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17  SHORT ABSTRACT:
18  This protocol is designed to efficiently quantify ubiquitin-proteasome system (UPS) activity in
19  different cellular compartments of the rodent brain. Users are able to examine UPS functioning
20  in nuclear, cytoplasmic and synaptic fractions in the same animal, reducing the amount of time
21 and number of animals needed to perform these complex analyses.
22
23 LONG ABSTRACT
24  The ubiquitin-proteasome system is a key regulator of protein degradation and a variety of other
25  cellular processes in eukaryotes. In the brain, increases in ubiquitin-proteasome activity are
26  critical for synaptic plasticity and memory formation and aberrant changes in this system are
27  associated with a variety of neurological, neurodegenerative and psychiatric disorders. One of
28  the issues in studying ubiquitin-proteasome functioning in the brain is that it is present in all
29  cellular compartments, in which the protein targets, functional role and mechanisms of
30 regulation can vary widely. As a result, the ability to directly compare brain ubiquitin protein
31  targeting and proteasome catalytic activity in different subcellular compartments within the
32  same animal is critical for fully understanding how the UPS contributes to synaptic plasticity,
33  memory and disease. The method described here allows collection of nuclear, cytoplasmic and
34 crude synaptic fractions from the same rodent (rat) brain, followed by simultaneous
35 quantification of proteasome catalytic activity (indirectly, providing activity of the proteasome
36  core only) and linkage-specific ubiquitin protein tagging. Thus, the method can be used to directly
37 compare subcellular changes in ubiquitin-proteasome activity in different brain regions in the
38 same animal during synaptic plasticity, memory formation and different disease states. This
39 method can also be used to assess the subcellular distribution and function of other proteins
40  within the same animal.
41
42  INTRODUCTION
43  The ubiquitin-proteasome system (UPS) is a complex network of interconnected protein
44  structures and ligases that controls the degradation of most short-lived proteins in cells?. In this
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system, proteins are marked for degradation or other cellular processes/fates by the small
modifier ubiquitin. A target protein can acquire 1-7 ubiquitin modifications, which can link
together at one of seven lysine (K) sites (K6, K11, K27, K29, K33, K48 and K63) or the N-terminal
methionine (M1; as known as linear) in the previous ubiquitin?. Some of these polyubiquitin tags
are degradation-specific (K48)3, while others are largely independent of the protein degradation
process (M1)*®. Thus, the protein ubiquitination process is incredibly complex and the ability to
guantify changes in a specific polyubiquitin tag is critical for ultimately understanding the role of
that given modification in cellular functioning. Further complicating the study of this system, the
proteasome, which is the catalytic structure of the UPS’, both degrades proteins but can also be
involved in other non-proteolytic processes®®. Not surprisingly then, since its initial discovery,
normal and aberrant ubiquitin-proteasome activity has been implicated in long-term memory
formation and a variety of disease states, including many neurological, neurodegenerative and
psychiatric disorders®1%, As a result, methods which can effectively and efficiently quantify UPS
activity in the brain are critical for ultimately understanding how this system is dysregulated in
disease states and the eventual development of treatment options targeting ubiquitin and/or
proteasome functioning.

There are a number of issues in quantifying ubiquitin-proteasome activity in brain tissue from
rats and mice, which are the most common model systems used to study UPS function, including
1) the diversity of ubiquitin modifications, and 2) distribution and differential regulation of UPS
functioning across subcellular compartments'*?4. For example, many of the early
demonstrations of ubiquitin-proteasome function in the brain during memory formation used
whole cell lysates and indicated time-dependent increases in both protein ubiquitination and
proteasome activity'>2°. However, we recently found that ubiquitin-proteasome activity varied
widely across subcellular compartments in response to learning, with simultaneous increases in
some regions and decreases in others, a pattern that differs significantly from what was
previously reported in whole cell lysates?!. This is consistent with the limitation of a whole cell
approach, as it cannot dissociate the contribution of changes in UPS activity across different
subcellular compartments. Though more recent studies have employed synaptic fraction
protocols to study the UPS specifically at synapses in response to learning?>24, the methods used
occlude the ability to measure nuclear and cytoplasmic ubiquitin-proteasome changes in the
same animal. This results in an unnecessary need to repeat experiments multiple times, collecting
a different subcellular fraction in each. Not only does this result in a greater loss of animal lives,
but it eliminates the ability to directly compare UPS activity across different subcellular
compartments in response to a given event or during a specific disease state. Considering that
protein targets of ubiquitin and the proteasome vary widely throughout the cell, understanding
how ubiquitin-proteasome signaling differs in distinct subcellular compartments is critical for
identifying the functional role of the UPS in the brain during memory formation and neurological,
neurodegenerative and psychiatric disorders.

To address this need, we recently developed a procedure in which nuclear, cytoplasmic and
synaptic fractions could be collected for a given brain region from the same animal?l.
Additionally, to account for the limited amount of protein that can be obtained from collecting
multiple subcellular fractions from the same sample, we optimized previously established
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protocols to assay in vitro proteasome activity and linkage-specific protein ubiquitination in lysed
cells collected from rodent brain tissue. Using this protocol, we were able to collect and directly
compare learning-dependent changes in proteasome activity, K48, K63, M1 and overall protein
polyubiquitination levels in the nucleus and cytoplasm and at synapses in the lateral amygdala of
rats. Here, we describe in detail our procedure (Figure 1), which could significantly improve our
understanding of how the UPS is involved in long-term memory formation and various disease
states. However, it should be noted that the in vitro proteasome activity discussed in our
protocol, while widely used, does not directly measure the activity of complete 26S proteasome
complexes. Rather, this assay measures the activity of the 20S core, meaning it can only serve as
a proxy to understand the activity of the core itself as opposed to the entire 26S proteasome
complex.

PROTOCOL
All procedures including animal subjects have been approved by the Virginia Polytechnic Institute
and State University Institutional Animal Care and Use Committee (IACUC).

1. Collection and dissection of rodent brain tissue

NOTE: This protocol can be applied to a variety of brain regions and used with various tissue
collection procedures. Below is the procedure used in our lab for subcellular of rat brain tissue,
using 8-9 week old male Sprague Dawley rats. In order to process all cellular compartments in
the same animal, section 1.3. must be followed regardless of the tissue collection procedure
used.

1.1.  Extract the rat brain and place into a cryogenic cup pre-chilled on dry ice. Flash-freeze the
brain on dry ice, or use liquid nitrogen if available, and transfer to a -80 °C freezer. Brains can be
dissected the same day or at a later time.

