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25  Despite recent advances, many yeast mitochondrial proteins still remain with their functions
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29
30 ABSTRACT:
31 Despite recent advances in the characterization of yeast mitochondrial proteome, the
32  submitochondrial localization of a significant number of proteins remains elusive. Here, we
33  describe a robust and effective method for determining the suborganellar localization of yeast
34  mitochondrial proteins, which is considered a fundamental step during mitochondrial protein
35 function elucidation. This method involves an initial step that consists of obtaining highly pure
36 intact mitochondria. These mitochondrial preparations are then subjected to hypotonic shock
37  (swelling), which selectively disrupts the outer mitochondrial membrane, generating mitoplasts.
38 The procedure is carried out in the presence or absence of proteinase K. Intact mitochondria are
39 initially sonicated, and then subjected to alkaline extraction with sodium carbonate. Finally, after
40 centrifugation, the pellet and supernatant fractions from these different treatments are analyzed
41 by SDS-PAGE and western blot. In addition, to getting information about the topology of
42  membrane proteins, the submitochondrial localization of the protein of interest is obtained by
43  comparing its western blot profile with known standards.
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INTRODUCTION:

Mitochondria are essential organelles of eukaryotic cells that play crucial roles in bioenergetics,
cellular metabolism, and signaling pathways?. To properly execute these tasks, mitochondria rely
on a unique set of proteins and lipids responsible for their structure and function. The budding
yeast Saccharomyces cerevisiae has been widely used as a model system for investigations on
mitochondrial processes, as well as for other organelles?. The mitochondrial genome codes for
only eight proteins in yeast; the vast majority of mitochondrial proteins (~*99%) are encoded by
nuclear genes, which are translated on cytosolic ribosomes, and then imported into their correct
submitochondrial compartments by sophisticated protein import machineries®>>. Thus,
mitochondrial biogenesis depends on the coordinated expression of both the nuclear and
mitochondrial genomes®’. Genetic mutations causing defects in mitochondrial biogenesis are
associated with human diseases®1°.

In the past two decades, high-throughput proteomic studies targeting highly-purified
mitochondria resulted in a comprehensive characterization of yeast mitochondrial proteome.
Yeast mitochondrial genome is estimated to be composed of at least 900 proteins~14. Although
these studies provided valuable information, the suborganellar localization of each protein in the
four mitochondrial subcompartments, namely, the outer membrane (OM), intermembrane
space (IMS), inner membrane (IM), and matrix, is still required. This question was partially
addressed with proteomic-wide studies of the two smaller mitochondrial subcompartments (OM
and IMS)*>'¢ More recently, Vogtle and collaborators made a major step forward by generating
a high-quality global map of submitochondrial protein distribution in yeast. Using an integrated
approach combining SILAC-based quantitative mass spectrometry, different submitochondrial
fractionation protocols, and the data set from the OM and IMS proteomes, the authors assigned
818 proteins into the four mitochondrial subcompartments?3.

Despite the advances achieved by these high-throughput proteomic studies, our knowledge
about the submitochondrial proteome composition is far from being complete. Indeed, among
986 proteins reported by Vogtle and collaborators as being localized into yeast mitochondria,
168 could not be assigned in any of the four submitochondrial compartments'3. Moreover, the
authors did not provide information about the membrane topology of proteins that were
predicted to be attached to the periphery of mitochondrial membranes. For example, it is not
possible to know if a protein that was assigned as peripherally attached to the inner membrane
is facing the matrix or the intermembrane space. Apart from these missing data from the
proteome-wide studies, there are conflicting information about the suborganellar localization of
a significant number of mitochondrial proteins. One example is the protease Prdl, which has
been assigned as an intermembrane space protein in the common databases such as
Saccharomyces Genome Database (SGD) and Uniprot. Surprisingly, using a subfractionation
protocol similar to that described here, Vogtle and collaborators clearly showed that Prdl is a
genuine matrix protein'3. As mentioned above, the submitochondrial localization of many
mitochondrial proteins needs to be elucidated or reevaluated. Here, we provide a simple and
reliable protocol to determine the suborganellar localization of yeast mitochondrial proteins. This
protocol was developed and optimized by various research groups and has been routinely used
to determine the submitochondrial localization, as well as the membrane topology of many
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mitochondrial proteins.
PROTOCOL:
1. Growth of yeast cells

1.1. Isolate single colonies of the strain of interest by streaking a small portion of the cells from a
-80 °C glycerol stock onto a YPD (1% yeast extract, 2% peptone, 2% glucose) agar plate. Incubate
the plate at 30 °C for 2-3 days.

NOTE: The S. cerevisiae strain used in this protocol is derived from BY4741 (MATa; his3A1;
leu2A0; met15A0; ura3A0). With the exception of the auxotrophic marker genes, this strain does
not contain any deleted gene and does not carry any plasmid. Thus, it can be successfully
cultivated in a rich medium, stimulating vigorous cell growth. When working with strains
transformed with plasmids, use the appropriate minimal medium for plasmid selection.

1.2. Prepare a starter culture by inoculating 2—3 individual colonies from YPD agar plate in 10-20
mL of YPGal medium (1% yeast extract, 2% peptone, 2% galactose) in a 100 mL Erlenmeyer flask.
Incubate at 30 °C for 24 h with vigorous shaking.

