering the complexities associated with the spatial
distribution of proteins at all levels: from organelles to organs. While the more established
mass spectrometry-based proteomics have reported unprecedented progress,>* more recently
antibody based approaches are reporting remarkable advances in cataloguing the human
proteome providing a first glimpse of the subcellular framework.4°
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Focused ion beam

Focused ion beam/scanning electron microscopy
Free flow electrophoresis

Field-flow fractionation

Frit-inlet asymmetric flow field-flow fractionation
Fluorescence photoactivation localization microscopy
Fluorescence resonance energy transfer

Fourier transform mass spectrometry

Golgi-associated, y-ear-containing, ADP-ribosylation factor binding
protein

GTPase activating protein
Green fluorescent protein
Gas phase fractionation
Guanosine triphosphate
Gene ontology
Glutathione peroxidase
Glutathione

Chem Rev. Author manuscript; available in PMC 2014 April 10.

Page 78



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

GSSG
HCD
HE
HILIC
HOPS
HPCE
HPLC
ICP-AES
ICP-MS
IMAC
IP3

IPI

IR
ISClp
ITP
iTRAQ
KGDHC
KFP
LOPIT
LRO
LSD
LTQ
MAC
MALDI
MAP1S
MCM
MDH
MemO
mRFP
MRI
MVB
N-rluc
NAT
NAQF
NMR
NSF

Glutathione disulfide

Higher energy collision dissociation
Hydroethidine

Hydrophilic interaction chromatography
Homotypic fusion and vacuole protein sorting

phalloidin-hyperbranched polymer conjugated electrolyte

High-performance liquid chromatography

Inductively-coupled plasma - atomic emission spectrometry

Inductively-coupled plasma - mass spectrometry
Iminodiacetic acid

Inosine triphosphate

International Protein In dex

Infrared

Inositol sphingolipid p hospholipase C
Isotachophoresis

Isobaric tag for r elative and absolute quantification
a-ketoglutaric acid dehydrogenase complex
Kindling fluorescent protein

Localization of organelle proteins by isotope tagging
Lysosome-related organelle

Lysosomal storage disease

Linear ion trap

Mitochondrion-associated adherens complex
Matrix-assisted laser desorption/ionization
Microtubule-associated protein 1S
Minichromosome maintenance

Malate dehydrogenase

Membrane Protein Prediction

Monomeric red fluorescent protein

Magnetic resonance imaging

Multivesicular bodies

Nitrogen-terminal renilla luciferase protein fragment
Acetyl-CoA:a-glucosaminide N-acetyltrasferase
Non-aqueous fractionation

Nuclear magnetic resonance

N-ethylmaleimide-sensitive factor
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PALM
PARP
PCP
PI3P
p-PIXRE
PKA
PPI

PSF
PTM
QD
roGFP
ROS
RPE
RyRs
SDH
SDS
SDS-PAGE
SEM
Sg2
SILAC
SILAM
SiRNA
SNAP
SNARE
SNX
SOD1
STED
STORM
TALM
TAP
TdR
TEM
TEMPO
TGM-2
TIF-YFP
TIRF

Photoactivation localization microscopy
Poly-ADP-ribose polymerase

Protein correlation profiling
Phosphatidylinositol-3-phosphate

Micro particle-induced X-Ray emission

Protein kinase A

Protein-protein interaction

Point spread function

Post-translational modification

Quantum dot

Redox active green fluorescent protein

Reactive oxygen species

Retinal pigment epithelial

Ryanondine receptors

Succinate dehydrogenase

Sodium dodecyl sulfate

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Scanning electron microscope

Secretogranin 2

Stable isotope labeling of amino acids in cell culture
Stable isotope labeling of amino acids of mammals
Small interfering RNA or silencing RNA
Synaptosome-associated protein

Soluble A-ethylmaleimide-sensitive factor activating protein
Sorting nexin

Superoxide dismutase 1

Stimulated emission depletion

Stochastic optical reconstruction microscopy
Real-time tracking and localization

Tandem affinity purification

Thymidine-derived sugars

Transmission electron microscopy
2,2,6,6-tetramethylpiperidin-1-oxyl
Transglutaminase-2

Tonoplast intrinsic factor-yellow fluorescent protein
Total internal reflectance fluorescence microscopy

Chem Rev. Author manuscript; available in PMC 2014 April 10.

Page 80



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Satori et al.

Page 81

TOF Time-of-flight
TORC1 vacuole associated target of rapamycin complex 1
RPIXRE micro particle-induced x-ray emission
UPLC Ultra performance liquid chromatography
UPRE Unfolded protein response element
pXRF micro X-ray fluorescence
VAMP Vesicle-associated membrane protein
XBP1 X-box binding protein 1
XDH Xanthine dehydrogenase
XOD Xanthine oxidase
XOR Xanthine oxidoreductase
YFP Yellow fluorescent protein
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2D-gel electrophoresis image of reprinted from reference 129. Copyright 1997 John Wiley
and Sons. Transmission electron microscopy image reprinted from reference 105. Copyright
1983 Elsevier. GFP structure reprinted from the protein data bank and reference 93.93
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Figure 2. Synthesis of phalloidin-hyperbranched polymer conjugated electrolyte (Phalloidin-
HPCE)

Additional information reported in Scheme 1 from reference 183. Reprinted with permission
from reference 183. Li, K.; Pu, K.Y.; Cai, L.; Liu, B. Chem. Mater. 2011, 23, 2113
Copyright 2011. American Chemical Society.
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Figure 3. Synthesis of a fluorescent intracellular staining calixarene macrocycle (NBDCalAm)
The final product is labeled 4. Reprinted with permission from reference 182. Lalor, R.;
Baillie-Johnson, H.; Redshaw, C.; Matthews, S.E.; Mueller, A. J. Am. Chem. Soc., 2008,
130, 2892. Copyright 2008. American Chemical Society.
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AR AAAA

Figure 4. Palate of available fluorescent fusion proteins

A. Excitation spectra. B. Emission spectra. C. Colors of commercially available fluorescent
proteins. D. Fluorescent appearance of commercially available proteins. Other conditions are
reported in Figure 1 from reference 188. Reprinted with permission from Reference 188.
Copyright 2004 Nature Publishing Group.

Chem Rev. Author manuscript; available in PMC 2014 April 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Satori et al. Page 105

d

Mitochondrion

A

DnaEc

< (DnaEc) - o (oo
Protein

Protein splicing i

Coelenterazine
- ( Coelenteramide
Reconstitution of + COy + (Luminescence)
Renilla luciferase

Figure 5. Strategy employed to detect release of proteins from mitochondria

A. Intein-NRluc-Target Protein release from the mitochondrion and its association with the
cytosolic CRIuc-intein construct. C-Rluc = cytosolic c-terminal luciferase fragment. DnaEc
= cytosolic intein fragment. DnaEn = mitochondrial intein fragment. N-Rluc =
mitochondrial n-terminal luciferase fragment. Rluc = spliced and active luciferase protein.
Additional information reported in Figure 5 from reference 194. Reprinted with permission
from Kanno, A.; Ozawa, T.; Umezawa, Y. Anal. Chem. 2006, 78, 8-76.Copyright 2006.
American Chemical Society.
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Figure 6. Schematic of 3D-STED imaging of a live cell

A. The excitation and STED beams are focused onto the cell while simultaneously
collecting fluorescence. B. Excitation and STED beam profiles used in xy-imaging. C.
Excitation and STED beam profiles used in xz-imaging. Two STED beams are needed both
above and below the focal plane to ensure increased resolution. Additional information
reported in Figure 1 from reference 203. Reprinted with permission from Reference 203.
Copyright 2008 National Academy of Sciences, USA.
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Figure 7. STED imaging of citrine-labeled microtubules