1.2. Remove the frozen brain from the cryogenic cup and place into a rat brain matrix chilled
with dry ice. Each slot on the matrix corresponds to 0.5 mm, which can be used to determine the
approximate location of the region of interest (ROI).

1.2.1. Using a Rat Brain Atlas, insert a razor blade into the matrix immediately in front (anterior)
of the predicted start of ROl Next, insert a razor blade immediately at the predicted end
(posterior) of ROI.

1.2.2. Remove the slice between the razor blades using a scalpel and place onto a microscope
slide chilled on dry ice. Typically, sections are 2-3 mm thick but this varies based on the ROI.

1.3.  Using a scalpel, dissect out the ROl one hemisphere at a time. Place each hemisphere into
separate 1.5 mL microcentrifuge tubes pre-chilled on dry ice. Frozen tissue can immediately be

used for subcellular fractionation or processed at a later time if stored at -80 °C.

2. Nuclear and cytoplasmic extraction
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NOTE: This protocol uses premade stock solutions of common lab chemicals, including 0.1 M
HEPES, 1 M MgCl,, 1 M Dithiothreitol (DTT), 0.5 M ethylenediaminetetraacetic acid (EDTA), 5 M
NaCl, 10% NP-40 (IGEPAL) and 50% glycerol. If endpoint is used in proteasome activity assays,
glycerol and ATP can be added to all buffers to help prevent disassembly of proteasome
complexes during lysis.

2.1.  Prepare the Lysis Buffer. Add 8.63 mL of ultrapure (deionized and distilled) water to a
sterile 15 mL conical tube.

2.1.1. To the conical tube, add 1,000 uL of 0.1 M HEPES, 15 uL of 1 M MgCl, 100 pL of 1 M DTT
and 50 uL of 10% NP-40.

2.1.2. Add 100 pL of protease inhibitor cocktail and 100 uL of phosphatase inhibitor cocktail.
Briefly vortex the solution to mix and place on wet ice to chill. Note that the solution may have a
yellow tint from the phosphatase inhibitor.

NOTE: The use of protease inhibitors is essential to preserve protein and ensure the specificity of
the in vitro proteasome activity assay. However, these inhibitors may also result in a slight
reduction in proteasome activity, meaning that the activity measured on the in vitro assay may
be an underestimate of actual activity levels.

2.2.  Prepare the Extraction Buffer. Add 5.925 mL of ultrapure (deionized and distilled) water
to a sterile 15 mL conical tube.

2.2.1. To the conical tube, add 2,000 pL of 0.1 M HEPES, 1250 pL of 50% glycerol, 15 uLof 1 M
MgClz, 5 uL of 1 M DTT, 5 pL of 0.5 M EDTA and 600 pL of 5 M NaCl.

2.2.2. Add 100 pL of protease inhibitor cocktail and 100 pL of phosphatase inhibitor cocktail.
Briefly vortex the solution to mix and place on wet ice to chill. Note that the solution may have a
yellow tint from the phosphatase inhibitor.

2.3. Remove the 1.5 mL centrifuge microtube containing one hemisphere of the ROl from the
-80 °C freezer. Ensure that the hemisphere used is counterbalanced across extraction conditions
for each experimental group. For example, in a two-group experiment, use the left hemisphere
for the first two animals in each group and the right hemisphere for the next two samples, etc.

2.4. Using a scalpel, transfer the frozen brain tissue to a 2 mL glass Teflon homogenizer. Add
500 pL of Lysis buffer to the Teflon tube.

2.4.1. Using pestle B, homogenize the same tissue using 15 strokes until no visible amount of
solid material are present. Use a turning motion (clockwise or counter-clockwise) during each
stroke.
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2.5. Using a 1,000 pL pipette, transfer the homogenized sample to a new 1.5 mL
microcentrifuge tube. Place the tube on wet ice and incubate for 30 min.

2.6.  Place tube in microcentrifuge and spin for 10 min at 845 x g and 4 °C. After completion,
carefully remove the supernatant by pipetting and place into a new 1.5 mL microcentrifuge tube;
this is the Cytoplasmic Fraction, which can be stored on ice or at 4 °C until Section 2.9.

2.7. Add 50 pL of Extraction buffer to the resulting pellet and resuspend by pipetting. Do not
vortex the pellet. Place the tube containing the resuspended pellet on ice and incubate for 30
min.

2.8. Place the tube in microcentrifuge and spin for 20 min at 21,456 x g, 4 °C. After completion,
carefully remove the supernatant by pipetting and place into a new 1.5 mL microcentrifuge tube;
this is the Nuclear Fraction. The pellet can now be discarded.

2.9. Measure protein concentration of the Cytoplasmic and Nuclear extractions using the Dc
protein assay (according to the manufacturer's instructions), or any equivalent assay for samples
collected using non-ionic detergents. Proceed immediately to proteasome activity assay (Section
4) or Western blotting (Section 5). Alternatively, samples can be stored at -80 °C until needed.

3. Synaptic fraction collection

NOTE: This protocol uses premade stock solutions of common lab chemicals, including 1 M Tris
(pH 7.5), 0.5 M EDTA, 5 M NaCl and 10% SDS. If endpoint is used in proteasome activity assays,
glycerol and ATP can be added to all buffers to help prevent disassembly of proteasome
complexes during lysis

3.1.  Prepare the TEVP buffer with 320 mM sucrose. Add 60 mL of ultrapure (deionized and
distilled) water to a clean 100 mL beaker.

3.1.1. Tothe beaker, add 1,300 pL of 1 M Tris (pH 7.5), 260 uL of 0.5 M EDTA, 100 pL of protease
inhibitor cocktail, 100 uL of phosphatase inhibitor cocktail and 10.944 g of sucrose. Mix with a
stir bar until sucrose is completely dissolved.

3.1.2. Bring pHto ~7.4 by adding hydrochloric acid (HCI) dropwise to the solution using a pipette.

3.1.3. Transfer the solution to a 100 mL volumetric flask. Bring volume to 100 mL by adding
ultrapure water. Chill the final solution on ice until needed.

3.2.  Prepare the Homogenization Buffer. Add 60 mL of ultrapure (deionized and distilled)
water to a clean 100 mL beaker.
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3.2.1. To the beaker, add 5,000 pL of 1 M Tris (pH 7.5), 3,000 pL of 5 M NaCl, 100 pL of protease
inhibitor cocktail, 100 uL of phosphatase inhibitor cocktail and 2,000 pL of 10% SDS. Mix with a
stir bar.

