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Abstract
Measurement of proteasome activity is fast becoming a commonly used assay in many
laboratories. The most common method to measure proteasome activity involves measuring the
release of fluorescent tags from peptide substrates in black microplates. Comparisons of black
plates used for measuring fluorescence with different properties show that the microplate
properties significantly affect the measured activities of the proteasome. The microplate that gave
the highest reading of trypsin-like activity of the purified 20S proteasome gave the lowest reading
of chymotrypsin-like activity of the 20S proteasome. Plates with medium binding surfaces from
two different companies showed an approximately 2 fold difference in caspase-like activity for
purified 20S proteasomes. Even standard curves generated using free 7-amino-4-methylcoumarin
(AMC) were affected by the microplate used. As such, significantly different proteasome
activities, as measured in nmol AMC released/mg/min, were obtained for both purified 20S
proteasomes as well as crude heart and liver samples when using different microplates. The
naturally occurring molecule betulinic acid activated the chymotrypsin-like proteasome activity in
three different plates but did not affect the proteasome activity in the non-binding surface
microplate. These findings suggest that the type of proteasome activity being measured and
sample type is important when selecting a microplate.
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Introduction
The microplate is a critical component of many proteolytic assays as well as many high-
throughput screens. Understanding the characteristics of different microplates is important
for optimal performance when developing assays, as different microplates have different
inherent compositions. A comparison of four different black 96 well plates showed that
proteasome assay performance is directly influenced by the properties of the microplate.
Black microplates are used for fluorescence measurements due to their low auto-
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fluorescence, reduced well-to-well crosstalk and ability to absorb scattered light, resulting in
enhanced fluorescence signals.

A frequently used assay in our lab and one that is becoming common in other laboratories is
the measurement of the proteasome proteolytic activity [1; 2; 3]. The proteasome is a large
complex that is composed of a 28-subunit 20S core that contains three different proteolytic
activities (caspase-like, β1; trypsin-like, β2; and chymotrypsin-like activity, β5) [4; 5]. The
20S core can exist on its own but is normally bound to one or two 19S regulatory
complexes, forming the complex commonly referred to as the 26S proteasome. The 26S
proteasome is the main proteolytic enzyme responsible for degradation of unwanted
intracellular proteins in eukaryotic cells. Measurement of proteasome activity is important
because proteasome dysfunction has been implicated in several diseases including
Alzheimer’s disease, Parkinson’s disease, cancer, and heart failure [6; 7; 8; 9; 10].

The most common method for determining the activity of the proteasome is by incubating
the sample of interest with a fluorescently-labeled proteasome substrate in the presence and
absence of a specific proteasome inhibitor in a black 96 well microplate [11]. The most
commonly used proteasome substrates are the peptides labeled with fluorescent 7-amino-4-
methylcoumarin (AMC). The excitation and emission spectra of free AMC are different
from that of bound AMC, allowing AMC released by proteolytic cleavage (free AMC) to be
easily measured with a fluorometer. Fluorescence measurements in black 96 well plates are
common in applications where greater sensitivity than that achievable by simple absorbance
measurements is required. Several kits for measuring chymotrypsin-like proteasome activity
only are commercially available, some of which provide the microplate as well. As more
labs utilize proteasome assays, an important variable to consider is the microplate used.
While the source of the substrate and inhibitor for the proteasome assays are usually stated
in publications, the source of the microplate is often not given. There are many
manufacturers of black 96 well microplates, and between them they offer a huge variety of
plates. As such, many scientists utilize any available black microplate; however there are
many features that are important to take into consideration. The orientation of proteins in
plate wells is unpredictable, and the binding between enzymes and substrates is a complex
process affected by many parameters. Three main types of binding surfaces are available:
non-binding or low-binding, medium-binding and high-binding. Many microplates are
composed of polystyrene, a polymer composed of a carbon chain with benzene rings placed
every other carbon, which provides a hydrophobic binding surface. The untreated
polystyrene is referred to as medium-binding. Different treatments are performed to alter the
structure of the polystyrene, and hence the binding properties of the plate. The non-binding
surface has been treated to create a nonionic, hydrophilic surface that is similar in structure
to polyethylene oxide, which has a low affinity for proteins [12]. The high-binding surface
has been treated so that some benzene rings have been modified to create hydrophilic
groups, which generally increases binding of polar proteins [13]. To investigate whether the
microplate chosen significantly affects proteasome activity measurements, four different sets
of 96 well black flat-bottomed polystyrene plates were compared: one non-binding, two
medium-binding and one high-binding microplate. The four different types of plates were
used to determine proteasome activities in heart and liver cytosolic lysates and purified 20S
proteasomes, as well as the effect of different plates on standard curves using free AMC.
The effect of betulinic acid (BA), a potential anti-tumor small molecule, on purified 20S
proteasomes was also investigated and found to be affected by the plate used. Our results
suggest that the type of microplate used affects proteasome activity measurements and
demonstrate the problems associated with different microplates when comparing proteasome
activity between different tissues.
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Materials and Methods
Reagents