STED provided lateral resolution of 60 nm inside the living cells. This is compared to a
confocal fluorescence microscopy image from the same sample. Other conditions are
reported in Figure 5 from reference 203. Reprinted with permission from Reference 203.
Copyright 2008 National Academy of Sciences, USA.
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ACTIVATED

BLEACHED

Figure 8. Schematic of FPALM

(A-D) Photo-activatable fluorescent molecules bound to proteins of interest are
activated and imaged repeatedly until bleached. The images are combined or summed to
provide a diffraction-limited image. (A’-F’)-This process can be done for all fluorescent
molecules in all microscopy frames to provide a superresolution image. Additional
information reported in Figure 1 from reference 199. Reprinted with permission from
Reference 199. Copyright 2006 Highwire Press.
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Figure 9. Comparing total internal reflectance fluorescence (TIRF) microscopy with
photoactivation localization microscopy (PALM)

A. TIRF image. B. PALM image. C. Magnification of large box of ‘B’ has sufficient
resolution to observe interacting membranes. D. Magnification of small box of ‘B’ showed
the distribution of CD36. Other conditions are reported in Figure 2 from reference 199.
Reprinted with permission from Reference 199. Copyright 2006 Highwire Press.
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Figure 10. Mitochondrion-associated adherens complex observed by transmission electron
tomography

A-E. Different views of Mitochondrion-associated adherens complex. The outer
mitochondria membrane is shown in dark/translucent blue with each individual cristae

colored differently. Mitochondrion-associated adherens complex have individual lamellar
cristae with fingers that connect to the sides of the mitochondria through cristae junctions.
F-G. The inner mitochondrial membrane with visual distinct cristae junctions. Scale bar is
100 nm. Other conditions are reported in Figure 2 from reference 226. Reprinted with
permission from Reference 226. Copyright 2010 Society for Neuroscience.
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Figure 11. Dimensions of subcellular material prepared by centricollation
Other conditions are reported in Figure 12.3 from reference 270. Reprinted with permission
from Reference 270. Copyright 2011 Springer Science and Business Media B.V.
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Figure 12. Protein Correlation Profiling of a theoretical protein

The “standard” represents what would be a consensus profile, i.e. the profile of proteins
known to belong to a given organelle or subcellular component in sucrose density gradient
fractions. Peptides 1 and 2 would likely belong to proteins associated with that organelle/
subcellular component while peptide 3 likely belongs to a contaminating protein. For
example, if the consensus profile was for a peptide of the LAMP 2 protein, peptides 1 and 2
would correlate with the lysosome. Other conditions are reported in Figure 3 from reference
292a. Adapted with permission from reference 292a. Copyright 2003 Macmillan Publishers
Ltd.
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Figure 13. Workflow for Spatial Proteomics

(1) Cells are SILAC labeled in light, medium, or heavy media. (2) Nuclear, nucleolar, and
cytoplasmic fractions are isolated from each culture via sucrose density gradient
centrifugation. (3) Fractions from each of the cultures are recombined (equal protein
amounts) to recreate a whole cell extract containing a subcellular fraction (nuclear,
nucleolar, and cytoplasmic) from each of the isotopically labeled cultures. (4) Samples are
run on an SDS-PAGE gel and in-gel digested with trypsin. (5) Samples are subjected to LC-
MS/MS analysis. Other conditions were reported in Figure 1 from reference 297b. Reprinted
with permission from Reference 297b. Copyright 2010 John Wiley and Sons.
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Figure 14. Visualization of protein turnover using PepTracker software

A. Overall of all subcellular fractions. B. Whole cell. C. Cytosol. D. Nucleus. E. Nucleolus.
The plots show the number of proteins with 50% turnover in each bin (1 bin = 1 hour) The
data illustrates that the 50% turnover rates have a bimodal distribution at around 10 and 20
hours in the cytoplasmic and nuclear fractions, with the majority of the 50% turnover at 20
hours. The nucleolar fraction has an additional turnover peak at <6 hours, illustrating a
subpopulation of nucleolar proteins that turnover quite rapidly. In addition, the major peak
in the nucleolar fraction occurs slightly later around 22—-33 hours. Other conditions were
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reported in Figure 5 from reference 297b. Reprinted with permission from Reference 297b.
Copyright 2010 John Wiley and Sons.
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Figure 15. Schematic of the poly-ADP-ribose polymerase assay for visualization of NAD*

A. If NAD" is present in an organelle, poly-ADP-ribose polymerase will synthesize poly-
ADP-ribosee and will be immunodetected. B. The enzyme poly-ADP-ribose glycohydrolase
can be used to specifically hydrolyze poly-ADP-ribose and confirm fluorescence
accumulation in the organelle. Additional information reported in Figure 4 from reference
304. Reprinted with permission from Reference 304. Copyright 2010 Springer.
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Figure 16. Localization of thymidine derived sugars in enriched subcellular fractions

A. Localization in Colo320 TP1 cells treated with tritium-labeled thymidine derived sugars.
B. Colocalization in RT112/TP cells treated with tritium-labeled thymidine derived sugars.
Values are mean + standard error of the mean. nd = not detected. Other conditions are
reported in Figure 4 from reference 330. Reprinted with permission from Reference 330.
Copyright 2010 Elsevier.
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Figure 17. Visualization of metabolites in enriched subcellular fractions from A. thaliana leaves
The three bar graphs show the relative abundance of organelle markers in each fraction.
These markers are: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for chloroplasts,
cytosol uridine diphosphate (UDP)-glucose-pyrophosphorylase (UGPase) for cytosol, and
nitrate for vacuole nitrate.. The graph in the middle shows a plot of the first two principal
components in which metabolites are grouped within regions associated with several
organelle markers. Other descriptions and conditions are described in Figure 4 from
reference 306. Reprinted with permission from Reference 306. This is an open-access article
distributed under the terms of the Creative Commons Attribution License.
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Figure 18. Superoxide-specific and superoxide-independent oxidation in mitochondria from
different biological tissues

The bars oriented above x=0 represent MitoSox Red oxidation outside of the inner
membrane and the bars oriented below x=0 represent MitoSox Red oxidation in the
mitochondrial matrix. Other conditions are reported in Figure 7 from reference 156.
Reprinted with permission from Reference 156. Copyright 2009 Elsevier.
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Figure 19. Lipid classes as determined by Lipid MAPS

Additional information reported in Figure 1 from reference 322. Reprinted with permission
from Reference 322. Copyright 2007 Oxford University Press.
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Figure 20. Distribution of lipids in enriched subcellular fractions of RAW264.6 macrophages
When macrophagy was triggered, enriched subcellular fractions had modified distributions
of lipids. Kdo,-lipid A (KLA ) was used to stimulate subcellular signaling cascades. Nuc =
nuclear, Mito = mitochondria, ER = endoplasmic reticulum, PM = plasmalemma, D. Mic =
dense microsome, Cyto = cytoplasm, PC = phosphatidylcholine, PA = phosphatidic acid, PE
= phosphatidylethanolamine, Pl = phosphatidylinositol. VValues are mean + SE, n=3. Other
conditions are reported in Figure 2 from reference 343. Reprinted with permission from
Reference 343. Copyright 2010 American Sociery for Biochemistry and Molecular Biology
Inc.
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Figure 21. Phosphoinositols in endoplasmic reticulum, nuclei, and plastid enriched from A.
thaliana leaves