NOTE: lonic detergents can interfere with proteasome activity assays by resulting in denaturing
of the proteasome complex. The volume of SDS could be lowered to help preserve proteasome
function if desired.

3.2.2. Bring pH to ~7.4 by adding HCI dropwise to the solution using a pipette.

3.2.3. Transfer the solution to a 100 mL volumetric flask. Bring the volume to 100 mL by adding
ultrapure water. Store the final solution at room temperature; do not chill as SDS will precipitate
out of solution.

3.3. Remove the 1.5 mL centrifuge containing one hemisphere of the ROl from the -80 °C
freezer. Ensure that the hemisphere used is counterbalanced across extraction conditions for
each experimental group. For example, in a two-group experiment, use the left hemisphere for
the first two animals in each group and the right hemisphere for the next two samples, etc.

3.4.  Using a scalpel, transfer the frozen brain tissue to a 2 mL glass Teflon homogenizer. Add
500 pL of TEVP buffer to the Teflon tube.

3.4.1. Using pestle B, homogenize the same tissue using 15 strokes until no visible transfers of
solid material are present. Use a turning motion (clockwise or counter-clockwise) during each
stroke.

3.5. Using a 1,000 pL pipette, transfer the homogenized sample to a new 1.5 mL
microcentrifuge tube. Centrifuge the sample at 1,000 x g for 10 min, 4 °C.

3.6. Collect the supernatant and transfer to a new 1.5 mL microcentrifuge tube using a 1,000
uL pipette. Centrifuge the sample at 10,000 x g for 10 min, 4 °C. The original pellet (P1) contains
nuclei and the large debris and can be discarded.

3.7. Transfer the supernatant to a new 1.5 mL microcentrifuge tube. This is a Cytosolic
Fraction. Add 50 uL of Homogenization buffer to the pellet (P2) and resuspend by pipetting until
no solid material is visible.

3.8. Centrifuge the sample at 20,000 x g for 10 min, 4 °C. Transfer the supernatant to a new
1.5 mL microcentrifuge tube; this is the Crude Synaptosomal Membrane (Synaptic) Fraction. The
pellet can be discarded.

3.9. Measure the protein concentration of the Synaptic fraction using the Dc protein assay
(according to the manufacturer’s instructions), or any equivalent assay for samples collected
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using ionic detergents. Proceed immediately to proteasome activity assay (Section 4) or Western
blotting (Section 5). Alternatively, samples can be stored at -80 °C until needed.

4, Proteasome activity assay

NOTE: Proteasome activity can be measured in homogenized brain tissue using a slightly modified
version of the 20S Proteasome Activity Kit. This assay does not directly measure the activity of
complete 26S proteasome complexes. Rather, it measures the activity of the 20S core, meaning
it can only serve as a proxy to understand the activity of the core itself as opposed to the entire
26S proteasome complex. The success of this assay declines with repeated freeze-thaw cycles
and/or increasing levels of detergents, particularly ionic, and requires the use of a plate reader
with a 360/460 (excitation/emission) filter set and heating capabilities up to 37 °C.

4.1. Plate reader settings: Pre-warm to 37 °C and hold through the run.

4.1.1. Set excitation to 360 and emission to 460. If the 96 well plate used is clear, set the optics
position to Bottom. If a dark/black 96 well plate is used, set optics position to Top.

4.1.2. Set older plate reader models to Auto-Gain under the fluorescent read options; newer
models are preset for this. Program a kinetic run with a time of 2 h, scanning (reading) every 30
min.

4.2. Reconstitute the 10x assay buffer provided in the kit with 13.5 mL of ultrapure water. Add
14 uL of 100 mM ATP to the now 1x buffer; this significantly enhances proteasome activity in the
samples and improves assay reliability. The final 20S Assay buffer can be stored on ice or at 4 °C
until needed and is stable for several months.

4.3. Reconstitute the AMC standard provided in kit with 100 pL of DMSO. Perform this step in
the dark or under low light conditions, as the standard is light sensitive.

4.4. Create a stand curve of AMC using the reconstituted standard, in the dark or under low
light conditions.

4.4.1. In separate 0.5 mL microcentrifuge tubes, add 16, 8, 6.4, 3.2, 1.6, 0.8, 0.4 and O pL of the
AMC standard, which corresponds to 20, 10, 8, 4, 2, 1, 0.5 and 0 uM AMC concentration.

4.4.2. To these tubes, in the same order, add 84, 92, 93.6, 96.8, 98.4, 99.2, 99.6 and 100 pL of
20S Assay buffer. This creates a series of high to low AMC concentrations, which will be used for
plate reader calibration and analysis of proteasome activity in the homogenized samples.

4.4.3. Store all diluted standards on ice in the dark until needed.

4,5. Reconstitute the proteasome substrate (Suc-LLVY-AMC) provided in kit with 65 pL of
DMSO. Perform this step in the dark or under low light conditions, as the substrate is light

7
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sensitive. Create a 1:20 dilution of the proteasome substrate in a new 1.5 mL microcentrifuge
tube using 20S Assay buffer. Store the diluted substrate on ice in the dark until needed.

NOTE: For example, if the plate will have 10 samples and 1 blank, you will need enough diluted
substrate for 22 wells (with duplicates) at 10 uL per well. This equates to 220 pL need + 30 pL for
pipetting errors, requiring 12.5 uL of substrate and 237.5 uL of 20S Assay buffer.

4.6. Thaw desired samples (if frozen) and add a normalized amount to a 96 well plate. Run
each sample in duplicates. The amount of sample needed varies based on tissue preparation.
Generally, 10-20 pg is sufficient for any subcellular fraction.

4.7.  Bring the sample well volume to 80 pL with ultrapure water. The amount added depends
on the volume of sample added. For example, if sample 1 was 4.5 pL of protein and sample 2 was
8.7 uL, then the amount of water needed will be 75.5 puL and 71.3 pL, respectively. In two separate
wells, add 80 pL of water alone; these will be the Assay Blanks.

NOTE: In order to limit changes in protein volume due to pipetting errors, protein concentrations
can be normalized to the least concentrated sample. This will allow use of the same sample
volume in all conditions.

4.8. Add 10 pL of 20S Assay buffer to each well, including Assay Blanks. A repeater/automated
pipette is recommended here to ensure consistent assay volume across wells.