Betulinic acid (high purity) was purchased from Enzo Life Sciences, NY. Purified 20S
murine proteasome was obtained from Boston Biochem, MA. Fluorotrac 200 (medium-
binding, Cat # 655076) and Fluorotrac 600 (high binding, Cat # 655077) were from Greiner
Bio-One, Germany. Costar non-treated (medium binding Cat # 3915) and Corning non-
binding surface (Cat # 3991) were from Corning, NY.

Heart and Liver Lysate Preparation
Livers and hearts from 3 month old rats were obtained from Pelfreez (Rogers, AR). Tissues
were minced with a razor blade and then immediately homogenized using a dounce
homogenizer with 2 ml buffer/0.1 g tissue of 26S buffer (50 mM Tris, 1 mM EDTA, 150
mM NaCl, 5 mM MgCl2, pH 7.5) and freshly added DTT (0.5 mM), and subsequently
centrifuged at 12,000 × g for 30 min at 4°C. The supernatant (cytosolic lysate) was
quantified using a Nanodrop 2000C (Thermo Scientific), diluted to 2 μg/μl in 26S buffer,
and stored at −80°C in small aliquots. Each aliquot was used for one set of assays only (no
freeze-thaw cycles).

Lysate 26S Proteasome Activity Assay
The 26S proteasome assay was carried out in a total volume of 100 μl in 96 well plates with
100 μM ATP in 26S buffer using 20 μg of protein supernatants. Assays were initiated by
addition of fluorescently labeled substrate: succinyl-Leu-Leu-Val-Tyr-7-amido-4-
methylcoumarin (Suc-LLVY-AMC), Boc-Leu-Ser-Thr-Arg-AMC (Boc-LSTR-AMC,
Bachem), and Z-Leu-Leu-Glu-AMC (Z-LLE-AMC) for chymotrypsin- (β5), trypsin- (β2)
and caspase- (β1) like activity measurements respectively. The final concentration of
substrate in each assay was 100 μM as previously described [1; 3; 14].

These substrates are cleaved by the proteasome, releasing free AMC which was then
measured spectrofluorometrically using a Fluoroskan Ascent fluorometer (Thermo Fisher
Scientific, Waltham, MA) at an excitation wavelength of 390 nm and an emission
wavelength of 460 nm. Fluorescence was measured at 15-min intervals for 2 hrs. All assays
were linear in this range. Each assay was conducted in the absence and presence of the
specific proteasomal inhibitor bortezomib (LC labs, Woburn, MA), 20 μM for β5
chymotrypsin-like activity, and 100 μM for β2 trypsin-like activity, and β1 caspase-like
activity.

To properly compare different plates all the samples and reagents used were aliquoted into
small aliquots and kept at −20°C (β1, β2, β5 substrate and AMC standard) or −80°C (heart
and liver lysate, 20S proteasomes, bortezomib, ATP) and thawed 30 mins before use.

Lysate 20S Proteasome Activity Assay
The 20S proteasomal activities in heart and liver lysates were determined in a similar
fashion to the 26S assays, using the same substrates and inhibitors but a different buffer.
Assays were carried out in buffer containing 25 mM HEPES, 0.5 mM EDTA, 0.05 % (v/v)
NP-40, 0.001 % (w/v) SDS.