Leaves were exposed to hyperosmotic stress prior to fractionation to determine changes in
lipid expression. Each bar is composed of several lipids (e.g. 18:3, 18:2, 18:1, 18:0, and
16:0). PtdIns = phosphatidylinositol, PtdIns4P = phosphatidylinositol 4-phosphate,
PtdIns(4,5)P, = phosphatidylinositol 4,5-bisphosphate, ER = endoplasmic reticulum. Bars
are means + S.D. n=3-5. Other conditions are reported in in Figure 5 from reference 345.
Reprinted with permission reference 345. Copyright 2007 The Biochemical Society.
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Figure 22. Analysis of enriched lipid droplets with direct organelle mass spectrometry

A. Mass spectra of triacylglycerols from Coker 312 wild type cotton embryos. B. Bnfad2
embryos. C. Triacylglycerol distribution of wild type using direct organelle mass
spectrometry (DOMS) or the Bligh/Dyer lipid extraction. D. Triacylglycerol distribution of
Bnfad2 in DOMS and the Bligh/Dyer lipid extraction. For C-D., n = 10-25 lipid droplets. P
= 16:0-palmitic acid, O = 18:1-oleic acid, L = 18:2-linoleic acid. Three letter code
abbreviations represent the three fatty acids bound to a triacylglyceride (TAG). Other
conditions are reported in Figure 4 from reference 354. Reprinted with permission from
Reference 354. Copyright 2011 American Society for Biochemistry and Molecular Biology,
Inc.
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Figure 23. MALDI-TOF mass spectrum of enriched mitochondria from bovine heart

Phosphatidic acid (m/z 695.4), phosphatidylserine (m/z 726.4), phosphatidylethanolamine
(m/z 742.4 and 766.4), phosphatidylinositol (m/z 863.4 and 885.4), and cardiolipin (m/z

1448.0) are all shown. Other conditions are reported in Figure 1 from reference 362.

Reprinted with permission from reference 362. Copyright 2012 The American Society for
Biochemistry and Molecular Biology, inc.
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Figure 24. Ruthenium and platinum drugs
For more information on these compounds, see reference 371.
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Figure 25. Triphenylphosphonium compounds
For more information on these compounds, see reference 372.
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Figure 26. Technetium-based imaging agents
For more information on these compounds, see reference 377.
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Figure 27. Organelle interactions mentioned in this review
Organelles are not to scale.
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Figure 28. Live imaging of fusion and fission of mitochondria

Inside an INS1 cell, a mtPA-GFP labeled mitochondrion (green) is fusing with a
tetramethylrhodamine (TMRE) labeled mitochondrion (red). Fusion occurs in the frame
labeled 20 s, mitochondria exchange contents and fission becomes apparent in the frame
labeled 60 s. Scale bar, 2 um. Other conditions are reported in Figure 2 from reference 396.
Reprinted with permission from reference 396. Copyright 2008 Macmillan Publishers Ltd.
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Figure 29. Cell fusion results in redistribution of fluorescently labeled respiratory complexes in
the mitochondrial network

The images are examples of the outcome of cell fusion between cell sub-lines that express
constructs of red fluorescent protein with Complexes 111 (CII-R) or VV (CV-R) or green
fluorescent protein with Complexes I, 1, 111, or V (represented as CI-G, CII-G, CIII-G, or
CIV-G, respectively. Top: Microscopy images. Bottom: Fluorescence intensities along the
longitudinal axis of the mitochondrion indicated by a white arrow. The Pearson's cross
correlation coefficient for the mitochondrion was determined from these data. A.
Coexpression of ClIlI-R and CII-G five days after cell fusion. B. Coexpression of CV-R and
CV-G five days after cell fusion. C. Coexpression of CV-R and CII1-G four hours after cell
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fusion. D. Coexpression of CI-G and CV-R in mitochondria 4.5 hours after cell fusion.
Some mitochondria display only CV-R fluorescence (arrow) because they did not fuse with
CI-Gmitochondria. E. Coexpression of CI-G and CIII-R five hours after cell fusion. F.
Coexpression of CI-G and mtDsRed (matrix localization). G. Progressive mixing of CI-G
and CV-R reveal an increase in homogeneity with time due to ongoing fusion dynamics. H.
Complex I mixes better with other complexes in co-expressing cells than complex | and V,
respectively. Other conditions were reported in Figure5 from reference 394. Reprinted from
reference 394. This is an open-access article distributed under the terms of the Creative
Commons Attribution License. No Copyright form was needed.
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Figure 30. Imaging of peroxisome extension in budding yeast Hansenula polymorpha

Cells express the fluorescent constructs Pex25-eGFP and DsRed-SKL of the respective
peroxisomal proteins Pex25 and SKL. Precultivated on methanol medium supplemented
with methylamine induced synthesis of these proteins. I. After 5 h of induction, the cells
were shifted to methanol medium with ammonium sulfate to repress the PAMO that controls
Pex25-eGFP expression (I). 1. Five hours after the shift and I11. Ten hours after the shift
Pex25-eGFP is still present at the organelle elongation. Scale bar: 1 um. Other conditoins
were reported in Figure 3 from reference 401. Reprinted with permission from Reference
401. Copyright 2011 John Wiley and Sons.
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Figure 31. Autophagosome interactions
PAS = preautophagosomal structure.
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Figure 32. Different routes of endocytosis and phagocytosis in mammalian cells

These are: macropinocytosis, clathrin-coated vesicles, and caveolae. There are multiple
proteins associated with the endocytic organelles such as Rab5 in early endosomes, Rab7 in
late endosomes, and LAMP-1 and LAMP-2 in the lysosomes. Additional information shown
in Figure 2 from referece 415. Reprinted with permission from reference 415. Copyright
2006 Nature Publishing Group.
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Figure 33. Genesis of the Autophagosome from the omegasome in the endoplasmic reticulum
Additional information shown in Figure 9 from reference 439a. Reprinted with permission
from Reference 439a. This is an open-access article distributed under the terms of the
Creative Commons Attribution License. No Copyright form was needed.
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Figure 34. Assessment of autopagic flux by flow cytometry

A. Starvation induces GFP-LC3-11 formation. B. Rapamycin treatment has minimal effect
on GFP-LC3-I1 formation. The y-axis shows the GFP-LC3-I1 fluorescence remaining after
treating cells with saponin. Ammonium chloride treatment inhibits autophagy progression.
Other conditions are reported in Figure 2 from reference 441. Reprinted with permission
from reference 441.
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Figure 35. Heterogeneity in the binding of mitochondria and cytoskeleton

A.Capillary electrophoresis with laser induced fluorescence detection showed that isolated
organelles appear in an electropherogram as spikes of associated with the highly variable
levels of DsRed?2 (expressed in mitochondrial matrix) and Alexa488-phalloidin that labes
the cytoskeleton (bottom and top, respectively). B. The migration time window 538-546 s
from part A showing representative individually detected events. The detected events are
classified as mitochondria interacting with the cytoskeleton (*), mitochondria without the
cytoskeleton (), and other organelles interacting with the cytoskeleton (x). Other conditions
were reported in Figure 3 from reference 558. Reprinted with permission from Kostal, V.;
Arriaga, E.A. Anal. Chem. 2011, 83, 1822. Copyright 2011. American Chemical Society.
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Table 1

Organelle

Size

Description

Adiposomes (1990s)

20 nm - 1 ym?

This is a recently proposed name for lipid droplets. They consist of lipid core
(triacylglycerols) surrounded by a phospholipid monolayer. Several proteins are
attached to such monolayer. Besides being lipid storage organelles they are
involved in lipid metabolism.

Amphisomes (1980s)

822 + 37 nm?

Formed by fusion of an endosome with an autophagosome. See definitions of
these organelles below.

Apicoplasts (1990s)

0.15-1.5um?