4.9. Optional: At this stage, introduce in vitro manipulations if desired; this will require that
each sample has an additional 2 wells per treatment, including the vehicle. If so, add 5-10 uL of
drug/compound of interest to 2 of the sample wells and an equivalent volume of control/vehicle
to another 2 wells. Place the plate onto the pre-warmed plate reader or into a 37 °C incubator
for 30 min.

4.10. Turn off the lights or enter a dark room. Add all 100 pL of diluted AMC standards to a new
well; each standard will have a single well.

4.11. In the dark, add 10 pL of diluted proteasome substrate to wells containing sample and
Assay Blanks, but not to the AMC standard. A repeater/automated pipette is recommended here
to ensure consistent assay volume across wells.

4.12. Place the plate into the plate reader and start the kinetic run.

NOTE: The plate does not need to be under constant agitation during the kinetic run, however,
the user can choose to if desired

4.13. At end of the kinetic run, export raw 360/460 fluorescent values to Microsoft Excel.
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4.13.1. Average together duplicate wells for each standard, each sample and the Assay Blank for
all 5 scans. Raw fluorescent values should increase across scans for the samples but remain stable
(or decrease slightly) for standards and Assay Blanks.

4.13.2. Take the highest AMC standard well average and divide by the known concentration (20
KM). Divide this value by the sample concentration used in the assay to get standardized AMC
value. For each sample and Assay Blank average, divide by the standardized AMC value.

4.13.3. Take this final value and divide by the sample concentration used in the assay to get the
normalized value for each sample and the Assay Blank. Do this for all 5 scans.

4.13.4. Subtract the normalized Assay Blank value from each normalized sample value for all 5
scans.

5. Quantification of linkage-specific protein ubiquitination

5.1. Quantification of diverse polyubiquitin tags in different subcellular fractions collected
from rodent brain tissue should be done using a variety of standard Western blotting protocols
in combination with unique, linkage-specific polyubiquitin antibodies.

5.1.1. For denaturing, mix the normalized samples with an equal volume of Laemmli sample
buffer supplemented with B-mercaptoethanol to a percentage of 5% by volume, per the
manufacturer’s instruction.

5.1.2. For quantification of all monoubiquitination and polyubiquitination modifications
regardless of linkage, use a pan-ubiquitin.

5.1.3. Torecognize all polyubiquitinated proteins, use an ubiquitin antibody that does not cross-
react with monoubiquitination.

5.1.4. For linkage-specific polyubiquitination, use antibodies that can detect Lysine-27, Lysine-
48, Lysine-63 and linear (M1) polyubiquitination.

5.2. To prevent cross-contamination between developments, which could result in a false
positive or interfere with imaging of a different ubiquitin modification, strip membranes between
developments using 0.1 M NaOH for 10 min.

5.2.1. Wash the membranes in TBS with 0.1% tween twice for 10 min and reblock (using
whatever blocking agent is preferred in the Western blot protocol used).

5.2.2. Incubate the membrane with the secondary antibody and redevelop in order to confirm
that the membrane was stripped of primary and secondary antibodies properly.
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5.2.3. Recommended: For successful development of different ubiquitin antibodies without
contamination, use fluorescent or near-infrared imaging systems. This often times can prevent
carryover between antibodies.

5.3.  Some ubiquitin Western blot images will provide columns of distinct bands (such as M1)
while others produce a smear-like pattern with few or no clear lines (common with K48). For
guantification of imaged ubiquitin Western blots, draw a box around the column that extends
the entire molecular standards ladder.

5.3.1. Adjust the box up (or down) if ubiquitin staining does extend through the entire ladder;
this is common for Lysine-48 modifications and varies widely across subcellular compartments.

5.3.2. Subtract out the background, which is calculated as the mean optical density of the
background immediately surrounding the column on all sides.

REPRESENTATIVE RESULTS

Using the procedure described here, nuclear, cytoplasmic and synaptic fractions were collected
from the lateral amygdala of the rat brain (Figure 1). Purity of the individual fractions were
confirmed via Western blotting, probing with antibodies against proteins that should be enriched
or depleted in the lysate. In the first hemisphere where a crude synaptic fraction was collected,
postsynaptic density protein 95 (PSD95) was present in the synaptic, but not nuclear, fraction,
with lower levels in the cytoplasm (Figure 2A). This is consistent with previous work
demonstrating that the synaptic fraction preparation isolates both presynaptic and postsynaptic
components?®. Conversely, the nuclear protein histone H3 was present in the nuclear, but not
the synaptic, fraction, with lower levels in the cytoplasm (Figure 2B). The presence of PSD95 and
H3 in the cytoplasm is consistent with their cytoplasmic translation. The cytoplasmic protein 3-
tubulin was present in our cytoplasmic fraction, but was largely absent from the nuclear lysate
(Figure 2C), with lower levels in the synaptic region. This suggests that we were able to produce
a nuclear fraction that was largely absent of cytoplasmic proteins. The presence of tubulin in the
synaptic region is consistent with previous studies?®. All three fractions showed similar levels of
the housing keeping protein -actin (Figure 2D), which was used as a loading control. Collectively,
these results confirm that the purity of the nuclear, cytoplasmic and synaptic fractions collected
from a single rat lateral amygdala.

Next, all lysates were confirmed for functional proteasome activity using the described modified
version of the in vitro 20S proteasome activity assay. In all lysates, success of the assay was
defined as an increase in raw fluorescent units (RFU) detected from the first scan (0 min) to the
fifth/final scan (120 min). For all of these analyses, 10 uM AMC was used as the highest standard
for normalization of the raw fluorescent units (RFU). In the crude synaptic fraction, RFU peaked
at scan 5 (Figure 3A), resulting in a normalized RFU of just under 0.1 (Figure 3B). In the
cytoplasmic fraction, RFU increased across scans (Figure 3C) with a final normalized RFU of ~1.6
(Figure 3D). The nuclear fraction also displayed time-dependent changes in RFU (Figure 3E), with
a final normalized RFU of 0.3 (Figure 3F). The differences in proteasome activity across
compartments likely reflects the availability of proteasomes in the fraction, which are generally
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most abundant in the cytoplasm and nucleus?’, compartments which have the highest level of
activity in our preparation. The lowest level of activity in the synaptic region is consistent with it
being the only lysate that was collected using ionic detergents, which can reduce proteasome
activity due to the harsher denaturing condition. Importantly, RFU did not increase across time
in the Assay Blanks or in lysates (synaptic) incubated with the highly specific and potent
proteasome inhibitor clasto-lactacystin-B-lactone (Blac; Figure 3G), displaying final normalized
RFU levels of 0.01 and 0.001, respectively (Figure 3H). This suggests that the observed change in
RFU was due specifically to activity of the proteasome and not other proteases. Furthermore,
when analyzed across experimental conditions, there was an increase in nuclear, but not
cytoplasmic, proteasome activity in the lateral amygdala following learning, which occurred
simultaneously with a decrease in synaptic proteasome activity in comparison to control animals
(Figure 4). Collectively, these results confirm that proteasome activity could be accurately
measured in all three subcellular fractions collected from a single rat lateral amygdala.

