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The immunoproteasome (iCP) can be expressed under inflammatory conditions, such as exposure to
interferon-gamma (IFN-v), that alerts the cell to begin generating iCP preferentially over the standard
proteasome (sCP). With the iCP becoming a widely targeted isoform in a variety of diseases, there is a
need to understand its activity and expression in cells and in vivo. Activity-based probes for the iCP have
been developed but their application has been limited due to their difficult synthesis and cannot be used
in tissues or whole animals. Our lab has previously demonstrated we can monitor iCP activity using a
4-mer peptide linked to a fluorophore and a peptoid. This was utilized in the development of the first

Received 1st July 2024, cell-permeable iCP activity-based probe that did not include a covalent reactive moiety. Here, we

Accepted 12th July 2024 demonstrate that this same peptide recognition sequence can be appended to aminoluciferin, caging it,
until its interaction with the iCP. This probe should be applicable to monitor iCP activity in animal

models where tumor or other tissue has been engineered to produce luciferase. We anticipate it could

DOI: 10.1039/d4cb00148f

rsc.li/rsc-chembio also be applied to observe iCP activity as tumors are formed in vivo.
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Introduction

Elucidating the role of the proteasome and its isoforms is an
endeavor that has experienced an increased interest in recent
years, with the development of more selective inhibitors and
the recent advancements of targeted protein degradation as a
viable therapeutic option.'® The proteasome is a large, multi-
catalytic complex that is responsible for the degradation of
cytosolic and nuclear proteins.” Under conditions of inflamma-
tion, newly synthesized proteasomes are formed, incorporating
altered catalytic subunits that are homologous to the standard
proteasome core particle (sCP). The immunoproteasome (iCP)
has been discovered to have alerted cleavage preferences of
protein/peptide substrates from the sCP due to these changes
in catalytic subunits.”™® This has led to the development of
selective inhibitors to be generated that have shown to be
advantageous over sCP inhibition in certain disease types.'*
Being able to effectively monitor these isoforms is of great
interest, as the proteasome is responsible for several cellular func-
tions from protein clearance, cell cycle regulation, MHC-I presenta-
tion, and cellular stress response. A variety of probes have been
developed by us and others for different applications."*™” These
probes can be routinely used to study iCP activity utilizing purified
iCP or in cell-based assays. However, there are still many questions
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about the activity of this proteasome isoform in animal models
or tissue-based studies. Being able to study iCP activity in only a
cellular environment has hindered our ability to understand
the dynamics of this protein complex in relation to how far
from the site of inflammation the iCP being expressed, how
quickly is it being expressed, as well as better understanding its
role after targeting with therapeutics. The current probes rely
on fluorophores that require external excitation and have low
tissue penetration. To overcome the current probe limitations,
we describe here methodology to synthesize and apply an
iCP-selective probe that has the potential for in vivo monitoring.

Bioluminescence imaging has proven to be a powerful tool
for sensitive, reliable, and non-invasive imaging of a wide
variety of targets and processes.'® One of the most common
bioluminescence systems is the firefly luciferase-luciferin sys-
tem, as it allows for simple imaging of complex processes while
only requiring limited substrate.’*' In addition, caged luci-
ferin probes have been developed that serve as highly sensitive
probes for detecting enzyme activity in an animal model.**>"*
When the luciferin analogue is caged, it cannot interact with
luciferase, and no signal is produced. In contrast, once the
probe has been cleaved or uncaged by an enzyme, chemical
reaction, or ultraviolet light, the free luciferin can interact with
luciferase and signal can be detected through tissue.

To design this caged-amino luciferin iCP probe, we were
inspired by the development of our previous cell permeable
activity-based probe TBZ-1.>° This probe utilizes a 4-mer
peptide sequence that is selective for the iCP over the sCP,
appended to rhodamine 110 as the fluorophore. Upon interaction
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Fig. 1 Design of iCP bioluminescent probe. iCP recognition sequence is
appended to the free amine of aminoluciferin effectively “caging” the
molecule from interacting with luciferase. Upon interaction with the
Beta-5i subunit of the iCP, the peptide is cleaved after the tryptophan,
releasing free aminoluciferin to interact with luciferase and a luminescent
signal can be monitored.

with the catalytic subunits of the iCP, the bond between our
recognition peptide sequence and fluorophore was cleaved, gen-
erating a fluorescence signal that could be monitored over time
and correlated to iCP activity.">*® For this new probe, inspiration
was taken from previously designed caged-bioluminescent probes
for a variety of enzymes. The amino luciferin derivative of b-
luciferin has a free amine that can form an amide bond to a
peptide recognition sequence, caging the probe until released by
the iCP, Fig. 1.

The probe described here was compared to commercially
available non-selective proteasome probes. The results show
that this probe was able to achieve similar sensitivity but gain
the selectivity that is currently lacking. This new probe demon-
strated an improvement in cleavage by the installment of a
linker that limits steric hinderance at the active site of the iCP,
allowing for more probe to be cleaved at a faster rate.