Non photosynthetic plastids commonly found in Apicomplexa protozoans.

Autophagosomes (1960s)

0.15-1.5um*

Double membrane organelles that encapsulate subcellular regions or organelles
and fuse with lysosomes to form an autolysosome, in which their cargos are
degraded. This process is also known as macroautophagy and may take specific
names according to the target (e.g. mitophagy refers to autophagy of
mitochondria). Autophagosomes are particularly involved in cell growth,
development, homeostasis, and nutrient replenishment during starvation.

Chloroplasts (1883)

2-10 um®

Double membrane organelles responsible for photosynthesis in plants and other
eukaryotes that conduct photosynthesis. It has its own genome that encodes for
redox proteins used in electron transport during photosynthesis. It uses light,
carbon dioxide, and water to produce oxygen and chemical energy stored as ATP
and NADPH.

Enlargeosomes (1990s)

80 — 150 nm®

Small vesicles released by regulated exocytosis. These organelles do not dock to
the plasma membrane. Release of enlargeosomes is stimulated by Ca?*, some
esters, or ATP.

Endosomes (1970s)

78 — 500 nm27

Involved in the internalization of extracellular components into the cell and
traffics components to the lysosome for degradation. However, endosomes also
recycle material to the plasma membrane (recycling endosomes) and transfer
material to the Golgi. Early endosomes are a dynamic tubular-vesicular network.
Upon maturation to late endosomes they become more acidic and vesicles aooear
in the lumen becoming multi- vesicular bodies that lack tubules. Late endosomes
fuse with lysosomes. In plants, late endosomes can also be referred to as multi-
vesicular bodies. Recycling endosomes consist mainly of tubular networks that
return receptor molecules to the plasma membrane.

Endoplasmic reticulum (1945)

Network of interconnected tubules and membrane sheets held together through
cytoskeletal contacts. Its membrane is continuous with the outer membrane of the
nucleus. When associated with ribosomes (rough ER) it is involved in the folding
of recently synthesized proteins. When devoid of ribosomes (smooth ER), it is
involved in lipid synthesis, carbohydrate processing and metabolism,
detoxification, and calcium regulation.

Exosomes (1980s)

30 - 100 nm8

Vesicles secreted by mammalian cells when multi- vesicular bodies (late
endosomes) fuse with the plasma membrane. The biological role of exosomes has
not been elucidated.

Golgi apparatus (1897)

Consists of several stacks of cysternae (membrane enclosed discs). Each region
of the stack contains different enzymes responsible for modification of
macromolecules prior to sorting to different intra- and extracellular destinations.
Proteins transported from the rough endoplasmic reticulum are glycosylated in
this organelle. This organelle is also a major site for carbohydrate synthesis and
lipid transport.

Lipid droplets (1970s)

Also known as lipid bodies. See entry for adiposomes.

Lysosomes (1955)

0.1-1.229

Their interior has an acidic pH that is maintained by proton pumps. They contain
hydrolases that digest material originating from the endocytic or the autophagy
pathways. They are involved in microautophagy and chaperone-mediated
autophagy.

Lysosome related organelles
(1950s)

This broad classification includes lysosomes, melanosomes, platelet dense
granules, and neuromelanin granules. They contain lysosomal proteins and cell-
type specific molecules.

Melanosome (1960s)

~500 nm10

Organelle containing the pigment melanin. They are found in specialized cells
such as melanocytes (producers) and keratinocytes (acceptors). They participate
in protection against damaging UV radiation.
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Organelle

Size

Description

Mitochondria (1840s)

0.5-5 pm!!

Double membrane organelles that exhibit dynamic processes of fusion and
fission. Their inner membrane presents a folded morphology (cristae) and is
highly impermeable. The outer membrane has pores that allow for the passage of
low molecular weight species. They have their own genome that encodes
peptides needed for electron transfer and oxidative phosphorylation. They are
involved in fatty acid metabolism, calcium homeostasis, and apoptosis.

Nucleus (1680s)

~10 pm?2

Double membrane organelle with characteristic nuclear pores that allow for
transfer of material in and out of this subcellular region that contains most of the
genetic material of the cell. Gene regulation and transcription occur in this
organelle; they are typically the largest organelles.

Peroxisomes (1954)

~500 nm13

Formed de novo from the endoplasmic reticulum or replication by fission. Often
it has a crystalloid core. Contains enzymes involved in catabolism of fatty acids,
polyamines, and D-amino acids. They are also involved in the synthesis of
plasmagen, the most abundant lipid in myelin. They produce hydrogen peroxide
that is used by peroxidases to oxidize substrates. In plants, they host enzymes
needed in the glyoxylate cycle and photorespiration.

Phagosomes (1960s)

0.9 -3 pm™

Vesicle formed by fusion of the plasma membrane around a particle, which is
then brought into the cell. These organelles commonly contain bacteria or foreign
objects covered with antibodies.

Secretory granules (1920s)

820 + 16 ym1s

These structures are secreted by mammalian cells, delivering material to the
extracellular space via the process termed degranulation. Other properties are
similar to those of exosomes.

Secretory lysosomes (1980s)

similar to lysosomes16

These degrade their contents prior to secretion. Other properties are similar to
those of exosomes.

Synaptosomes (1960s)

0.5 -3 pm?7

Vesicles that form from isolation of the synaptic terminals of neurons. They
retain the molecular machinery involved in neurotransmission.

Year of discovery is given under the organelle name.

a. . A
size not given due to their unique morphology.

b .
see adiposomes.

c .
not given due to the heterogene

ity of the organelle type.
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Table 2
Topical specialized reviews of organelles.
Title Section Topic Reference
One core, two shells: bacterial and eukaryotic ribosomes 1 Ribosomes Melnikov, 201218
The centrosome in cells and organisms 1 Centrosome Bornens, 201219
Centriolar satellites: busy orbits around the centrosome 1 Centriolar satellites Barenz, 201120
Biogenesis and function of nuclear bodies 1 Nuclear bodies Mao, 20112
The cop9 signalosome: more than a protease 1 Signalosome Wei, 200822
Mammalian cop9 signalosome 1 Singalosome Kato, 200923
Cell biology of prokaryotic organelles 1 Prokaryotic organelles Murat, 201024
Bacterial microcompartments: Their properties and paradoxes 1 Prokaryotic organelles Cheng, 2008%5
Subcellular localization of RNA and proteins in prokaryotes 1 Prokaryotic organelles Nevo-Dinur, 201226
The centrosome in cells and organisms 1 Centrosomes Bornens, 201219
Guidelines for the use and interpretation of assays for monitoring 31 Assays Klionsky, 2008%"
autophagy in higher eukaryotes
Autophagy: assays and artifacts 31 Assays Barth, 201028
Cellular and subcellular imaging in live mice using fluorescent proteins 3.2 Technology Hoffman, 20122°
Methods for imaging and analyses of intracellular organelles using 3.2 Technology Takeuchi, 200730
fluorescent and luminescent proteins
The green fluorescent protein 3.2 Fluorescent proteins Tsien, 199831
Fluorescent labels for proteomics and genomics 3.2 Fluorescent proteins Waggoner, 200632
Recombinant aequorin and green fluorescent protein as valuable tools in 3.2 Fluorescent proteins Chisea, 200133
the study of cell signaling
Fluorescent protein FRET: the good, the bad and the ugly 3.2 Fluorescent proteins Piston, 200734
Fluorescent biosensors of protein function 3.2 Fluorescent proteins Van Englengberg, 20083°
Organelle identification and characterization in plant cells: using a 3.3 Technology Tse, 200936
combinatorial approach of confocal immunofluorescence and electron
microscope
Advances in cellular, subcellular, a_nd nanoscale imaging in vitro and in 3.3 Technology Wessels, 201037
vivo
Atomic force microscopy as a multifunctional molecular toolbox in 33 Technology Muller, 200838
nanobiotechnology
Force probing surfaces of living cells to molecular resolution 3.3 Technology Muller, 200939
AFM for structure and dynamics of biomembranes 3.3 Technology Goksu, 200940
Atomic force microscopy: a versatile tool for studying cell morphology, 3.3 Technology Franz, 20084
adhesion, and mechanics
Plant organelle proteomics: collaborating for optimal cell function 4.1 Proteomics Agrawal, 201142
Feature extraction techniques for protein subcellular localization 4.1 Proteomics Gao, 200943
prediction
Organelle proteomics experimental designs and analysis 4.1 Proteomics Gatto, 20104
Complementary methods to assist subc_ellular fractionation in organellar 4.1 Technology Gauthier, 200845
proteomics
Plant cell organelle proteomics in response to abiotic stress 41 Proteomics Hossain, 201246
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autophagosome formation and maturation