One of the advantages of the proteasome activity assay is that in vitro manipulations can be
introduced to the samples immediately prior to addition of the proteasome substrate, which
allows identification of specific molecules which can regulate the proteasome in that particular
subcellular fraction. As an example of this, the role of CaMKIl (calcium/calmodulin dependent
protein kinase Il) was assessed in the synaptic fraction, the harshest denatured lysate collected,
since CaMKIl is thought to regulate proteasome function at synapses. A 30 min incubation with
the CaMKII inhibitor myr-AIP (myristolayted autocamtide-2 related inhibitory peptide) resulted
in a significantly diminished increase in proteasome activity on the assay, which only reached
levels that were ~61% of the untreated controls (Figure 5A). Conversely, the same manipulation
applied to the cytoplasmic did not result in a change in proteasome activity from vehicle treated
wells (Figure 5B). These results confirm that proteasome activity can be further manipulated in
vitro and that this manipulation can have different effects depending on the subcellular fraction
collected.

In addition to quantifying proteasome activity, the described protocol can be used to measure
subcellular differences in diverse ubiquitin modifications using Western blot procedures. It is
important to note that the ubiquitin tags that can be detected are limited by the availability of
linkage-specific antibodies, which currently include K48, K63 and M1 for rats (note: a K27
antibody is available, though did not produce a detectable image in any lateral amygdala fraction
or whole cell lysates under a variety of conditions). Overall polyubiquitination, degradation-
independent linear/M1 and K63 ubiquitination and degradation-specific K48 ubiquitination were
detected in all subcellular fractions. Importantly, when analyzed across different experimental
conditions, there was an increase in overall (Figure 6A), linear (Figure 6B), K63 (Figure 6C) and
K48 (Figure 6D) polyubiquitination in the lateral amygdala nuclear fraction following learning in
comparison to control animals. At the same time, in the cytoplasmic region, overall
polyubiquitination decreased and K48 ubiquitination increased following learning, while synaptic
K63 ubiquitination was reduced. Collectively, these results indicate that within the same animal
subcellular differences in linkage-specific protein ubiquitination can be accurately detected.

FIGURE LEGENDS
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Figure 1. Schematic for subcellular fractionation of rat brain tissue. Rodent brain is extracted,
brain region dissected and hemispheres split. Using a series of buffers and centrifuging steps,
nuclear and cytoplasmic fractions are collected from one hemisphere while a crude synaptic
fraction is collected from the other. Both fractions are then used for proteasome activity assays
and Western blotting, to assay protein polyubiquitination levels.

Figure 2. Confirmation of crude synaptic, nuclear and cytoplasmic fraction purity. (A) The
synaptic protein postsynaptic density protein 95 (PSD95; 1:1000) was present in the synaptic, but
not nuclear fraction with lower levels in the cytoplasm. (B) Histone H3 (1:500) was present in the
nuclear, but not synaptic, fraction with lower expression in the cytoplasm. (C) B-Tubulin (1:1000)
was present in the cytoplasmic, but largely absent from the nuclear, fraction with lower
expression in the synaptic lysate. (D) Housekeeping protein B-actin (1:1000) was present in all
subcellular compartments. Areas indicate the expected size of the target protein. This figure has
been modified from Orsi, S. A. et al.?™.

Figure 3. Quantification of proteasome activity in nuclear, cytoplasmic and synaptic fractions
collected from the lateral amygdala of the same animal. During the in vitro proteasome activity
assay, relative fluorescent units (RFU) detected increased from the beginning (Scan 1) to the end
(Scan 5) of the assay in the synaptic (A), Cytoplasmic (C) and nuclear (E) fractions. Quantification
of this change from baseline indicated a normalized RFU value (relative to 10 uM AMC) of 0.1 in
the synaptic (B), 1.6 in the cytoplasmic (D) and 0.3 in the nuclear (F) fractions. The proteasome
inhibitor Blac prevented RFUs from changing across the session (G-H). This figure has been
modified from Orsi, S. A. et al.%L.

Figure 4. Subcellular differences in proteasome activity in the lateral amygdala of the same
animal. An increase in nuclear proteasome activity was detected in trained (fear conditioned)
animals relative to controls, which corresponded to a decrease in activity within the synaptic
fraction. Cytoplasmic proteasome activity remained at baseline. *P < 0.05 from Control. This
figure has been modified from Orsi, S. A. et al.?%.,

Figure 5. In vitro manipulation of proteasome activity in collected synaptic and cytoplasmic
fractions. In vitro manipulation of CaMKII signaling via the inhibitor AIP reduced proteasome
activity in the synaptic (A), but not the cytoplasmic (B), fraction from the rat lateral amygdala.
This figure has been modified from Jarome, T. J. et al.?3.

Figure 6. Subcellular differences in linkage-specific protein ubiquitination in the lateral
amygdala of the same animal following learning. (A) There was an increase in overall
ubiquitination in the nuclear fraction following learning, which correlated with a decrease in the
cytoplasmic fraction. (B) There was an increase in linear ubiquitination in the nuclear, but not
cytoplasmic or synaptic, fraction following learning. (C) There was an increase in K63
ubiquitination in the nuclear fraction following learning, which correlated with a decrease in the
synaptic fraction. (D) K48 ubiquitination increased in the nuclear and cytoplasmic, but not
synaptic, fraction following learning. *P < 0.05 from Control. All obtained ubiquitin optical
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densities were normalized to B-actin levels (lower representative Western blot images in A),
which was used as a loading control. This figure has been modified from Orsi, S. A. et al.?%.