Purified 20S Proteasome Activity
Measurement of purified murine 20S proteasome activities were carried out in a total
volume of 100 μl in 96 well plates with 20 mM Tris buffer, pH 7.5. Assays were initiated by
addition of fluorogenic substrates as described for tissue lysates. No proteasome inhibitors
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were used for these assays. All other conditions were similar to the 26S proteasome
measurements. For measurements in the presence of BA, BA (10 μg/ml final concentration)
was added to the proteasome and incubated for 20 mins before addition of the proteasome
substrate.

AMC Standard Curve
AMC standard curves were obtained by making dilutions ranging from 0–500 nM and 0–8
μM. Measurement of free AMC fluorescence values were carried out in a total volume of
100 μl in 96 well plates using 20 mM Tris buffer, pH 7.5.

Protein Concentration Determination
Protein concentrations were determined using four independent methods: 1) the Bradford
assay (Bio-Rad Bradford reagent); 2) the detergent-compatible (DC) assay (Bio-Rad DC
kit), and 3) absorbance at 280 nm using a bovine serum albumin (BSA) standard curve
(A280 BSA). Protein measurements were also determined using an absorbance of 280 nm
(A280) without a BSA standard curve.

Statistical Analysis
Results are expressed as mean ± SE. Statistical significance of differences in parameters was
assessed by t-test or one-way ANOVA using Sigmaplot (Systat Software, Inc., San Jose,
CA), or Microsoft Excel (Redmond, WA). For protein lysates, each result is representative
of one set of 3–4 different samples. Each set was repeated at least three times and in most
cases experiments were repeated by two different investigators. For purified proteasome
samples each result is representative of 6–9 samples. Each set of purified proteasome assays
was repeated three times. A p value of less than 0.05 was considered significant. *, p < 0.05;
**, p < 0.001.

Results
The Fluorotrac 200 is referred to as GMBS (Greiner medium-binding surface), Fluorotrac
600 as GHBS (Greiner high-binding surface), Costar non-treated as CMBS (Costar medium-
binding surface) and Corning non-binding surface as CNBS (Corning non-binding surface).
26S trypsin-like (β2) proteasome activity in heart lysates was unaffected by the type of
microplate used (Figure 1). 26S caspase-like (β1) proteasome activity in heart lysates was
higher in CNBS plates, while 26S chymotrypsin-like (β5) activity was highest in CMBS
plates (Figure 1). The 26S caspase-like activity of liver lysates was also significantly higher
in CNBS plates when compared to GHBS and CMBS plates (Figure 2). The 26S trypsin-like
activity in liver lysates was significantly lower in CNBS plates, as opposed to heart lysate
measurements, while the 26S liver chymotrypsin-like activity was highest in CNBS plates.

Different assay conditions were used to determine whether results obtained with different
plates were affected by the type of activity being measured. 26S proteasome activities are
measured in the presence of ATP and in the absence of detergent, while 20S activities are
measured in the absence of ATP but in the presence of detergent. Measurement of 20S
chymotrypsin-like activity in heart and liver lysates showed that while the activity in liver
lysates was similar with the four different microplates, the activity in heart lysates were all
significantly different from each other (Figure 3). The heart proteasome chymotrypsin-like
activity in CNBS plates was significantly higher than the activity obtained in the other three
plates, with the lowest fluorescence intensity obtained in GMBS plates. These results
suggest a previously unknown tissue-dependent effect on proteasome activity related to type
of microplate used.
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Purified murine 20S proteasome activity assays in the different plates also showed
unexpected results (Figure 4). Caspase-like proteasome activity was highest in the CMBS
plates, while the activities in the other three types of plates not significantly different from
each other. The trypsin-like proteasome activity was highest in CNBS plates, with GHBS
and CMBS plates giving higher activity than GMBS plates. Chymotrypsin-like proteasome
activity was lowest for the CNBS plates and similar for the other plates. These results
demonstrate that purified 20S proteasomes have distinct differences in activities on different
microplates and suggest that some binding of the 20S proteasome to the plate may be
beneficial for measuring chymotrypsin-like activity.