Title Section Topic Reference
Proteomics meets cell biology: the establishment of subcellular 4.1 Proteomics Jung, 2000%7
proteomes
Subcellular fractionation methods and strategies for proteomics 4.1 Technology Lee, 201048
Creation of an antibody-based subcellular protein atlas 4.1 Technology Lundberg, 20104
Protein lipid modifications in signaling and subcellular targeting 4.1 Proteomics Sorek, 200950
Evolution of organelle-associated protein profiling 41 Technology Yan, 20095
Recent progress in predicting protein sub-subcellular locations 41 Proteomics Du, 201152
Prediction of subcellular locations of proteins: where to proceed? 41 Proteomics Imai 2010%3
Trends in ultrasensitive proteomics 41 Proteomics Altelaar, 201254
Metabolomics of oxidative stress in recent studies of endogenous and 4.2 ROS and oxidative stress Liu, 20115°%
exogenously administered intermediate metabolites
Biological applications of x-ray fluorescence microscopy: exploring the 42 Metal Composition Fahrni, 200756
subcellular topography and speciation of transition metals
Global analysis of cellular lipidomes directly from crude extracts of 4.3 Lipidome Han & Gross, 200357
biological samples by ESI mass spectrometry
Lipidomics in tissues, cells and subcellular compartments 4.3 Lipidome Horn, 201258
Brain uptake and utilization of fatty acids, lipids, and lipoproteins: 4.3 Lipids-brain Hamilton, 200759
application to neurological disorders
Lipids and lipid domains in the peroxisomal membrane of the yeast 43 peroxisome lipids Bouhk-Viner, 20068
Yyarrowia lipolytica
Lipid signaling on the mitochondrial surface 4.3 Mitochondria lipids Huang, 200961
The dynamic roles of intracellular lipid droplets: from archaea to 43 Lipid droplets Murphy, 201262
mammals
Oxidative stress, mitochondrial bioenergetics, and cardiolipin in aging 4.3 Mitochondria lipids Paradies, 201063
Lipidomics era: accomplishments and challenges 4.3 Lipidomics Bou Khalil, 2009%4
MALDI imaging of lipid biochemistry in tissues by mass spectrometry 4.3 Lipidomics Zemski Berry, 20115°
Bioinformatics and systems biology of the lipidome 4.3 Lipidomics Subramaniam, 201166
Modeling kinetics of subcellular disposition of chemicals 44 Xenobiotics Balaz, 200957
Subcellular neuropharmacology: the importance of intracellular 44 Xenobiotics Miyashiro, 200968
targeting
The subcellular distribution of small molecules: from pharmacokinetics 4.4 Xenobiotics Zheng, 201169
to synthetic biology
Subcellular targeting: a new frontier for drug-loaded pharmaceutical 44 Xenobiotics D'Souza, 200970
nanocarriers and the concept of the magic bullet
Quantitative analysis of organelle abundance, morphology and 5 Interactions van Zutphen, 20117
dynamics
Dynamic organization of mitochondria in human heart and in 5 Interactions Hoppel, 200972
myocardial disease
Actin dynamics at the Golgi complex in mammalian cells (organelle 53 Interactions Egea, 200673
interactions)
Autophagosome formation and molecular mechanism of autophagy 5.6 Autophagy-ER Tanida, 201174
Vesicular trafficking and autophagosome formation 5.6 Autophagy Longatti, 20097
Involvement of members of the rab family and related small GTPases in 5.6 Autophagy Chua, 201176
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protein distribution

Title Section Topic Reference
Molecular machinery of macroautophagy and its deregulation in 5.6 Autophagy Wong, 201177
diseases
The role of ATG proteins in autophagosome formation 5.6 Autophagy Mizushima, 201178
Mechanisms of autophagy and pexophagy in yeasts 5.6 Autophagy-peroxisomes Sibirny, 20117
Peroxisomes as dynamic organelles: autophagic degradation 5.6 Autophagy-peroxisomes Oku, 201080
Molecular mechanism and physiological role of pexophagy 5.6 Autophagy-perixosomes Manjithaya, 201081
Mechanisms of mitophagy 5.6 Autophagy-mitochondria Youle, 201182
Mitophagy 5.6 Autophagy-mitochondria Tolkovsky, 200983
Chemical microscopy applied to biological systems 7.1 Heterogeneity Navratil, 200684
Recent advances in the analysis of biological particles by capillary 7.2 Heterogeneity Kostal, 2008(Kostal, 2008}
electrophoresis
Isolation of subcellular organelles 8.2 Technology Storrie, 199085
Within the cell: analytical techniques for subcellular analysis 8.2 Technology Olson, 200586
Subcellular fractionation, electromigration analysis and mapping of 8.2 Technology Pasquali, 199987
organelles
Communicating subcellular distributions 8.4 Technology Murphy, 201088
Cell organizer: image-derived models of subcellular organization and 8.4 Technology Murphy, 201289
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Table 3
Traditional organelle-specific enzyme assays
Organelle Assay Reference
Autophagosome Acid phosphatase & cathepsin D Marzella, 1982160
Autophagosome Lactate dehydrogenase Kopitz, 1990161
Chloroplast Phosphoenolpyruvate carboxylase Uedan, 1976162
Chloroplast Chlorophyllase Arkus, 2006 “163
Endosome Cathepsin H Claus, 1998164
Endosome Cathepsin S Claus, 1998164
Endosome Horseradish Peroxidase Pool Jr, 1983165
ER BADPH-Cytochrome C Reductase Sottocasa, 1967166
ER Glucose-6-Phosphatase Nordlie, 1966167
Golgi Thiamine pyrophosphatase Cheetham, 1971168
Golgi a-mannosidase 11 Pool Jr, 1983165
Lysosome Acid phosphatase Barret, 1977158
Lysosome B-galactosidase Pool Jr, 1983165
Lysosome B-hexosaminidase Barrett, 1977158
Lysosome Lysosome-specific dipeptidyl peptidase 1 Thong, 2011 *169

Mitochondria

Cytochrome ¢ oxidase

Storrie, 19908°

Mitochondria

INT reductase

Pennington, 1961170

Mitochondria

Succinate dehydrogenase

Alston, 1977157

Nucleus Histone modifying enzymes Fischle, 2005172
Peroxisome Catalase Leighton, 1968159
Phagosome (Biotin-LC-Phe-Arg),-Rhodamine 110 Yates, 2005172

Plasma Membrane

5'-nucleotidase

Howell, 1982173

Plasma Membrane

Alkaline phosphodiesterase |

Touster, 1970174

Topic included in the manuscript are marked with an asterisk (*).

Chem Rev. Author manuscript; available in PMC 2014 April 10.