DISCUSSION

Here, we demonstrate an efficient method for quantifying changes in ubiquitin-proteasome
activity across different subcellular compartments in the same animal. Currently, most attempts
at measuring subcellular changes in activity of the ubiquitin-proteasome system have been
limited to a single compartment per sample, resulting in the need to repeat experiments. This
leads to significant costs and loss of animal life. Our protocol alleviates this problem by splitting
hemispheres, allowing different cellular fractions to be collected from each hemisphere of the
same animal. Using this protocol, we were able to show for the first time that in the same animal
ubiquitin-proteasome activity differentially changes in nuclear, cytoplasmic and synaptic
fractions in response to learning?..

The main limitation of the protocol described here is it is reliant upon the amount of brain tissue
(sample) obtained. For example, as outlined above, this protocol requires splitting hemispheres
of a given brain region. However, this may not always be possible, such as in the case of certain
areas that are only present in one hemisphere. In these cases, the protocol could be modified by
first homogenizing the entire brain region in the TEVP buffer used in the synaptic fraction step
(Section 3.1), since this buffer is free of all denaturing agents. The sample can then be split into
two equal parts by volume. The first part can be used for the synaptic fraction, following the
protocol as described. For the second half of the sample, the non-ionic detergent NP-40 can be
added to a final concentration of 0.05%, followed by centrifuging as described in Section 2.6. This
will allow the separation of cytoplasmic proteins into the supernatant and nuclear proteins into
the pellet, which can be further isolated following the remaining steps in Section 2. Another
concern in tissue quantity is that some brain regions are very small in size, such as the prelimbic
cortex. However, in these cases, the above protocol can still be used by reducing the volumes of
the buffers used, which would have to be determined empirically based on the size of the brain
region collected. Thus, this protocol can be amended to even the more difficult brain regions in
which less tissue is available.

One of the major advantages of the protocol we outline here is that it uses common laboratory
equipment and reagents that can be found in most facilities, allowing this methodology to be
amendable to those even on a restricted budget or with limited resources. Furthermore, while
we outline this protocol as a way of measuring subcellular changes in ubiquitin-proteasome
signaling, this methodology can also be applied to any other protein or cellular process in which
understanding the cellular localization and function is important. Thus, this protocol could have
broad applications to understanding the subcellular functions of specific proteins or complexes
during learning and memory or different disease states.
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or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC Lcense.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author's persanal website, in
each case provided that a link to the Article an the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

S. Grant of Rights in Video — Standard Access. This
Section 5 applies if the "Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to

have any rights of any nature in or to the Video, the Author

hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License,

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute,

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their beralf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography a&nd
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or atherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Authar {or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Autkor
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe andfor misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional 2nd
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research invelving human and animal subjects
has been approved by the Author's relevant instituticnal
review board.

11 JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author's
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is In
accordance with the relevant regulations of the Authar's
institution. If more than one authof is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify

JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney's
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which. together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

-

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: -
T‘lma'“\j Sﬂ(’omq_.

Department:

PRRLES Animal g~ ?ouH‘fﬁ Soentzs 0nd Sthrool  oF Mwsamcg, -

Institution:

\I\rgw.o. Dlehnie Tashdube and Sabe Unwusﬁ\j

Title: Acsishad Poolyssec

Signature:

4”'?3

Date: \/\\ I‘T_D\oﬁ

Please submit a signed and dated copy of this license by one of the followmg three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter - Editors Click here to access/download;Rebuttal Letter;Response to
Editors.docx

Response to Editors

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

Response: We have thoroughly reviewed the manuscript to ensure no spelling or grammar
issues are present

2. JOVE cannot publish manuscripts containing commercial language. This includes 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 and Reagents.

Response: All references to commercial products have been removed and are instead listed
in the Table of Materials and Reagents

3. Please split some long steps into two or more sub-steps so that each step contains 2-3 action
and is less than 4 lines.

Response: We have separated steps into smaller parts. A few steps are still 4 lines, which is
needed because no logical division can be made. However, most steps are 3 lines or less
now. Notes that are present in some sections remain more than 4 lines and were included to
address reviewer comments.

4. Please revise the text in Protocol to avoid the use of any personal pronouns (e.g., "we", "you",
"our" etc.).

Response: All personal pronouns have been removed from the Protocol section

5. Step 4.1: Please ensure that all text is written in the imperative tense.

Response: This has been corrected

6. 5.1: Please ensure that all text is written in the imperative tense.

Response: This has been corrected

7.5.1.1: Please ensure that all text is written in the imperative tense.

Response: This has been corrected


https://www.editorialmanager.com/jove/download.aspx?id=985162&guid=7244023f-d9e0-4c33-8599-3163a43545be&scheme=1
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8. 5.1.2: Please ensure that all text is written in the imperative tense.

Response: This has been corrected

9. 5.1.3: Please ensure that all text is written in the imperative tense.

Response: This has been corrected

10. 5.2: Please ensure that all text is written in the imperative tense.

Response: This has been corrected

11. Please do not abbreviate journal titles for all references.

Response: This mistake was due to an error with Endnote and has been corrected



Rebuttal Letter - Reviewers Click here to access/download;Rebuttal Letter;Response to
Reviewers.docx

Response to Reviewers

We would like to thank the reviewers for their insightful comments and suggestions on our original
manuscript. With these comments in mind, we have made a number of changes that we feel have
strengthened our manuscript. Below is a point-by-point response to each concern raised by the
reviewers for the previous version of our manuscript. Additionally, all changes are marked in red
in the manuscript text.

Reviewer #1

1) In figure 3, it is difficult to observe Histone H3 in the nuclear fraction, and there isn't a blot to
show lack of contamination from the cytoplasmic fraction (e.g. tubulin?) - CREB is both
cytoplasmic and nuclear.

Response: Thank you for the suggestion of using tubulin as a cytoplasmic marker. We have
included that image in revised Figure 2, which shows largely an absence of tubulin from
the nuclear fraction. Additionally, we have replaced the Histone H3 image with a stronger
development, making it easier to see the H3 protein.

2) In figures 4 and 5, the synaptic proteasome activity varies a lot. The authors do mention in the
text that the ionic buffer used to collect the synaptic fraction could interfere with proteasome
activity. The worry with this is how repeatable and reliable these assays will be if there are issues
from the buffer used. Perhaps the buffer can be optimized or the discussion can be more
thorough on this point?