NOTE: The choice of the growth medium depends on the yeast strain used in the protocol. Both
YPD and YPGal contain fermentable carbon sources, which allow for the growth of strains that
do not perform mitochondrial respiration. However, since glucose represses the expression of
many mitochondrial genes, it is not recommended to use this carbon source since it will produce
lower amounts of mitochondria. When working with strains that can respire, it is also possible to
use a carbon source that helps cells to respire such as glycerol and ethanol. In this case, a higher
yield of mitochondria will be obtained.

1.3. Dilute the starter culture into 1 L of fresh YPGal medium to an ODggg less than 0.1. Cultivate
the cells at 30 °C with vigorous shaking until ODeoo reaches 1-1.5.

NOTE: Determine the growth rate (doubling time) for each yeast strain before performing the
experiment. This will provide an accurate estimate of the time of incubation required for the
culture to reach an ODggo of 1-1.5.

2. Isolation of highly purified mitochondria

NOTE: This protocol is adapted from?'’, with minor modifications.

2.1. Harvest the cells by centrifugation at 3,000 x g for 5 min at room temperature.

2.2. Wash the cells with distilled water and collect them by centrifugation at 3,000 x g for 5 min
at room temperature.
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2.3. Determine the wet weight of the cells.

NOTE: The easiest way to measure the weight of the cell pellet from step 2.2 is to determine the
weight of the empty centrifuge tube just before the collection of the cells. After centrifugation,
discard the supernatant and measure the weight of the same tube with the cells. The weight of
the cells is the difference between the two measurements.

2.4. Resuspend the cells in DTT buffer (2 mL per 1 g of cells) using a Pasteur pipette or P5000 tip.
See Table 1 for DDT buffer composition.

2.5. Incubate the cells at 30 °C for 20 min with gentle shaking (~70 rpm).
2.6. Centrifuge at 3,000 x g for 5 min at room temperature to pellet the cells.

2.7. Wash the cells with Zymolyase buffer without the enzyme (about 7 mL per 1 g of cells).
See Table 1 for Zymolyase buffer composition.

2.8. Centrifuge at 3,000 x g for 5 min at room temperature to pellet the cells.
2.9. Resuspend the cells in the buffer without Zymolyase (7 mL per 1 g of cells).

2.10. Transfer the cell suspension to a 250 mL Erlenmeyer flask and add Zymolyase-20T (3 mg per
g wet weight).

2.11. Incubate the cells at 30 °C for 30—40 min with gentle shaking (~70 rpm). Check the efficiency
of this process by comparing the turbidity of the cell suspension before and after Zymolyase
treatment.

NOTE: In this step, the cells will be converted into spheroplasts due to cell-wall digestion by
Zymolyase.

2.11.1. For this, add 50 pL of each cell suspension to separate glass tubes containing 2 mL of
water. After mixing vigorously, the turbidity of the cell suspension treated with Zymolyase should
rapidly decrease due to the osmotic disruption of spheroplasts. On the other hand, the turbidity
of the non-treated cell suspension should remain unchanged.

NOTE: The effects of turbidity can also be monitored by simple visual inspection or by measuring
the ODeoo of both samples. In the second case, the ODegoo of the zymolyase treated sample should
be 10%—20% of the non-treated sample. An alternate method involves counting the cells in both
samples by using light microscopy.

2.11.2. If the yield of spheroplasts formation is low, add more Zymolyase and incubate for a
further 15 min interval.
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2.12. Harvest the spheroplasts by centrifugation at 2500 x g for 5 min at 4 °C.

NOTE: All the further steps should be carried out fast and on ice or at 4 °C to avoid protein
degradation by hydrolytic enzymes.

2.13. Wash the spheroplasts twice with ice-cold homogenization buffer (about 6.5 mL per 1 g of
cells) and pellet by centrifuging at 2,500 x g for 5 min at 4 °C. See Table 1 for homogenization
buffer composition.

2.14. Resuspend the spheroplasts in ice-cold homogenization buffer (6.5 mL per 1 g of cells) and
transfer it to a pre-chilled glass Dounce homogenizer. Use a large glass homogenizer of
approximately 30 mL.

2.15. Homogenize the spheroplasts with 15 strokes using a pestle.

NOTE: The number of strokes should be adjusted depending on the pestle fitting. For tight pestle,
15 strokes are sufficient. On the other hand, if using a loose pestle, it is recommended to perform

up to 25 strokes.

2.16. Transfer the homogenate to a 50 mL centrifuge tube and add 1 volume of ice-cold
homogenization buffer.

2.17. Centrifuge the homogenate at low speed, 1,500 x g for 5 min at 4 °C to pellet nuclei, cell
debris, and unbroken cells.

2.18. Transfer the supernatant to a new 50 mL centrifuge tube using a Pasteur pipette or P5000
tip taking care to avoid disrupting the pellet.

2.19. Centrifuge at 4,000 x g for 5 min at 4 °C.

2.20. Transfer the supernatant to a high-speed centrifuge tube, and centrifuge at 12,000 x g for
15 min at 4 °C to pellet the crude mitochondria fraction.

2.21. Discard the supernatant and gently wash the crude mitochondrial pellet in 20—-30 mL ice-
cold homogenization buffer by gentle pipetting using a P5000 tip.

2.22. Transfer the suspension to a 50 mL centrifuge tube and centrifuge at 4,000 x g for 5 min at
4 °C to pellet the remaining cell debris.

2.23. Transfer the supernatant to a high-speed centrifuge tube, and centrifuge at 12,000 x g for
15 min at 4 °C to pellet the crude mitochondria fraction.