Standard curves obtained using free AMC showed significant differences between all four
plates (Figure 5). This is important because calculations of proteasome activity are all done
using standard curves; determination of the specific activity of the proteasome depends on
the amount of AMC released per unit time per unit of protein. Measurement of fluorescence
from free AMC standard curves showed that CMBS (medium binding surface) gave the
highest fluorescence (Figure 5). The GHBS (high binding surface) gave the lowest
fluorescence, which was substantially lower than values obtained using the other plates. This
is important since the GHBS plates give reasonable caspase-like activity for heart lysates,
trypsin-like activity for liver lysates, and chymotrypsin-like activity for purified 20S
proteasomes when compared to the other plates. Calculation of proteasome specific
activities (nmol/min/mg) for samples in each microplate using the AMC standard curve
obtained from similar type plates showed that different results are obtained with respect to
which plate gives greatest activity when compared to the fluorescent intensity (RFU) (Table
1). While trypsin-like proteasome activity was not affected by plate type when fluorescent
intensity was used (Figure 1), the specific activity of proteasomes in GHBS plates showed
significantly higher trypsin-like proteasome activity than the other plates. The higher
proteolytic activity in the GHBS plates was due to the lower AMC standard curve obtained
with these curves. Based on these findings, it can be deduced that measuring the specific
activity of the purified proteasome as well as the heart or liver using the different plates
gives different results in part because of the variations between the sample results and the
free AMC standard curve results.

Since the 20S and 26S proteasome activities in tissue lysates is determined as the proteolytic
activity not inhibited by the specific proteasome inhibitor used, it is possible that the
differences observed between plates may be due to the proteasome inhibitor concentration
and/or functionality being affected by the plate used. Except for trypsin-like activity (β2)
measurements of liver lysates, the relative inhibition of lysates was similar for most assays
and plates with marginal increases in relative inhibition for a few sample/plate
combinations. Marginal decreases (<20%) in relative inhibition did not correlate with lower
proteolytic activity. Overall, the changes in relative inhibition were not as significant as the
change in total proteasome activity but did partially contribute to some of the differences
observed. Even for β2 activity in liver lysates, the significantly lower activity relative to the
other plates was due to a combination of lower relative inhibition and lower total activity,
with the lower total activity being significantly more important that the decreased inhibition
of the lysate.

To determine if addition of bortezomib (a proteasome inhibitor) to the empty well might
increase the amount of inhibitor bound to the plate with the high-binding surface (resulting
in decreased inhibitor available to inhibit the proteasome) a comparison was done adding
inhibitor before the addition of any other components versus addition of the inhibitor after
buffer is already present in the plate wells. Adding inhibitor before or after buffer did not
affect the proteolytic activity measured using purified 20S proteasome or heart or liver
lysates (Figure 6).
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BA has been suggested to activate the chymotrypsin-like activity of the proteasome in vitro.
To determine how a small molecule activator of the proteasome is affected by the microplate
used we determined the effects of BA on heart and liver lysate and purified murine 20S
chymotrypsin-like activity using the different plates. BA was found to activate the
chymotrypsin-like activity of the purified 20S proteasome when the assay was carried out in
three different plates (GMBS, GHBS, and CMBS) (Figure 7). The medium binding plates
showed greater fold activation of chymotrypsin-like activity by BA (1.7–1.8 fold) than the
high-binding plate (1.2 fold). However, when CNBS plates were used to measure the effect
of BA on chymotrypsin-like proteasome activity no significant change in the activity of the
proteasome was observed. BA (10 μg/ml) did not significantly affect the 26S chymotrypsin-
like proteasome activity in heart or liver lysates for any of the plates tested (data not shown).
These results strongly suggest that the microplate used can affect the result obtained using
small molecules/compounds.