Response: Thank you for pointing this out. The samples within the synaptic fraction (Fig. 3)
contain a combination of samples from two groups, which have opposite patterns of
proteasome activity; this can account for some of the variability observed. The synaptic
fraction shown in Fig. 4 has the 2 groups separated out, which should help visualize how the
variability can be attributed to this group effect. Furthermore, although the buffer used for
the synaptic fraction contains an ionic detergent, we have used it during other experiments
and can replicate results across experiments (e.g., Jarome et al., 2016, Neurobiol Learn Mem).
However, we do acknowledge that the ionic detergents could be problematic in some
preparations. To account for this, we have added a note within the revised manuscript in
section 3.2.1 about the use of ionic detergents in our lysis buffer.

3) In figure 7: it is difficult to understand how those blots in figure 7A can actually be quantified.
How are they normalized? For example, how did the authors ensure equal loads among different
fractions? Also, are all of the images from the same blot, cropped and rearranged? | am assuming
that the images from A do not really correspond to quants from B-E. Would it be possible to see
blots that were used for actual quants? How were they quantified? How were these done,
compared, loaded, probed? For figure 7A, kD ladders are necessary for the viewer to know where
different bands are running, especially to also see if there is any mono-UB present.
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Response: Thank you for pointing this out. All of our western blots were normalized to B-
actin, which was used as a loading control, though we never explicitly stated that in the
previous version of the manuscript. We have now included text in the manuscript to indicate
this (Figure 6 caption). For the western blot images, originally we meant to show that the
different ubiquitin tags/modifications could be visualized in all subcellular compartments
using our protocol. However, we now realize that this may be confusing since these images
do not reflect the graphs presented in the second part of the figure. In the revised manuscript
we have corrected this by including representative western blot images for each of the bar
graphs. Additionally, we have included ladder markers and actin loading control images.

4) Lastly, the proteasome activity assays described ONLY report 20S core activity, not ub-
dependent activity. This specific and highly important differentiation needs to be made clear at
multiple stages, otherwise those who are not well versed with the Ub field might misinterpret the
use and outcome of the results. While it is beneficial to know the activity of the core, it is not, in
any direct way, a read-out of the actual proteasome activity. It can only be used as a proxy of
proteasome levels and if the core is active, but not whether the activity of the ub-proteasome
system itself is compromised or enhanced. This is a significant limitation of the current
methodology out there, and not the authors' fault. Nevertheless, | think that the authors should
address this head-on from the very beginning, perhaps even in the abstract.

Response: This is an excellent point raised by Reviewer #1. This is an important distinction
that needs to be made and was not clearly stated in the previous version of our manuscript.
In the revised manuscript we have added information about the indirect nature of this assay
where appropriate, including the abstract, introduction and methods (section 4.1.).

Reviewer #2

1) All buffers used were supplemented with a cocktail of protease inhibitors. Because this cocktail
of inhibitors can also inhibit the proteasome, how can we assure that the proteasome activity
measured is not underestimated at the end?

Response: This is an interesting question raised by Reviewer #2. While it is possible that our
protease inhibitor cocktail could cause a slight reduction in proteasome activity, it is essential
to preserve proteins and ensure that the data obtained from this assay can be attributed
directly to proteasome activity as opposed to other proteases. As shown in Figure 3G-H,
application of the highly specific proteasome inhibitor Blac completely blocks AMC release
in our assay, suggesting that all AMC release is likely due specifically to the proteasome.
However, you are right in stating that overall proteasome activity may be reduced some,
providing an underestimation in the end. We have included a brief statement acknowledging
this in the revised manuscript, Section 2.1.2.

2) The buffers used (e.g. Lysis buffer, Extraction buffer and TEVP buffer) lack glycerol and/or



ATP. This may induce proteasome disassembly, favoring the presence of only the catalytic core.
Can you please comment on this?

Response: It is correct that our buffers generally lack glycerol and ATP, with the exception
of the nuclear extraction buffer. While this may not result in the perfect conditions in which
to extract proteasomes, we are able to consistently recover subcellular fractions that retain
high levels of proteasome function, based on activity levels using our in vitro proteasome
activity assay. However, the addition of glycerol and ATP could potentially improve
proteasome recovery/activity on our assay. To ensure that the reader knows all options
available, we have included a brief note to sections 2 and 3 indicating that the buffers could
be supplemented with ATP and glycerol if desired.

3) Step 4.13.4: the way the results were calculated, as percentage of increase in fluorescence
considering the last and the first scan, gives values that are above 100%, which may induce some
misinterpretation. This may suggest that the proteasome is being stimulated under the conditions
used. The authors may consider expressing the results using the slope of the line calculated based
on the measurements performed.

Response: Thank you for this comment. Originally, we added the percentage of baseline
calculation to account for any variance in baseline readings. However, we realize that this
may be misleading in terms of describing proteasome activity. As the steps listed in 4.13.1 -
4.13.3 provide the necessary steps for calculation of proteasome activity against the AMC
standard curve, we have removed section 4.13.4 in the revised manuscript and modified
Figure 3 for the use of this analysis.

4) Figure 7A: In order to allow comparing the results obtained with the different subcellular
fractions (for each antibody), the same membrane should be shown. Moreover, the results obtained
with a loading control are missing.

Response: These images have been corrected and loading control information included in
the revised manuscript. Please see response to Reviewer #1 comment 3 for more information.

5) Information should be provided i) regarding the methodology used in sample denaturation and
ii) the reducing agent used for the immunoblotting experiments.

Response: For denaturing, normalized samples were mixed with an equal volume of
Laemmli sample buffer (Bio-rad #1610737) supplemented with B-mercaptoethanol (Fisher
Scientific #1CN19024280) to a percentage of 5% by volume, per the manufacturer’s
instruction. We have added this information to the manuscript in section 5.1 and the
materials list.

6) Can you please provide information about the company and catalog number for the anti-H3, -
PSD95 and -CREB antibody



Response: We have added the company and catalog information to the materials list. The
image including the CREB antibody was not used in the revised manuscript, so we did not
provide the information on that antibody.

7) Please provide information regarding the plate reader and the imaging system used to measure
proteasome activity and in the immunoblot experiments, respectively.

Response: We have added this information to the materials list.

8) Page 11 (lines 375-379): These sentences suggest that proteasomes are more abundant in the
cytoplasm than in the nuclear compartment, which contrasts with the results previously published
(J Neuroscil6, 6331-6341 [1996]). This should be clarified.