2.24. Discard the supernatant and gently resuspend the crude mitochondrial pellet in a small
volume (typically 1000 uL) of ice-cold SEM buffer by gentle pipetting using a P1000 tip. See Table
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1 for SEM buffer composition.

NOTE: Although this crude mitochondrial fraction can be used directly in some applications such
as in organello protein import assays, it contains substantial amounts of other cellular
components. These contaminations might lead to misinterpretations of the results when
determining the submitochondrial localization of a protein. Therefore, further purification steps
are required to get highly purified mitochondrial preparation, as described below.

2.25. Prepare sucrose solutions in the EM buffer at concentrations of 60%, 32%, 23%, and 15%
(w/v). These solutions are stable for up to 1 month at 4 °C. See Table 1 for EM buffer composition.

2.26. Prepare a 4-step sucrose gradient in an ultracentrifuge tube as follows: Place 1.5 mL of 60%
(w/v) sucrose onto the bottom of the centrifuge tube. Next, pipette carefully stepwise: 4 mL of
32%, 1.5 mL of 23%, and 1.5 mL of 15% sucrose (w/v). Take care to avoid disrupting the phases.
2.27. Carefully load the crude mitochondrial fraction on top of the sucrose gradient.

2.28. Centrifuge for 1 h at 134,000 x g at 4 °C in a swinging bucket rotor.

2.29. Carefully keep removing the sucrose solution until the highly purified mitochondria fraction
is reached which is represented by a brown band at the 60%/32% sucrose interface.

2.30. Recover the purified mitochondria using a P1000 cut tip and place it into a pre-chilled high-
speed centrifuge tube.

2.31. Dilute the recovered mitochondria with 5-10 volumes of ice-cold SEM buffer.
2.32. Centrifuge for 30 min at 12,000 x g at 4 °C.

2.33. Resuspend the pure mitochondria in 500 pL of ice-cold SEM buffer by gentle pipetting using
a P1000 cut tip.

2.34. Determine the protein concentration of the highly purified mitochondrial preparation using
the Bradford procedure following the manufacturer's instructions. Adjust the protein
concentration to 10 mg of protein/mL with ice-cold SEM buffer.

NOTE: For the submitochondrial fractionation protocol described below, it is recommended to
use freshly prepared mitochondria. However, Vogtle and collaborators performed a detailed
quality control analysis of the mitochondrial intactness and showed that frozen organelles can
also be used in this protocol3. For this, make aliquots of 40 pL and freeze them in liquid nitrogen.
Store at -80 °C.

3. Submitochondrial fractionation protocol
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NOTE: This protocol is adapted from reference'® and is composed of two steps: (1) hypotonic
swelling in the presence or absence of proteinase K, and (2) sonication followed by carbonate
extraction. Perform all the steps of both the protocols on ice or at 4 °C to avoid protein
degradation.

3.1. Hypotonic swelling in the presence of proteinase K

3.1.1. Transfer 40 pL of highly purified mitochondria at 10 mg/mL (400 pg) into four 1.5 mL pre-
chilled labeled microcentrifuge tubes.

3.1.2. Add 360 pL of SEM buffer in tubes 1 and 2.
3.1.3. Add 360 pL of EM buffer in tubes 3 and 4.

3.1.4. Add 4 pL of proteinase K (10 mg/mL) in tubes 2 and 4. Use the pipetting scheme listed in
Table 2 to avoid mistakes.

NOTE: Prepare a 10 mg/mL solution of proteinase K in water immediately before use. The final
concentration of proteinase K in the experiment should be around 50—-100 pg/mL. Please see the
Discussion section for further details.

3.1.5. Mix all the tubes gently and incubate on ice for 30 min with occasional mixing.

3.1.6. Add 4 pL of 200 mM PMSF to all the four tubes to stop proteinase K activity.

CAUTION: PMSEF is highly toxic. Wear gloves when working with solutions containing PMSF.

3.1.7. Centrifuge at 20,000 x g for 30 min at 4 °C.

3.1.8. Collect the supernatant and transfer it to a new 1.5 mL pre-chilled labeled microcentrifuge
tube. Take care to avoid disrupting the pellet.

NOTE: The pellet can be directly resuspended in the sample buffer for further SDS-PAGE and
western blot analysis. However, traces of proteinase K can remain active even after PMSF
treatment and eventually can digest some proteins after the pellet has been dissolved in the SDS-
containing sample buffer. To avoid this problem, proteinase K could be completely inactivated
by treatment of the samples with trichloroacetic acid (TCA) as described below.

CAUTION: TCA is highly toxic. Wear gloves when working with solutions containing TCA.
3.1.9. Resuspend the pellet from step 3.1.8 in 400 L of ice-cold SEM buffer.

3.1.10. Precipitate the supernatant (from step 3.1.8) and the resuspended pellet (from step 3.1.9)
with TCA to a final concentration of 10% (w/v).
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3.1.11. Incubate all the tubes on ice for 10 min.
3.1.12. Centrifuge the TCA-treated samples for 10 min at 12,000 x g at 4 °C.
3.1.13. Remove the supernatant and resuspend the pellet in 200 pL of sample buffer.

NOTE: It is possible that the bromophenol blue pH indicator turns yellow because of the acid
treatment. If this happens, add small aliquots (1-5 uL) of 1 M Tris base until it turns blue.

3.1.14. Add 4 pL of 200 mM PMSF to all the tubes.
3.1.15. Store all the samples at -80 °C until further analysis by SDS-PAGE and western blot.
3.2. Sonication and carbonate extraction

NOTE: In this protocol, it is not necessary to use freshly prepared mitochondria once the
sonication causes the rupture of the mitochondrial membranes.