Different specific activities of the proteasome may potentially be due to the assay utilized to
determine protein concentration. To determine if different protein determination assays
significantly affect the amount of protein quantified in heart and liver lysates, we compared
three commonly used assays for protein determination: the Bradford assay, the DC assay
and the protein absorbance at 280 nm (Figure 8). Protein absorbance has risen in popularity
due to speed and small amount of sample required. When using BSA as a standard curve the
three assays gave protein concentrations ranging from 0.20 to 0.25 mg/ml for heart lysate
and 0.20 to 0.24 mg/ml for liver lysate. When using the default setting for protein
concentration determination (Thermo Scientific Nanodrop 2000 software) using absorbance
at 280 nm, the protein concentration was significantly higher (>35%) than measurements
using BSA as a standard. This was not unexpected since the default setting is based on an
average extinction coefficient (10, absorbance at 280 nm of a 1% solution (10 mg/ml)) that
is different from the extinction coefficient of BSA (6.6). Given that different methods of
measuring protein concentration give different results, it is likely that the method of protein
quantification may responsible in part for the different proteasome activities reported by
different investigators.

Discussion
Protein and substrate binding to the well is critical to the proteasome activity assay
sensitivity and has to be carefully controlled. Overall, the measurements of fluorescence
emitted by cleaved AMC were uniquely different from each other when measured in
different microplates. No plate was optimal for measuring the three proteolytic activities of
the proteasome. The Costar non-treated (CMBS) plates showed the highest fluorescence
intensity for heart 26S chymotrypsin-like proteasome activity, while Costar non-binding
(CNBS) plates showed the highest fluorescence intensity for heart caspase-like activity.
Heart 26S trypsin-like proteasome activity was not significantly different between the four
plates. Surprisingly, different results were obtained using liver lysates, with CNBS plates
showing the highest fluorescence intensity for 26S chymotrypsin-like proteasome activity,
while CNBS plates show the lowest fluorescence intensity for 26S trypsin-like proteasome
activity.

All microplates selected were polystyrene and had flat well bottoms, which were chosen
because they give a high surface area. Microplates can be low-, medium- or high- protein
binding depending on what treatment they have undergone. Non-binding surfaces are
generally characterized by their low binding capacity for biomolecules such as peptides and
proteins. The repellent property of the non-binding surfaces for biomolecules is usually
advantageous in biochemical assays, resulting in increased sensitivity, reduced background
and improved signal-to-noise ratio. However, non-binding surfaces are significantly more
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expensive than non-treated (medium-binding) surfaces. Medium-binding polystyrene
surfaces are usually more hydrophobic than the surface of a high-binding microplate, and
therefore tend to be more suitable for non-polar proteins and peptides. High-binding
microplates are generally recommended for ELISAs. Another potential problem faced when
performing proteasome assays is that most plate readers typically lack constant humidity
which results in uneven temperature uniformity, causing differential evaporation from outer
wells. To avoid artifacts due to uneven evaporation from wells in different regions of the
plate [15; 16], all assays were carried out with the samples in identical wells on different
plates.

The liver contains a higher concentration of proteasome than the heart [3], so it may be
possible that some of the differences observed between the liver and heart samples were due
to the amount of proteasome in the lysates. However, we found that the differences between
the lysates was not due to amount of proteasome, as increasing the amount of heart sample
did not affect the relative activity obtained using the different plates (data not shown). The
most likely explanation is the intrinsic differences between heart and liver samples, such as
differences in associating partners and post-translational modifications which modulate the
activity of the proteasome [2]. The crude sample will contain more proteasome interacting
proteins than the purified sample. Some proteasome interacting proteins act as inhibitors
while others act as activators of the proteasome. Another possible explanation for the
observed differences is that different types of proteins in the lysates bind to the plates and
compete with the proteasome for binding. Different post-translational modifications on the
proteasome may also affect the stability and ability of the proteasome to interact with the
plate.

20S chymotrypsin-like activity measurements also showed significant differences between
heart and liver lysates with respect to the different microplates. While the 20S
chymotrypsin-like activities in heart lysates were all significantly different from each other,
the activities in liver lysates were all similar. These results clearly point to tissue-specific
effects that are uniquely different between heart and liver samples. For example, liver
samples contain significantly more proteases and/or higher concentrations of proteases than
the hearts that are capable of cleaving proteasome substrates, as judged by non-proteasomal
activity in these samples (activity not inhibited by the specific proteasome inhibitor,
bortezomib).