1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Satori et al. Page 144

Table 4

Structures and excitation and emission wavelengths for reviewed fluorescent dyes

Probe Use Probe Structure Excitation (nm) | Emission (nm) Reference
Mitochondria localized Mg*2 540 590 Shindo, 20111852
Endosome and Lysosome o 8 494 512 Fakih, 20081850
localized Fe*3 )J\ on
Fi N
| |
"
Endosome and Lysosome 2 491 514 Fakih, 20081850
localized Fe*3 on
| | Q A
. \H/
H !
PN
pH-activatable fluorescent probe “» ) 785 810 Lee, 2011184
? M HN— B "\«
g HN ___/
- :
/I\F/H\/II%
| Il |
-~
DY'\I‘
s,
0,5
Ok IR |
| | Y .
\ k A~
N A~ l,/ i
Actin imaging See Figure 2 405 460 Li, 2011183
Acidic organelles See Figure 3 470 525 Lalor, 2008182
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Table 6

STED and PALM imaging used in organelle studies

Organelle Process studied Technique Dye used Reference
Endosomes Protein patterns STED Atto-532 Donnert, 2006202
ER Dynamics STED Citrine FP Hein, 2008203
ER Integrin receptors PALM EosFP Schtengel, 2008204
ER Morphology STED ALtto565 Willig, 200619
Lysosomes Morphology PALM Kaede Betzig, 20061%°
Mitochondria Protein clusters STED Atto647 Singh, 2012205
Mitochondria Import receptors STED Att0532, Atto647 Wurm, 2011206
Mitochondria Cristae STED KK114 Schmidt, 20092%7
Mitochondria mtDNA nucleoids STED Atto532, KK114 Kukat, 2011208
Mitochondria mtDNA nucleoids PALM mEos2, Dronpa Brown, 2011209
Mitochondria Protein complexes TALM Halo/TMR Appelhans, 2011210
Mitochondria | Mitochondrial network | 3D STORM A405-Cy5, A488-Cy5, A555-Cy5 Huang, 20081970
Mitochondria | Mitochondrial network 3D PALM Dronpa Vaziri, 2008211
Mitochondria | Mitochonrial proteins PALM mEos, Dronpa, mKikGR, mPA-GFP Brown, 2010212
Mitochondria Morphology PALM dEosFP Betzig, 200619
Mitochondria Protein localization STED, PALM Citrine, tdEOS, Dendra Watanabe, 2011213
Nucleus Nuclear lamina STED Atto647N Willig, 20061%
Nucleus Replication foci STED Atto647 Cseresnyes, 2009214
Nucleus Protein speckles STED Atto-532 Donnert, 2006202
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Table 7
Proteomic databases relevant to organelle analysis.
Software & Type Features Organelles Reference
Website
LOCATE http://locate.imb.ug.edu.au/ Human and Based entirely on Nucleus, plasma membrane, Sprenger, 2008262
murine experimental results, extracellular, mitochondria,
subcellular MemO (membrane ER, Golgi apparatus,
protein protein prediction), lysosomes, endosomes,
localization subcellular cytoplasmic vesicles,
database localization via N- peroxisome, cytoskeleton
terminal myc tag,
and indirect
immunofluorescence,
Location Proteome
(proteins contained
within a specific area
of the cell based on
fluorescence
spectroscopy
creating a
localization tree)
iLOC-EUK Subcellular GO (Gene Acrosome, cell membrane, Chou, 2011263
localization Ontology), SeqEvo cell wall, centriole,
prediction (Sequential chloroplast, cyanelle,
tool for Evolution) cytoplasm, cytoskeleton, ER,
single- or descriptor, Multi- endosome, extracellular,
multiple- Label KNN (K- Golgi apparatus,
location Nearest Neighbor) hydrogenosome, lysosome,
eukaryotic classifier, PseAAC melanosome, microsome,
proteins (pseudo amino acid mitochondrion, nucleus,
composition) peroxisome, spindle pole
body, synapse, vacuole
Plant-mPLoc http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/ Plant GO (Gene Cell membrane, cell wall, Chou, 2010264
subcellular Ontology), FunD chloroplast, cytoplasm, ER,
protein (Functional Domain) Golgi apparatus,
localization descriptor, SeqEvo mitochondrion, nucleus,
prediction (Sequential peroxisome, plastid, vacuole
tool Evolution)

descriptor, OET-

KNN (Optimized
Evidence-Theoretic
K Nearest Neighbor)

prediction engine

PepTracker http://www.peptracker.com/

Platform for
visualization
of the
distribution
of proteins
over
subcellular
compartments

Storage of
quantitative data
from MaxQuant,

visualization of the
data for more
efficient data mining,
automated analysis
of patterns and trends

Nucleus, nucleolus, cytoplasm

Boisvert, 2012265
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Metabolomic databases relevant to organelle analysis.

Table 8

Page 148

Database

Focus

Features

Website

Reference

Library and Database of Toxic
Compounds

Toxicological substances

Analysis done
with LC-
QTOF-MS,
positive and
negative ESI,
high accuracy
MS; contains
over 7500
toxicology-
relevant
analytes; some
standards
spiked into
either blood or/
and urine
matrix

NA

Broecker, 2011307

Manchester Metabolomics Database

Serum, urine, yeast
intracellular extracts, yeast,
placental tissue; overlap
with other databases

Accurate ESI-
MS spectra,
theoretical

isotope
abundance
data, and ion
types; 1,065
commercially
available
compound
spectra
performed with

UPLC-MS and

GC-MS;
overlap with
HMDB,

KEGG, LIPID

Maps, BioCyc,

and DrugBank;

provides a total
of 42,687
compounds

www.dbkgroup.org/MMD/

Brown 2009308

KEGG Database

Encyclopedia of genes and
genomics

Provide
relevant
information on
cells,
organisms, and
organelles;
connects gene
catalogs to cell
function,
organism
status, and
ecosystem; is
publically
available

www.genome.jp/kegg/

Kanehisa, 2011309

FiehnLib GC-MS

Volatile metabolites below
550 Da

Contains GC-
MS and some
additional LC-
MS/MS; it has
some overlap
with the
BioMeta/
KEGG
database and
the Golm
Metabolite
Database;
supports
BinBase

http://fiehnlab.ucdavis.edu/projects/FiehnLib/

Kind, 2009310
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Page 149

Database

Focus

Features

Website

Reference

Golm Metabolite Database

Biological active metabolites

GC-MS
detection, MS
spectra and
chromatograms

http://gmd.mpimp-golm.mpg.de/

Kopka, 2004311

KNApSAcK

Plant secondary metabolites

Chromatogram
peak
identification,
over 49,000
specie-
metabolite
relations with
over 24,000
metabolites; is
publically
available

http://kanaya.naist.jp/KNApSAcK/

Oikawa, 2006312

BinBase MS Database

Volatile compounds

GC-TOF-MS;
contains over
1500 database
entries for
compounds
from 18
species or 3435
samples; links
to chemical
and
biochemical
databases; web
queries are
possible

http://binbase.sourceforge.net

Skogerson, 2011313

Yeast Metabolome Database

Yeast small molecules

Contains
experimental
intracellular
and
extracellular
metabolites
detected from
both MS and
NMR; contains
more than 2000
metabolites
collected from
a literature
review of yeast
metabolites;
mass
spectrometry
data from over
995 different
genes/proteins.