3.2.1. Transfer 200 L of highly purified mitochondria at 10 mg/mL (2 mg protein) into a 1.5 mL
pre-chilled microcentrifuge tube.

3.2.2. Dilute mitochondria one-fold with ice-cold SEM buffer.
3.2.3. Sonicate mitochondria for 3 x 30 s on ice. Use a sonicator compatible for small volumes.
3.2.4. Centrifuge the sample for 30 min at 100,000 x g at 4 °C.

3.2.5. Collect the supernatant and transfer it to a new 1.5 mL pre-chilled microcentrifuge tube.
Keep it on ice. This sample will be named soluble protein fraction (S).

3.2.6. Resuspend the pellet from step 3.2.4 in 400 pL of ice-cold SEM buffer.
3.2.7. Take 100 pL of the resuspended pellet from step 3.2.6 and transfer it to a new 1.5 mL pre-
chilled microcentrifuge tube. Keep it on ice. This sample will be named submitochondrial particles

fraction (SMP).

3.2.8. Dilute the remaining 300 uL from step 3.2.6 one-fold with freshly prepared 200 mM sodium
carbonate.

3.2.9. Incubate the sample from step 3.2.8 on ice for 30 min.

3.2.10. Centrifuge the sample for 30 min at 100,000 x g at 4 °C.
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3.2.11. Collect the supernatant and transfer it to a new 1.5 mL pre-chilled microcentrifuge tube.
Keep it on ice. This sample will be named carbonate supernatant fraction (CS).

3.2.12. Resuspend the pellet from step 3.2.10 in 400 pL of ice-cold SEM buffer. This sample will
be named carbonate precipitated fraction (CP).

3.2.13. Precipitate all the samples (S, SMP, CS, and CP) with TCA to a final concentration of 10%
(w/v).

3.2.14. Incubate all the tubes on ice for 10 min.
3.2.15. Centrifuge the TCA-treated samples for 10 min at 12,000 x g at 4 °C.

3.2.16. Remove the supernatant and resuspend each pellet in the sample buffer. If the sample
buffer becomes yellow, add small aliquots (1-5 pL) of 1 M Tris base until it turns blue.

3.2.17. Add 1 pL of 200 mM PMSF to all the tubes.
3.2.18. Store all the samples at -80 °C until further analysis by SDS-PAGE and western blot.

REPRESENTATIVE RESULTS:

The success of submitochondrial fractionation protocol depends on obtaining highly purified
intact mitochondria. For this, it is essential that during the yeast cell lysis, the intactness of the
organelles remains almost totally preserved. This is achieved by using a cell lysis protocol that
combines the enzymatic digestion of the cell wall followed by physical disruption of the plasma
membrane by using a Dounce homogenizer. The mitochondrial contents are then collected by
differential centrifugation. This subcellular fractionation yields an enriched mitochondrial
fraction, as confirmed by the presence of high levels of porin Porl, a mitochondrial marker
protein (Figure 1, lane 2). However, this is crude mitochondria fraction and contains substantial
amounts of other cellular compartments, including endoplasmic reticulum, vacuole, cytosol, and
endosome (Figure 1, lane 2). These contaminations may introduce artifacts in some applications,
such as submitochondrial protein localization experiments. To decrease the amount of these
contaminations, the crude mitochondrial fraction is further purified on sucrose density gradient
centrifugation. This additional purification step generates a fraction containing highly purified
mitochondria, as evidenced by a significant reduction of protein markers for other cellular
compartments (Figure 1, lane 3).

In order to determine the submitochondrial localization of proteins, the highly purified
mitochondria are further fractionated into their subcompartments (Figure 2A). This protocol
involves the conversion of mitochondria into mitoplasts by hypotonic osmotic shock. In this
process, intact mitochondria are incubated in a hypoosmotic buffer resulting in swelling of the
organelle. During swelling, the outer mitochondrial membrane is selectively ruptured by osmotic
unbalance and the intermembrane space protein content is released into the supernatant. All
this procedure is performed in the presence or absence of proteinase K. As a consequence of the
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outer membrane disruption, the protease gains access to intermembrane space protein content
and promotes the degradation of the corresponding proteins. In contrast, the protein content of
the mitochondrial matrix remains protected from attack of the protease due to the integrity of
the inner mitochondrial membrane. After these treatments, the protein content of the different
samples is evaluated by SDS-PAGE and western blot analyzes.

The efficiency of converting mitochondria to mitoplasts by osmotic shock (swelling) can be
monitored in two ways: (1) disappearance of the soluble intermembrane space marker protein
(e.g., cytochrome Cyt. by) in the pellet fraction from mitoplasts with its concomitant appearance
in the supernatant fraction (Figure 2B, compare lane 3 with lane 7); (2) selective degradation of
the inner-membrane marker protein facing the intermembrane space (e.g., Scol) by proteinase K
only in mitoplasts, due to the disruption of the outer membrane by osmotic shock (Figure 2B,
lane 4). In addition, the protection of the markers Cyt. b, and Scol against proteinase K
degradation in the pellet fraction from mitochondria are used to confirm the integrity of the
outer mitochondrial membrane (Figure 2B, lane 2). On the other hand, the integrity of the inner
mitochondrial membrane is confirmed by the protection of the matrix soluble protein marker a-
KGD against proteinase K degradation (Figure 2B, lane 4). To determine the submitochondrial
localization of a protein of interest, simply compare its western blot profile with the profiles of
these standards with known localization.