The most commonly used buffers for determination of 20S proteasomes in crude lysates
contain SDS and/or NP-40. However, buffers used for measuring purified 20S proteasomes
are numerous. While detergents (SDS and NP-40) increase the activity of the 20S
proteasome, they are not needed for proteasome activity measurements. Purified 20S
proteasome assays were all carried out in the absence of detergent as a detergent free buffer
is now the most commonly used method for these assays [17; 18; 19]. However, it is likely
that detergents will affect the binding properties of the non-, medium- and high-binding
types of microplates differently. As such, it is highly recommended that the determination of
20S proteasome proteolytic activities in the presence of detergent be initially carried out on
all three main types of microplates to determine what plate is best for the detergent type and
amount.

Purified murine 20S proteasome activity assays showed that caspase-like activity was
highest in the CMBS plates while trypsin-like activity was highest in CNBS plates, and
chymotrypsin-like activity was lowest in the CNBS plates. These results suggest that some
binding of the proteasome may be beneficial for caspase- and chymotrypsin-like proteolytic
activity measurements. It is possible that binding of 20S proteasomes to the microplate may
alter the structure of the 20S, resulting in the opening of the cavity into the proteasome and
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consequently higher activity. It is also possible that peptide substrates binding to the plates
reduce the substrate availability for degradation by the proteasome. However, this is
unlikely, as the amount of substrate used in these assays (100 μM) is significantly higher
than required by the proteasome for optimal activity. Although 100 μM is the most
commonly used concentration of proteasome substrate used, lower concentrations have been
used, so substrate availability may be a concern for some researchers [20; 21].

Free AMC standard curves showed significant differences between all four plates, with
CMBS plates giving the highest fluorescence and GHBS plates giving the lowest
fluorescence. The specific activities of the purified proteasome as well as the proteasome in
the heart or liver using the different plates are shown in Table 1 and highlight the different
results because of the differences between the sample results and the free AMC standard
curve results (Table 1). While medium-binding plates seem to be good plates for measuring
proteasome activity using fluorescent intensity or relative fluorescent intensity, CNBS and
GHBS plates give higher specific activities in ten out of the eleven different proteolytic
activities shown in Table 1. The results shown in Table 1 further emphasize the effect that
different plates could have on proteasome assays.

BA is a naturally occurring small molecule that have been shown to directly activate the
chymotrypsin-like activity of the proteasome in vitro (the only other known small molecule
activator of in vitro proteasome activity is oleuropein) [22; 23]. At certain concentrations
BA has been shown to increase apoptosis in cancer cells but not in normal cells, making it
an attractive anti-cancer compound [24]. The measurement of BA’s effect on the proteasome
is critical to properly investigate the potential use of BA as an anti-cancer drug. To
determine the effect of BA on purified murine 20S proteasomes, the chymotrypsin-like
activity of the proteasome was determined using the four different types of microplates in
the absence or presence of BA (10 μg/ml). Interestingly, BA had no significant effect on
chymotrypsin-like activity of purified 20S when measured in CNBS plates, while BA
significantly activated chymotrypsin-like proteasome activity in the other three plates.

BA (10 μg/ml) did not significantly affect the chymotrypsin-like activity of 26S proteasome
in heart or liver lysates (data not shown). These results suggest that BA has other
intracellular interacting partners/targets. This conclusion is supported by a recent report
suggesting that in addition to stimulating proteasome activity, BA may inhibit some
deubiquitinases [25]. We have shown that the same total protein amount used for
proteasome activity measurements may give different results for specific proteasome
activity in different plates.