http://www.ymdb.ca/

Jewison, 2012314

Plant Metabolome Database

Plant secondary metabolites
of plants

Contains
primary and
secondary
metabolites
specific to
plants; contains
more than
1,000
metabolites
with three-
dimensional
structures;
chemical
information
overlap with
KEGG and
PubChem

http://www.sastra.edu/scht/pmdb/

Udayakumar, 2012315

Chemical Entities of Biological
Interest

Small chemical compounds,
biological and synthetic

Merger of the
IntEnz, Kegg,
PDBeChem,

http://www.ebi.ac.uk/chebi/

Chem Rev. Author manuscript; available in PMC 2014 April 10.
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Page 150

Database Focus Features Website

Reference

and ChEMBL
databases;
contains mass,
formulas,
structures, and
database links;
publically
available

Human Metabolome Database Human metabolites, Contains http://www.hmdb.ca/
associated enzymes and metabolites,
transporters, and disease- enzyme
related properties responsible for
production of
metabolites;
contains over
6800 entries
and 3800
lipids,
information
pathway,
abundance, and
disease related
properties as
well as spectral
databases,
NMR, LC-MS,
and GC-MS
data

Wishart, 2009317

National Institute of Standards and Identify species based on Contains http://www.nis t.gov/pml/data/index.cfm
Technology chemical formula compounds
with most
prominently
electron
ionization mass
spectrometry
data; properties
such as
thermodynamic
data, IR
spectrum, mass
spectrum, UV/
Vis spectrum,
and vibrational
and electronic
energy levels

Wagner, 2003318

METLINE Endogenous metabolites Freely http://metlin.scripps.edu/
accessible
database
containing high
resolution
Fourier
transform mass
spectrometry,
tandem mass
spectrometry,
and LC/MS
data

Smith, 200531°

MASSBANK Analytes including Contains mass http://www.masshank.jp/?lang=en
endogenous metabolites spectral data
for many types
of compounds;
contains
primary and
secondary
metabolites

Horai, 2010320

Database of Bacterial Lipoproteins Bacterial lipoproteins Contains 278 NA
lipoproteins
and predicted
lipoproteins

from bacterial

Chem Rev. Author manuscript; available in PMC 2014 April 10.
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Page 151

Database

Focus

Features

Website

Reference

genomes; 773
different
lipoproteins
from the
Swiss-Prot
database were
identified and
grouped into
278 clusters
containing
protein
orthologs;
contains
information for
predicting the
molecular
function of the
lipoprotein.

LIPIDMaps

Biologically relevant lipids

Contains lipid-
associated
protein
sequences,
annotations,
and genes
associated with
lipids; proteins
are also
classified to
associate with
the different
LIPIDMaps;
contains
structures,
studies from
core
laboratories,
and
simulations for
appropriate
lipids;
structures can
be searched
based on name
or structure.

http://www.lipidmaps.org/data/databases.html

Sud, 2007322

DrugBank

Drug data and drug
information

Contains over
4,100 drugs
and 14,000
drug targets;

contains drug

properties and
links to other
databases such
as PubMed and
KEGG

http://www.drugbank.ca/

Wishart, 2006323
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Carbon accumulation in enriched subcellular fractions from barley protoplasts.

Table 9

Compounds Total Cytosol Chloroplasts | Mitochondria
Glycolate 0.18+0.01 | 0.17+0.01 | 0.03+0.01 ND
Glycine 2.38+0.05 | 1.66+0.09 | 0.74+0.01 ND

Serine 220+0.01 | 1.68+0.01 | 0.75+0.13 ND

Malate 176 £0.01 | 1.53+0.01 | 0.06 +0.03 0.26 + 0.04
Aspartate 0.29+0.01 | 0.17+0.01 | 0.10+0.01 0.05+0.01
Alanine 0.18+0.01 | 0.12+0.01 | 0.07+0.01 ND
Sucrose 191+0.11 | 1.91+0.11 | ND ND

Starch 0.09+0.01 | 0.02+0.01 | 0.08+0.01 ND

Other insolubles 0.03+0.01 | ND 0.03+0.01 ND

Total 9.02+0.12 | 7.26+0.14 | 1.86+0.14 0.31+0.04
True photosynthesis | 8.76 £ 0.44 | ND ND ND

Page 152

Values (ng-atom Cx(mg choline)'lxs'l) are given as average + SE. For additional information, see Table 3 from reference 324. Reprinted with

permission from reference 324. Copyright 2011 Elsevier.
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Table 12

Proteins involved in endocytic organelle interactions

Page 155

Protein/Compound

Cell Type

Methods

Comments

Ref

Sorting Nexin 27 (SNX27)

Hela, A431, and NIH 3T3

CFM, WB, KD

Enriched in early
endosomes; interacted with
N-methyl-D-aspartate
receptor 2C; knockdown
caused decreased
endocytosis

Cai, 201147

Vps45, Rab5

C.elegans

CFM, WB, KD

Associated with
endosomes; knockdown
caused accumulation of

morphologically small
endosomes; inhibited
endocytic flux

Gengyo- Ando, 2007418

coatomer protein complex-1,
dynamin, actin, anti-retromer
subunit antibodies, Rab-
GTPases,
phosphatidylinositol- 3-
phosphate, and early
endosomal autoantigen 1

PC12

CFM, STED

Involved in endosome-
vesicle fusion and docking
along with the sorting/
budding of vesicles

Barysch, 2009419

Rubicon, Rab7, UV radiation
resistance- associated gene
protein (UVARG),

293T

CFM, WB, KD

Rubicon expression
increase caused a decrease
in endosome interactions;

rubicon interacted with
Rab7 and UVRAG to
regulate Rab7 activation

Sun, 2010 4%

Mucolipin 3

APRE-19

CFM, KD

KD of mucolipin 3
increased calcium
concentration, decreased
pH, and increased
endosome fusion

Lelouvier, 2011421

Rab5

COS1,HeLa, rat kidney cells

CFM, KD

Mutation of Rab5 caused
three different types of
endosomes, one of which
were giant endosomes
which were stimulated to
reform late endosomes and
lysosomes; Rab5 may be
needed for late endosome
and lysosome formation

Hirota, 2007422

Rab5

HelLa

CFM

Diphtheria toxin caused
increased size of early
endosomes by preventing
either Rab5 loss or early
endosome fusion, increased
endosome acidity, and
prevented increased size of
endosome suggesting that
early endosomes were
affected

Antignani, 2008423

Tre-2/Bub2/Cdcl6-2 (TBC-2)

C. elegans

CFM, KD

TBC-2 is Rab GTPase
protein for Rab5 and Rab7
protein; its mutations
caused morphologically
large Rab57 positive late
endosomes; it had the same
phenotype as Rab5
mutation; likely it regulated
lysosome and late
endosome interactions

Chotard, 2010424

Cullin-3

A549

CFM, TEM,
WB, KD

Cullin-3 KD caused
incomplete fusion of late
endosomes with other

Chem Rev. Author manuscript; available in PMC 2014 April 10.
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Protein/Compound

Cell Type

Methods

Comments

Ref

vesicles, and increased
numbers of lysosomes and
late endosomes;
morphologically larger late
endosomes, needed for late
endosome interaction

Monl-Cczl

Yeast

CFM, ivFA,
WB, KD

Monl-Cczl complex was
dependent on Vps21 and
Vps8, facilitated late
endosome maturation, and
worked as a guanine
exchange factor specific for
Rab7

Nordmann, 2010426

D12

NIH3&3 and HEK293

CFM, WB, KD

SNARE protein localized
in the ER and vesicles with
ER and Golgi properties;
D12 suppression caused an
increase of lipofuscin
granules which were a
result of decreased
mitophagy; interacted with
VAMP7, a known SNARE
for endosomes; appeared
involved in late endosome-
lysosome interactions

Okumura, 2006427

Arf-like GTPase 8 (Arl8)