In the case of the protein depicted in Figure 2B (Prx1), its western blot profile is indicative of a
protein with dual mitochondrial localization: intermembrane space and matrix. At first glance, its
fractionation profile is similar to a-KGD, indicating a matrix localization. However, its presence in
the supernatant of mitoplasts also indicates an intermembrane space localization. The
fractionation profiles of protein markers described above eliminate the possible artifacts
associated with the integrity of the mitochondrial preparation and corroborate the dual
localization of Prx1%.

To investigate the topology of proteins on mitochondrial membranes, mitochondria are
submitted to two additional treatments: sonication and carbonate extraction (Figure 3A). While
sonication releases only soluble proteins into the supernatant fraction?3, alkaline extraction with
sodium carbonate additionally solubilizes peripherally membrane-associated proteins>?°. In
both the treatments, integral membrane proteins remain in the pellet fraction!3. These
assumptions are confirmed by western blot analysis of the pellet and supernatant fractions from
both treatments (Figure 3B). An integral mitochondrial membrane protein (e.g., porin Porl) is
expected to be found totally in the pellet fraction, even after the alkali treatment with sodium
carbonate (Figure 3B, lanes 3 and 5). On the other hand, a soluble matrix protein (e.g., a-KGD) is
expected to be completely solubilized in both the treatments (Figure 3B, lanes 2 and 4). The
significant retention of a-KGD in the pellet from sonication (Figure 3B, lane 3, SMP fraction) might
be due to slight variations in the sonication parameters that can affect the formation of the so-
called submitochondrial particles, which are efficiently sedimented by ultracentrifugation. The
behavior of these proteins with known solubility profiles are then used to determine the
mitochondrial solubility of a protein of interest. In the case of Prx1, its western blot profile is
suggestive of a protein associated with the membrane periphery and alkaline treatment induces
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its solubilization (Figure 3B, lane 4).

FIGURE AND TABLE LEGENDS:

Figure 1: Isolation of highly purified mitochondria. Western blot analysis of total lysate fraction
(lane 1), a crude mitochondrial fraction (lane 2), and highly purified mitochondrial fraction (lane
3). The fractions were separated by SDS-PAGE on a 12% polyacrylamide gel, transferred to
nitrocellulose and probed with antibodies raised against markers for distinct cellular
compartments as described on the right side of the gel. This figure has been modified from
reference®.

Figure 2: Submitochondrial fractionation protocol by hypotonic swelling in the presence of
proteinase K. (A) Schematic representation of submitochondrial fractionation protocol. Highly
purified mitochondria are separately subjected to isotonic or hypotonic treatments (swelling) in
the presence (+) or absence (-) of proteinase K. After treatment, the activity of proteinase K is
inhibited by the addition of PMSF, and mitochondria and mitoplasts are recovered by
centrifugation. The protein content from the resulting pellet and supernatant fractions is
precipitated by TCA, and then analyzed by SDS-PAGE and Western blot. The color spheres
represent submitochondrial protein markers for: a soluble intermembrane space protein (green),
an inner membrane protein that faces the intermembrane space (pink), and a soluble matrix
protein (light blue). (B) Western blot analysis of pellet and supernatant fractions from
submitochondrial fractionation protocol. The fractions were separated by SDS-PAGE on a 12%
polyacrylamide gel, transferred to nitrocellulose and probed with antibodies raised against
markers for distinct submitochondrial compartments as depicted in A. See text for more details.
This figure has been modified from?*°.

Figure 3: Submitochondrial fractionation protocol by sonication and carbonate extraction. (A)
Schematic representation of the protocol used to determine the solubility and membrane
topology of mitochondrial proteins. Mitochondria are initially sonicated and centrifuged,
resulting in a soluble protein fraction (S), and the compartmentalized membranous product,
called submitochondrial particle (SMP). The pellet from the sonication step is subsequently
submitted to an alkaline treatment with sodium carbonate (Na>COs) and centrifuged, resulting in
carbonate supernatant (CS) and carbonate-precipitated fractions (CP). (B) Western blot analysis
of pellet and supernatant fractions from sonication and carbonate extraction protocol. The
fractions were separated by SDS-PAGE on a 12% polyacrylamide gel, transferred to nitrocellulose
and probed with antibodies raised against protein markers showing distinct levels of solubility.
See text for more details. This figure has been modified from?°.

Table 1: Media, solutions, and buffers.
Table 2: Pipetting scheme to perform hypotonic swelling.
DISCUSSION:

The protocol presented here has been successfully used and optimized for a long-time to
determine the protein localization in the submitochondrial compartments3141821-23  The
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reliability and reproducibility of this protocol are strongly dependent on the purity and integrity
of mitochondrial preparations!®. Both of these requirements are achieved by adding an
additional purification step (sucrose density gradient centrifugation) to crude mitochondrial
preparations!3?42>(Figure 1). Besides eliminating unwanted nonmitochondrial contaminants,
this additional purification step also eliminates broken mitochondria and mitoplasts that can
arise from the numerous physical manipulations of the sample during the protocol'®. Thus,
despite increasing the time of the procedure, this sucrose gradient purification step generates
highly purified intact mitochondria, which is considered to be essential for the success of the
submitochondrial fractionation protocol&22,