The accurate determination of total protein amount is also very important for reliable results.
Many assays to determine protein concentration have been developed, with four assays
commonly used in research, including the Lowry assay, the Bradford assay, the A280, and
the Warburg-Christian method. Each of these methods has their strengths and weaknesses
which will not be discussed here. The Bio-Rad DC Protein Assay is a colorimetric assay for
protein concentration based upon the Lowry assay (reaction of protein with an alkaline
copper tartrate solution and Folin reagent) [26]. This color development is mainly due to the
amino acids tyrosine and tryptophan, and to a lesser extent, cystine, cysteine, and histidine
[27]. The Bio-Rad Bradford Protein Assay, based on the method of Bradford [28], is a dye-
binding assay using Brilliant Blue G-250 dye in which a differential color change of a dye
occurs in response to various concentrations of protein. The Coomassie blue dye binds
primarily basic and aromatic amino acid residues, especially arginine [29]. Absorbance
assays are used for calibrating purified BSA and other pure proteins for use as standards or
other methods. Proteins in solution absorb ultraviolet light with absorbance maxima at 280
nm due to amino acids with aromatic rings and at 200 nm due to peptide bonds. The
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relationship of absorbance to protein concentration is linear. Most spectrophotometer
programs automatically correct for nucleic acid contamination in samples by measuring
absorbance at 260 nm and then using a well-established formula to correct for any nucleic
acid contamination [30]. The most common protein concentration standard used is BSA with
gamma globulin also used to a lesser extent. When BSA was used as a standard the protein
concentration of the heart and liver lysates exhibited up to 25% and 20% differences relative
to the other methods of protein quantification respectively. Hence the method of protein
concentration determination is also important when comparing the proteasome activity
measurements in nmol/min/mg.

Optimization of the plate utilized would reduce the amount of protein required for
proteasome assays. Using a plate that is optimized for the assay being conducted could
significantly improve results, so that small differences between samples could be well
discriminated. It should be cautioned that plate selection could also potentially bias the
results. It is possible that some plates may artificially increase proteasome activity in a way
which is not physiologically relevant to the cell. Hence it is important to initially validate a
potential proteasome inhibitor or activator by an independent method so that long term
measurements using fluorescent assays in microplates are optimized and reliable. We
suggest validating potential proteasome activators or inhibitors with techniques such as site-
specific fluorescent probes or bioluminescent imaging [11]. For researchers wanting to
compare proteasome activities between different tissues samples (such as mouse liver and
mouse heart), our results suggest that it is best to use at least two different types of plates
(high binding or non-binding and a medium binding) and average the results.

Overall, the results suggest that when proteasome activities are being investigated in new
samples or molecules, different microplates should be evaluated to determine the best plate
for the assay as well as the role of any possible plate-specific effects. The use of different
microplates may be especially important when investigating the effect of small molecules on
proteasome activity. We recommend the use of at least two plates, such as one medium-
binding and one low-binding or high-binding, for evaluating initial proteasome assays. In
summary, the results suggest that significant caution is needed when selecting microplates
for proteasome assays.
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Figure 1. 26S proteasome activities from heart lysates in different black microplates
Caspase- (β1), trypsin- (β2), and chymotrypsin- (β5) like proteasome activities of heart
cytosolic lysates were determine in four different microplates. Heart lysates (20 μg) were
incubated with different substrates depending on the proteolytic activity of the proteasome
that was being measured. Each assay was conducted in the absence and presence of the
specific proteasome inhibitor bortezomib. AMC fluorescent tags released from substrates by
the specific proteasome activity were measured using a Fluoroskan Ascent fluorometer at an
excitation wavelength of 390 nm and an emission wavelength of 460 nm. *, p < 0.05; **, p
< 0.001.
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Figure 2. 26S proteasome activities from liver lysates in different black microplates
Caspase- (β1), trypsin- (β2), and chymotrypsin- (β5) like proteasome activities of liver
cytosolic lysates were determine in four different microplates. Liver lysates (20 μg) were
incubated with different substrates depending on the proteolytic activity of the proteasome
that was being measured. Each assay was conducted as described in figure 1 legend and in
the methods. *, p < 0.05; **, p < 0.001.
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Figure 3. 20S chymotrypsin-like proteasome activities in heart and liver lysates using different
black microplates
Heart and liver lysates (20 μg) were incubated with LLVY-AMC substrate in the presence
of 20S buffer and AMC released from the proteasome substrate was measured using a
Fluoroskan Ascent fluorometer as described in the methods. *, p < 0.05; **, p < 0.001.
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Figure 4. Purified 20S proteasome activities measured using different microplates
Caspase- (β1), trypsin- (β2), and chymotrypsin- (β5) like proteasome activities of purified
mouse 20S proteasomes (0.1 μg) were determined as described in the methods. *, p < 0.05;
**, p < 0.001.
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Figure 5. Effect of different 96 well black microplates on free AMC standard curves
The fluorescence of free AMC (excitation wavelength of 390 nm and emission wavelength
of 460 nm) at different concentrations (0–0.5 μM and 0–8 μM) were measured a Fluoroskan
Ascent fluorometer.
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Figure 6. Effect of proteasome inhibitor added at different times on purified 20S and heart and
liver 26S chymotrypsin-like activity
Proteasome inhibitor was added before (B) or after (A) buffer was to the microplate to
determine if adding the inhibitor to the plate increased the binding of the inhibitor to the
plate. Upper left panel shows purified 20S in CMBS plates while the lower left and right
panels show liver and heart lysates in GHBS plates.
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Figure 7. Effect of betulinic acid on purified 20S chymotrypsin-like proteasome activity
Betulinic acid (10 μg/ml final concentration) was added to purified murine 20S proteasomes
and incubated for 20 mins before addition of proteasome substrate. AMC released from the
substrate was measured using a Fluoroskan Ascent fluorometer. *, p < 0.05; **, p < 0.001.
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Figure 8. Measurement of protein concentrations in heart and liver lysates using different
protein assays
Protein concentrations of heart and liver lysates (0.2 mg/ml based upon Bradford assay) was
determined using DC, Bradford and A280 protein assays. BSA A280 refers to measurement
of protein at an absorbance of 280 nm using BSA as a standard curve. BSA was used as a
standard for the DC and Bradford assays. *, p < 0.05; **, p < 0.001.
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Table 1