C. elegans

CFM, KD

Decreased Arl8 levels;
caused decreased lysosome
mobility and caused
decreased late endosome-
lysosome interactions;
produced morphologically
smaller late endosomes and
lysosomes; may be a
SNARE

Nakae, 2010428

Vps3 and Vps8

Yeast

CFM, ivFA, KD

Identified as endosome
tethering complex included
with class C core vacuole/

endosome tethering
complexes; needed for late
endosome and lysosome
interactions; mutations
caused loss of acidity and
lack of fusion

Peplowska, 2007387

Late endosome/lysosome
membrane adaptor pl8

Mouse embryonic fibroblasts

CFM, WB, KD

KD of pl8 caused defects in
endosome dynamics,
abnormal morphology of
late endosomes and
lysosomes, and
accumulation of late
endosomes; needed for late
endosome-lysosome
interactions

Takahashi, 2012429

Atl8

U937

CFM, FC, WB,
KD

KD of Arl8b caused
decreased endocytic flux
and decrease in lysosome

interactions; Arl8b
recruited Vps41l HOPS
complex likely to facilitate
endocytic delivery

Garg, 2011430

wduosnue Joyiny vd-HIN

TEM = Transmission electron microscopy; CFM = Confocal fluorescence microscopy; WB = Western blotting; KD = knock-downs; //FA-in vitro
fusion assays; FC = flow cytometry.
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Table 13

Proteins involved in autophagosome maturation and interactions.

Page 157

Protein Cell type Techniques Role Reference
TECPR1 HER293 TEM, CFM, WB, Recruited Atgl2-Atg5 to the autophagosome Chen, 2012444
KD membrane; the formed complex then bound to
phosphatidylinositol 3-phosphate; the complex was
essential for fusion between autophagosomes and
lysosomes
UVRAG Helaand TCT116 TEM &WB, KD Bound to either Beclinl or C-Vps, stimulated Liang, 2008445
autophagosome interaction with either lysosomes or
endosomes, was responsible for Rab7 localization.
HDAC6 HDAC6 TEM, CFM, WB, Knockdown of HDACS6 caused accumulation of Lee, 2010446
KD ubiquitin-labeled protein and an increase in
autophagosome formation
OTALI NIH3T3, COS-7, MEF TEM, CFM, WB, OTAL1 was a GAP protein, bound with Atg8 which Itoh, 2011447
KD is a known autophagosome protein; GFP-OTAL1
was also in the cytosol and Golgi; OTAL1 bound to
Rab33b which was required for autophagosome-
lysosome interaction
Hsc70 NIH3T3, RALA255-10G CFM, TEM Hsc70-positive lysosomes interacted less with Koga, 2010448
autophagosomes; these lysosomes appeared
prevalent in CMA,; the interaction was also ATP,
GTP, temperature, and lysosomal pH-sensitive
Vps4, Fabl D. melongaster CFM, TEM, KD Vps4 KD resulted in autophagosome accumulation; Rusten, 20073882
loss of Fabl functionality resulted in loss of
interaction with lysosomes
B'-COP, B- HelLa, HEK293A CFM, TEM, WB, COPI protein knockdown (consisting of B'-COP, B- Razi,20099388b
COP, and a- KD COP, and a-COP) caused decrease in
COoP autophagosome-lysosome formation, an increase in

autophagosome number, and disruption of endosome
pathway

TEM = Transmission electron microscopy; CFM = Confocal fluorescence microscopy; WB = Western blotting; KD = knockdowns.
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Proteins involved in phagosome interactions.

Table 14
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Protein

Cell Type

Phagocytosed

Methods

Results

Ref

Ezrin and Arp2/3

RAW264.7

Avidin-coated latex beads

TEM, CFM, KD

Dysfunctional Ezrin
reduced actin coating;
Ezrin regulated
phagosome-lysosome
fusion and recruited
Arp2/3, which was
identified as
cytoskeleton-
associated protein

Marion, 2011457

Surface Protein D (SPD)

Human lung macroph
ages

M. tuberculosis
lipoglycan-coated beads

TEM, CFM

SPD increased
interactions between
lysosomes and
phagosomes; it
associated with
lipoglycan

Ferguson, 2006458

Group V secretory
phospholipase A2

Mice peritonea 1
macroph ages

C. albivans

CFM, KD

Phagosome-lysosome
interaction reduced
50-60% in KD

Balestrieri, 2009459

Integrin-p-1

Bone marrow macroph
ages

FITC-labeled E. Coliand
S. aureus

CFM, WB

Decreased Integrin-f-1
concentration caused
reduced lysosome-
phagosome interaction;
associated with
decrease in F-actin
accumulation;
decreased Racl, Rac2,
and Cdc42 caused
decrease in integrinl

Wang, 2008460

CD63

RAW264.7

M. tuberculosis

CFM, WB,

CD63 was increased in
interacting lysosomes
and phagosomes, a
lysosome glycoprotein,
RILP, was not
incorporated during
interaction; M.
tuberculosis-containing
phagosomes may fuse
with late endosomes
and lysosomes

Seto, 2010461

Rab and RILP

J774A.1 and RAW264.7

Live bacillus Camille-
Guerin (BCG)

CFM

Phagosomes with latex

beads were associated
with Rab7 and RILP;

phagosomes with BCG

had reduced Rab7 and

RILP levels, and

increased levels of a

Rab7 GAP inactivating

factor

Sun, 2007,462

Acid sphingomye linase(ASM)

Peritonea | and mouse
embryonic fibroblasts

L. monocytogenes

WB, CFM, KD

ASM found in
endosomes, lysosomes,
and phagosomes; KD
of ASM caused
decrease in
phagosome-lysosome
interaction and
increased mannose-6-
phosphate and Rab7
localization to the
phagosome; decreased
phagosome acidity

Schramm, 2008463

Tyrosine kinase VSK3

D. discoideu m

Protein G- labeled beads

CFM, TEM, KD

Chem Rev. Author manuscript; available in PMC 2014 April 10.
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Page 159

Protein

Cell Type

Phagocytosed

Methods

Results

Ref

and decreased
interaction between
lysosomes with
phagosomes

Rab7 and Rab- interacting
lysosomal protein (RILP)

C57BI.6J

B. abortus

CFM, KD

KD of Rab7 and
increase of RILP
caused decrease in
interaction of
phagosomes with late
endosomes and
lysosomes

Starr, 2008465

NSF-SNARE

J774E and HelLa

S.typhimurium

CFM, KD

Endosome-phagosome
interaction required
ATP and NSF
SNARE; phagosomes
contained Rab5 and
EEAl

Parashu raman, 2010466

LIMP-2

CHO, mouse embryonic
fibroblasts

L. monocytogenes

CFM, WB, KD,

LIMP2 KD caused
decreased phagosome-
lysosome interaction

Carrasco-Marin, 2011467

Toll-like receptor 2

RAW264.7

BSA-labeled microspheres

CFM, TEM, KD

TLR triggers LC3
recruitment to
phagosomes; mediated
by Atg5, Atg7, Beclinl,
and phosphoinositol-3-
kinase; Atg5 and PI3K
KD decreased
interaction of
phagosomes and
autophagosomes; TLR
protein increase caused
increased lysosome-
phagosome
colocalization

Sanjuan, 2007468

Ark and Sarl

U937.1

L. pneumophilia

TEM, KD

Phagosome-ER
interactions were
decreased with
knockdown of ADP
ribosylation factor
protein and Sarl
proteins (a GTPase)

Robinson, 2006469

TEM = Transmission electron microscopy; CFM = Confocal fluorescence microscopy; WB = Western blotting; KD = knock-downs; /VFA- in vitro

fusion assays; FC = flow cytometry.
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