Vogtle and collaborators reported that frozen organelles (at -80 °C) could also be successfully
used for submitochondrial fractionation®3; we, however, recommend using fresh mitochondrial
preparation. Independent of choice, the intactness of purified mitochondria can be confirmed by
checking the sensitivity of intermembrane space proteins against externally added proteinase K.
If the organelles are intact, proteins of this compartment such as Cyt. b2 and Scol should remain
protected from proteolytic degradation due to the barrier provided by the outer membrane
(Figure 2B, lane 2). In contrast, when the organelles are incubated in a hypoosmotic buffer, the
rupture of the outer membrane due to osmotic shock (swelling) makes these proteins prone to
protease degradation (Figure 2B, lane 4). On the other hand, the proteins present in the matrix
compartment, such as a-KGD, should remain protected against degradation in both mitochondria
and mitoplasts because of the integrity of the inner membrane (Figure 2B, lanes 2 and 4). Thus,
the profiles of these well-studied mitochondrial marker proteins can be used either to assess the
integrity of mitochondrial preparations or the success of the fractionation protocol. Furthermore,
the submitochondrial localization of a protein of interest is obtained simply by comparison of its
fractionation profile with those from the marker proteins®2?(Figure 2B). Importantly, if the
mitochondrial marker proteins show a behavior distinct from that described above, the integrity
of the organelles is likely compromised and, thus, the mitochondrial preparation should not be
used for the purpose of this protocol.

Although hypotonic shock has proven to be a reliable method to distinguish between
intermembrane space proteins versus matrix, this method does not provide information whether
a matrix protein is soluble or attached into the mitochondrial inner membrane. This information
can be achieved by submitting mitochondria to sonication followed by alkaline extraction with
sodium carbonate (Figure 3). While soluble matrix proteins are expected to be released into the
supernatant fraction upon sonication, proteins associated with membranes tend to be in the
precipitate’. On the other hand, alkaline extraction with sodium carbonate efficiently solubilizes
proteins peripherally attached to membranes, but not integral membrane proteins'32°, Thus, if
a protein is resistant against protease degradation after swelling but is released into the
supernatant by alkali treatment, it is probably a peripherally attached inner-membrane protein
facing the matrix compartment. It is important to keep in mind that the success of protease-
sensitivity assay is strikingly dependent on the sensitivity of the protein of interest against the
protease used for digestion. Some mitochondrial proteins seem to be resistant against
proteolytic degradation at the standard proteinase K concentration (0.1 mg/mL) usually
employed in subfractionation protocols (Figure 2B, lane 8)!°. Doubling proteinase K
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concentration (0.2 mg/mL) seems to be sufficient to enable a complete proteolytic degradation.
However, keep in mind that higher concentrations of protease might destabilize the outer
mitochondrial membrane and eventually compromise the effectiveness of the protocol.

There is no doubt that to elucidate the function of mitochondrial proteins, it is essential to
determine their submitochondrial localization. In this regard, this protocol represents a powerful
tool for researchers that are beginning to study mitochondria. Despite being directed to yeast,
many of its principles could be easily applicable to other organisms. Indeed, with the exception
of mitochondrial purification steps, the rest of the protocol is very similar to those reported for
other organisms?®~28, Another important contribution of this protocol is its applicability in the
study of mutants of S. cerevisiae that show altered mitochondrial biogenesis. It has been widely
reported that yeast mutants for mitochondrial protein import machinery show an altered
distribution of mitochondrial proteins>?°. Thus, this protocol can be routinely used to investigate
the consequences on mitochondrial protein distribution caused by mutations that can alter
mitochondrial biogenesis. Finally, the protocol can be particularly useful for investigating
proteins that show dual mitochondrial localization®3°,
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Table 1

Solution
YPD medium

YPGal medium

DTT buffer

Zymolyase buffer

Homogenization buffer

SEM buffer

Components
1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) glucose

1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) galactose

100 mM Tris-H2S04 (pH 9.4), 10
mM dithiothreitol (DTT)

20 mM potassium phosphate buffer
(pH 7.4), 1.2 M sorbitol

10 mM Tris-HCI (pH 7.4), 0.6 M
sorbitol, 1 mM EDTA, 0.2% (w/V)
bovine serum albumin (BSA), 1 mM
phenylmethylsulfonyl fluoride
(PMSF)

10 mM MOPS-KOH (pH 7.2), 250
mM sucrose, 1 mM EDTA

Click here to access/download;Table;Table 1 Jove.xls
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EM buffer

sample buffer

10 mM MOPS-KOH (pH 7.2), 1 mM
EDTA

2% (w/v) sodium dodecylsulfate
(SDS), 50 mM DTT, 10% (v/v)
glycerol, 0.02% bromophenol
blue, 60 mM Tris-HCl (pH 6.8),



Comments
Dissolve 10 g Bacto Yeast extract, 20 g Bacto Peptone and 20 g glucose in 900
m of distilled water added. Fill up to 1000 ml and sterilize by autoclaving.

Dissolve 10 g Bacto Yeast extract, 20 g Bacto Peptone and 20 g galactose in
900 m of distilled water added. Fill up to 1000 ml and sterilize by autoclaving.

To make 15 ml: mix 1.5 ml of 1 M Tris-H2S04, pH 9.4 with 150 pL of 1M DTT
prewarmed at 30 °C.