Proteasome Activities obtained using different microplates.

Sample Assay Type Microplate Type Proteolytic Activity (mean ± SE, nmol/min/mg)

Heart Lysate 20S β5 GMBS 0.0108 ± 3.93E-04

GHBS 0.0248 ± 2.75E-03

CNBS 0.0271 ± 1.92E-03

CMBS 0.0156 ± 6.02E-04

26S β1 GMBS 0.0036 ± 3.08E-04

GHBS 0.0164 ± 1.48E-03

CNBS 0.0153 ± 1.68E-04

CMBS 0.0044 ± 3.00E-04

26S β2 GMBS 0.0021 ± 1.11E-04

GHBS 0.0102 ± 1.19E-03

CNBS 0.0068 ± 1.03E-03

CMBS 0.0027 ± 2.37E-04

26S β5 GMBS 0.0069 ± 2.07E-04

GHBS 0.0215 ± 1.43E-03

CNBS 0.0167 ± 8.15E-04

CMBS 0.0150 ± 3.75E-04

Liver Lysate 20S β5 GMBS 0.0268 ± 5.30E-03

GHBS 0.0560 ± 1.29E-02

CNBS 0.0458 ± 1.11E-02

CMBS 0.0317 ± 4.72E-03

26S β1 GMBS 0.0292 ± 1.19E-03

GHBS 0.0362 ± 3.37E-03

CNBS 0.0430 ± 7.60E-04

CMBS 0.0233 ± 1.47E-03

26S β2 GMBS 0.1334 ± 3.83E-03

GHBS 0.1806 ± 7.30E-03

CNBS 0.0190 ± 1.95E-03

CMBS 0.1235 ± 8.03E-03

26S β5 GMBS 0.0302 ± 3.77E-03

GHBS 0.0652 ± 2.35E-03

CNBS 0.0809 ± 7.98E-03

CMBS 0.0273 ± 8.92E-03

Purified 20S 20S β1 GMBS 19.875 ± 0.890

GHBS 29.637 ± 0.149

CNBS 24.402 ± 0.582

CMBS 36.300 ± 2.095

20S β2 GMBS 6.527 ± 0.562

Anal Biochem. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Cui et al. Page 21

Sample Assay Type Microplate Type Proteolytic Activity (mean ± SE, nmol/min/mg)

GHBS 15.378 ± 0.927

CNBS 23.420 ± 0.445

CMBS 8.480 ± 0.530

20S β5 GMBS 37.227 ± 0.947

GHBS 51.640 ± 3.147

CNBS 20.250 ± 0.495

CMBS 40.272 ± 2.407
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