Response: We apologize for incorrectly stating that proteasomes were most abundant in the
cytoplasm. We have corrected this statement to indicate that proteasomes are abundant in
the nucleus and cytoplasm.

9) The results of Figure 6 suggest that CaMKII activity regulates proteasome activity. This is
surprising considering that the lysis and the assay buffers contain EDTA which chelates Ca2+.
This should also be clarified.

Response: This is an interesting point. The AIP peptide acts as a selective inhibitor of
CaMKIlI, targeting its autoinhibitory domain. In our brain lysates some CaMKII is in an
autophosphorylated state, which likely occurred from calcium influx when the animal was
alive (especially after learning). In the lysed samples, the CaMKII phosphorylation state is
preserved but can be manipulated by selective inhibitors such as AIP. Without AIP, CaMKI I
that is already phosphorylated can target the proteasome, controlling its activity. When AIP
is applied, the amount of phosphorylated CaMKII is reduced, leading to a reduction in
proteasome activity. While EDTA chelates Ca2+, it would have no effect on CaMKI I that is
already in a phosphorylated state. As a result, we can still manipulate proteasome function
in our lysates via targeting of CaMKII that is already in a phosphorylated state.

10) Page 5, line 109: for rapid flash freezing perhaps it would advisable to use liquid nitrogen.

Response: We have added this information to the revised manuscript (Section 1.1).

11) Page 5, line 118: should the microscope slide be chilled in order to preserve the tissue?

Response: Yes, the slide should be chilled. Thank you for pointing out that we did not include
this important information. We have added this information to the revised manuscript
(Section 1.2.2.).

12) Page 6 (line 149): the sentence should be corrected to "... 1.5 ml centrifuge microtube...'



Response: We made the correction to the revised manuscript.

13) Page 6 (sections 2.4 and 3.4): The supplier and reference of the glass Teflon homogenizer used
should be provided.

Response: This information has been added to the material list, per journal instructions

14) Page 8 (line 268): the sentence should be corrected to '...substrate (Suc-LLVY-AMC)
provided...'

Response: We made this correction in the revised manuscript.

15) Page 9, step 4.7: although it is understandable that the authors always use the same amount of
protein for measurement of the proteasome activity, the changes in protein volume (directly
influenced by the protein concentration in each sample) loaded in each well may increase pipetting
errors. Therefore, it would be advisable to normalize protein concentration to the less concentrated
sample, and from there using the same sample volume in all conditions.

Response: Thank you for suggesting this alterative. In the past we have used this method for
protein normalization and have obtained similar results. In the revised manuscript we
include this method of normalization as option for the reader/user

16) Page 9, step 4.9: does the plate need to be under constant agitation in order to keep the sample
homogeneous? And during the measurement of proteasome activity?

Response: Thank you for asking this question. The plate does not need to be under constant
agitation to get reliable signal on the proteasome activity assay, though can be should the
user choose to. We have included this information in the revised manuscript (Section 4.12)

17) Page 10, step 5.1.2: incubation of the membrane with the secondary antibody after stripping
should be recommended in order to confirm that membrane stripping was done properly.

Response: We have added the additional recommended information to the revised
manuscript.

18) Page 10, step 5.2: please indicate which software was used to develop the immunoblots.

Response: The software used, Image Studio Ver 5.2, is provided by our imaging system,
which is listed in the materials section. As the software is included with the imaging system,
we did not include a separate listing for it in the revised manuscript.

19) The composition of the TBS solution should be indicated.



Response: We buy our TBS commercially. We have included the TBS product information
in the materials list of the revised manuscript.

20) Figure 1: The units of temperature are missing.

Response: We apologize for this error, which occurred during conversion of the image to a
tif format. The revised Figure 1 includes the temperature information

21) Figures 2 and 3 should be merged in a single figure.

Response: Thank you for this suggestion. In the revised manuscript we have merged Figures
2and 3

22) Figure 7A: please indicate which protein standards were used in the Western blot experiments,
the supplier and catalog number.

Response: We have added this information to the materials list of the revised manuscript.

23) Figure 2A-B: please indicate the molecular weight of the protein markers.

Response: All molecular weight markers are now included in the revised Figure 2

24) Can you please indicate the company and catalog number for Tween?

Response: We have added this information to the materials list of the revised manuscript

25) Clasto-lactacystin -lactone is already included in the 20S Proteasome activity Kit. It should
be deleted from the list of reagents.

Response: The proteasome inhibitor lactacystin is included in the 20S Proteasome activity
it. While it is the parent compound to clasto lactacystin B-lactone, they have very different
potencies. Since we choose to use the more potent clasto-lactacystin B-lactone, we have
included it in the list of reagents because it has to be purchased separately from the
proteasome Kit.

Reviewer #3

1) The proteasome activity measured is that of the core of the proteasome (called the 20S
proteasome) which does not degrade proteins tagged by ubiquitin (i.e. ubiquitinated
proteins).While measuring this activity might be useful, it does not accurately reflect the activity
of the 26S proteasome which is the type of proteasome that degrades ubiquitinated proteins. The



authors need to add a caveat about this. They could perhaps suggest that the subcellular fractions
can be assayed for 26S proteasome activity by citing appropriate published papers.

Response: This is an excellent point raised by Reviewer #3. In the revised manuscript, we
now explicitly state the limitation of this assay. Please see Reviewer #1 comment 4 response
for more information.

2) In order for others to carry out the protocol successfully, the age, strain and the sex of the rat
need to be specified.

Response: We have added this information to the revised manuscript.

3) For the synaptic fraction, data are shown for presence of postsynaptic components. Does the
synaptic fraction have presynaptic components? Perhaps the authors can add a sentence about the
need to characterize this fraction further. Or, if evidence for presences (or absence) of presynaptic
components is available from published literature (that is applicable to the present study), such
evidence should be provided.

Response: Thank you for asking this important question. The synaptic preparation we use
includes presynaptic and postsynaptic proteins (Dunah and Standaert, 2001, J Neurosci). We
now acknowledge this important information in the representative results, including this
relevant citation.

4) For rigorous quantification of western blots (Fig. 7), the signal needs to be normalized to another
protein which is known not to change under the experimental conditions. Just relying on protein
quantification determined by Bradford assay to ensure equal loading is not adequate.

Response: Thank you for pointing this out. All of our western blots were normalized to B-
actin, which was used as a loading control. This information has been added to the revised
manuscript (Figure 6 caption). Please see response to Reviewer #1 comment 3 for more
information regarding this.