Volume to 15 ml with ddH20

Prepare freshly prior to use

To make 100 ml: mix 2 ml of 1 M potassium phosphate buffer (pH 7.4) with 60
ml of 2 M sorbitol

Volume to 15 ml with ddH20

Dissolve the powder (3 mg per gram wet weight) of Zymolyase-20T from
Arthrobacter luteus (MP Biomedicals, Irvine, CA) in the buffer just before use

To make 250 ml: mix 2.5 ml of 1 M Tris-HCI buffer (pH 7.4) with 75 ml of 2 M
sorbitol, 500 pL of 500 mM EDTA and 0.5 g of BSA (essentially fatty acid-free)
Volume to 250 ml with ddH20

Pre-cool at 4°C

Add PMSF and BSA in the buffer just before use

To make 250 ml: mix 2.5 ml of 1 M MOPS-KOH buffer (pH 7.2) with 31.25 ml
of 2 M sucrose and 500 plL of 500 mM EDTA

Volume to 250 ml with ddH20

Pre-cool at 4°C just before use.



To make 250 ml: mix 2.5 ml of 1 M MOPS-KOH buffer (pH 7.2) with 500 uL of
500 mM EDTA

Volume to 250 ml with ddH20
Pre-cool at 4°C just before use



Table 2
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Reagent 1 2
Mitochondria (10
40 pL 40 pL
mg/mL) H K
SEM buffer 360 uL 360 uL
EM buffer - -
Proteinase K (10 mg/mL) - 4 uL
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Peer Review File
Response to editor comments:

We thank the editorial board for their helpful suggestions that improved our manuscript.
Please see below for a full point-by-point response to all editor comments.

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues.

R: We have performed a careful revision of our manuscript and corrected spelling and
grammar issues.

2. Please revise the following lines to avoid previously published work: 25-27, 117-119,
253-255.
R: All these sentences have been modified as suggested by the editor.

3. Please ensure that abbreviations are defined at first usage.
R: All abbreviations were checked in this new version of the manuscript.

4. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials. Please sort the Materials Table alphabetically by
the name of the material.

R: All commercial language including company names were removed in this new version
of the manuscript.

5. Please adjust the numbering of the Protocol to follow the JoVE Instructions for
Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary.
Please refrain from using bullets or dashes.

R: Each step of the protocol was adjusted following the JoVe instructions. In addition,
we have included a space between each numbered step or note in the protocol as
suggested in the Template and Instructions for authors.

6. For Sl units, use standard abbreviations when the unit is preceded by a numeral.
Abbreviate liters to L to avoid confusion. Examples: 10 mL, 8 pL, 7 cm2
R: All abbreviations were checked.

7. Please add more details to your protocol steps. Please ensure you answer the “how”
question, i.e., how is the step performed? Alternatively, add references to published
material specifying how to perform the protocol action.

R: Each step of the protocol was revised taking care to provide as much details as
possible. In addition, some new instructive notes were included in this new version of
the manuscript.
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Step 1.1: Please specify the strain of yeast used for the study. What YPD stands for?
What plasmids were used?

R: We thank the editor for reminding us with these important issues. The yeast strain
used in the protocol as well as the meaning of YPD has been added in the manuscript.
The wild-type strain BY4741 used in the protocol does not contain any plasmid. This
information has been added.

Step 1.3 (Notes): Please check the wavelength of the OD
R: The wavelength of the OD was corrected.

Step 2.3: Please provide details regarding the weight determination of the cells
R: We have added a note in the protocol explaining how to determine the wet weight of
cells.

Step 2.15: Please specify the pestle type
R: The pestle type was added in this new version of the manuscript.

Step 2.34: Please mention the Bradford assay or cite published References
R: We now mention the Bradford assay during description of the protocol.

8. Please highlight up to 3 pages of the Protocol (including headings and spacing) that
identifies the essential steps of the protocol for the video, i.e., the steps that should be
visualized to tell the most cohesive story of the Protocol. Remember that non-
highlighted Protocol steps will remain in the manuscript, and therefore will still be
available to the reader.

R: The essential steps of the protocol that should be featured in the video were
highlighted in yellow as suggested in the Template and Instructions for authors.

9. Please ensure that the highlighted steps form a cohesive narrative with a logical flow
from one highlighted step to the next. Please highlight complete sentences (not parts of
sentences). Please ensure that the highlighted part of the step includes at least one
action that is written in the imperative tense.

R: We appreciate the opportunity to clarify some issues around the selected steps. The
focus of this protocol is the submitochondrial localization of proteins. Thus, obtaining
highly purified mitochondrial is completely essential to the successes of the protocol.
However, there is a diverse set of publications describing mitochondrial purification
protocols, including a publication in Jove itself, which we have cited in our protocol
(Gregg, C., Kyryakov, P., Titorenko, V.l. Purification of mitochondria from yeast cells.
Journal of visualized experiments : JoVE. (30), 15-16, doi: 10.3791/1417 (2009). With
that said, we decided to select the steps for the video that focus directly in the
submitochondrial fractionation protocol.

The steps were highlighted following the instructions pointed by the editor.



10. As we are a methods journal, please revise the Discussion to explicitly cover the
following in detail in 3-6 paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

R: We have rewritten parts of the Discussion to cover these important issues raised by
the editor.

11. Please provide reprint permissions for the reuse of the Figures.

R: We send an e-mail for Elsevier Publication Team requesting permission from using
figures from reference number 19 (Gomes et al., 2017), which we are authors. Elsevier
Team answered us saying that is not necessary to obtain permission to reuse these
article’s figures, provided the original work is properly cited. Please see below the e-mail
from Elsevier Team:

Dear Dr. Fernando Gomes

Thank you for contacting us.

This is an open access article distributed under the terms of the Creative Commons CC-
BY license, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

You are not required to obtain permission to reuse this article.

Kind regards,

Roopa Lingayath

Senior Copyrights Coordinator

ELSEVIER | HCM - Health Content Management

12. Please spell out journal titles in all the references.
R: The titles of journals were corrected as suggested in the Template and Instructions
for authors.

Reviewers’ comments:

In the revised manuscript, we addressed all concerns raised by reviewers, which we
believe have helped us to improve the quality of the protocol.

Reviewer #1 (Remarks to the author):

The manuscript describes a protocol for identifying the localization of proteins in the
various sub-compartments of mitochondria. While these protocols are not novel, the
detailed description of the steps and the potential pitfalls in the interpretations would
be useful for labs that are beginning to study mitochondria.

R: We thank the reviewer for highlighting the positive contribution of our protocol for
the field of mitochondria research.



Major Concerns:
No major concerns

Minor Concerns:

Why are cells being grown in YP galactose? please explain. In some genetic backgrounds
this may not be possible.

R: We have added a note in the protocol explaining the reasons to use the YPGal growth
medium.

Line 93: OD6000 should be OD600
R: We thank the reviewer for pointing out this mistake. It was corrected.

Line119: Could a microscopic examination be included/substituted by user for
spheroplast monitoring?

R: We thank the reviewer to mention this additional possibility. It was added in the
protocol.

Line 130: could specify 15 strokes for which pestle type
R: This information was added in this new version of the protocol.

Line210: clarify that the final TCA concentration should be 10% in the supernatant. Pellet
should be resuspended in 10% TCA
R: This issue was clarified in this new version of the protocol.

Line 383: should be sensitivity not sensibility
R: We thank the reviewer for pointing out this mistake. It was corrected.

Reviewer #2:

The authors describe a straightforward protocol to study the subcellular localization of
mitochondrial proteins. According to this protocol it is possible to differentiate different
suborganelle fractions like outer and inner membrane. The manuscript is well presented
and | have only few comments.

R: We thank the reviewer for this positive appreciation of our protocol.

Main point

In order to raise interest for this manuscript and for the protocol it is important to
explain why such a protocol is still needed. A number of proteomic studies for yeast
mitochondria have been carried out so that there is a detailed inventory of
mitochondrial proteins available. In my opinion, there are two points why such a
protocol is still important.

(i) There are conflicting results between high throughput studies and single protein
functional studies (lane 73). Please provide some convincing examples for this
statement from the current literature.



(i) Studying the subcellular mitochondrial proteins might be particular important for the
study of mutants of S. cerevisiae that show altered mitochondrial morphology or cell
cycle regulation. Please provide some examples form the current literature for such a
claim. Mention some convincing studies that used this protocol or a comparable
protocol to clarify an important question for mitochondrial biology. Thereby, it become
clearer why we need such a protocol.

R: We thank the reviewer for helping us to highlight the importance of this protocol. We
have rewritten the third paragraph of introduction and added an additional paragraph
in discussion section. We hope we have covered these important questions raised by
reviewer.

Minor points:
Lane 32: replace the term sublocalization
R: The term sublocalization was replaced by suborganellar localization.

Lane 46: mitochondria rely or the mitochondrion relies
R: We thank the reviewer for pointing out this mistake. It was corrected.

Lane 69: significant number of mitochondrial proteins... Give examples for this
statement

R: The number of proteins that could not be assigned in any of the four submitochondrial
compartments in the study by Vogtle and collaborators was specified in the manuscript.

Lane 38: replace western-blot with Western blot. To my knowledge Western is a last
name.
R: R: We thank the reviewer for pointing out this mistake. It was corrected.

Lane 119: Would it be possible to follow the lysis simply by light microscopy? Would that
be helpful?

R: We thank the reviewer to mention this additional possibility. It was added in the
protocol.

Reviewer #3:
Manuscript Summary:

In this manuscript, the authors described well-known protocols of isolation and
purification of mitochondria combined with two protocols for isolation of different sub-
mitochondrial compartments. Also they use proteins with known mitochondrial
localization as controls for assessing the quality of the fractions and for comparison with
the wester-blot profiles of proteins with unknown localization. These protocols may
allow to study changes in protein localization at mitochondrial level (for instance as a
consequence of alteration in mitochondrial activity) or to determine the sub-
mitochondrial localization of proteins for which this information is not available. The



protocols are described in sufficient detail and follow the general principles of well-
established mitochondrial isolation and purification protocols and so can be of
significant interest for new researchers in the field. | have just a few comments on the
controls used (see below). Also, a list of abbreviations would be helpful since there are
plenty in the text and not always very obvious.

R: R: We thank the reviewer for this positive appreciation of our protocol.

Major Concerns:
| have no major concerns about the manuscript.

Minor Concerns:

Line 284-285 - "in both mitochondria and mitoplasts is used to confirm the integrity of
the outer and inner membrane, respectively" - the presence of the intermembrane
space proteins in the mitochondrial preparation, both treated and untreated with
protease, also confirm the integrity of the outer membrane. Although the figure makes
a good contribution to the clarity of the protocol, the description of the objective of each
treatment is a somewhat confusing.

R: We rewrite this paragraph and we hope we have improved the clarity of each
treatment.

Line 352-353 - "The protocol presented here represents an improvement from a method
that has been used for a long..." - it is not clear what exactly was improved

R: Despite we describe a protocol with high level of details, we agree with the reviewer
that our protocol is practically identical to those reported by other researchers. So, we
decided to remove this statement.