Results

For the synthetic design of the probe a new route was needed to
couple the amino luciferin moiety to the iCP recognition
peptide sequence. The recognition peptide sequence can be
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generated in suitable quantities by solid phase peptide synth-
esis. Capping the N-terminus to prevent unwanted cleavage by
proteases in the cell was accomplished using a two-step bro-
moacetic acid/DIC coupling followed by bromine displacement
with morpholine (Scheme 1A). Once the peptide was synthe-
sized and purified, the bioluminescent agent was coupled
directly to the recognition sequence. As previously demon-
strated the iCP is capable of cleaving bonds between the
peptide and fluorophore.'”> To accomplish this direct conjuga-
tion of the amino luciferin moiety to the peptide, the threoni-
ne’s hydroxyl group needed to be re-protected as the ¢-butyl was
removed after cleavage of the peptide from the resin. TBDMS-CI
with imidazole was used to protect the free hydroxyl of the
threonine to ensure no reaction would occur at this site. The
tryptophan contained no protecting group as we noted that if
the Boc group remained it hindered the coupling abilities with
the relatively weak nucleophile 6-amino-2-cyanobenzothiazole.
After the Thr protecting group was installed, the coupling reagents
TCFH and NMI were utilized, as these are used for unreac-
tive anilines such as the 6-amino-2-cyanobenzothiazole.”” Lastly,
p-cysteine was used to cyclize the cyanobenzothiazole to afford the
final probe m-ATMW-aLuc, Scheme 1B.

After completing the synthesis of this probe, we wanted to
demonstrate the iCP could cleave the bond between the recog-
nition peptide sequence and the amino luciferin. We utilized
our established LC/MS assay where the probe is incubated with
purified iCP, quenched at several time points using acetoni-
trile, and the amount of probe remaining was determined
based on the control samples which did not contain iCP.
Excitingly, it was determined the probe was being cleaved
selectively by the iCP over the sCP over the course of 6 hours,
Fig. S1 (ESIt). After confirmation that the probe was able to be
accepted and cleaved by the iCP, we wished to assess its ability
to generate a luminescent signal after interacting with the iCP
in the presence of luciferase. Initially the probe was incubated
with varying amounts of iCP and sCP to determine a limit of
detection biochemically. After an hour of incubation with
purified iCP or sCP, luciferin detection reagent (LDR) was
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o
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Scheme 1 (A) A: 2-Chlorotrityl resin (1.2 meq g~%), Fmoc-Trp(boc)-OH (2 eq.), DIPEA (4 eq.), dry DCM (10 mL g~ resin), 2 h, RT. Subsequent amino acid
coupling: 20% piperidine, DMF, 20 min, RT. Fmoc-AminoAcid-OH (5 eq.), HBTU (4.5 eq.), DIPEA (10 eq.), DMF, 1 h, RT. B: Bromoacetic acid (2 M), DIC
(1 M), DMF, 15 min, 37 °C. morpholine (0.5 M), DMF, 1 h, 37 °C. C: 95% TFA, 2.5% DCM, 2.5% triisopropylsilane, 60 min, RT. (B) A: m-ATMW-OH (1 eq.),
TBDMS-CL (0.9 eq.), imidazole (1.8 eq.) overnight, O °C, dry DMF. TCHF (0.9 eq.), n-methyl-imidazole (2 eq.), RT, 2 h. 6-Amino-2cyanobenzothiazole
(2 eq.), n-methyl-imidazole (3 eq.), DMF, 24 h, RT. B: m-ATMW-amino-cyano-benzothiazole (1 eq.), b-cysteine (1.5 eq.), H,O, MeOH/THF pH 1.6. 20 min
RT. Sat. Sodium bicarbonate pH 7.3, 2 h, RT.
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Fig. 2 (A) Limit of detection of m-ATMW-aLuc with purified iCP and sCP.
Varying amounts of purified proteasome isoforms was incubated with
probe for 1 h before addition of luciferin detection reagent (LDR). Lumi-
nescence was detected by a plate reader using a 96-well plate. (B)
m-ATMW-aluc probe incubated with and without iCP inhibitor ONX-
0914 (25 pM) for 1 h followed by addition of LDR to demonstrate signal
is due to cleavage from iCP and interaction with luciferase enzyme only.
A one-way ANOVA Dunnett's multiple comparisons test was performed
to compare each concentration to DMSO for statistical significance.
p < 0.0001: ****: p < 0.001: ***: p < 0.01: **; p < 0.05: *.

added. This commercially available reagent contains the luci-
ferase enzyme to convert free luciferin derivatives into their
light emitting oxyluciferin products. This probe was selective
for interacting with the iCP over the sCP at several concentra-
tions of purified proteasome isoforms, Fig. 2A. The amount of
luminescence was also dependent upon the amount of iCP
included in the assay.

In order to ensure the luminescence values observed are due
to iCP activity to release amino luciferin from the peptide, we
utilized the iCP selective inhibitor ONX-0914. ONX-0914 was
added to purified iCP as well as m-ATMW-aLuc for one hour.
Upon addition of LDR and scanning on a plate reader, we were
able to see significant reduction in the luminescent values
observed in the ONX-0914 treated samples, Fig. 2B and Fig.
S2 (ESIt). This result provides confidence that the amino
luciferin must be released from the peptide by iCP activity to
generate luminescent signal.

All of the previous experiments had been carried out using
purified iCP and sCP, which does not necessarily correlate to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the probe being successful when it enters the cellular environ-
ment. To assess the probe’s ability to interact with iCP in cells,
we needed to establish models that could demonstrate probe
3’s ability to be cell permeable, interact with the iCP, and react
with luciferase to generate a luminescent signal. Ramos (B-Cell
Lymphoma) cells were selected as they were shown to have
higher endogenous amounts of iCP without having to dose with
a cytokine, Fig. S3 (ESIT). These cells do not express luciferase,
so LDR was needed to observe any signal. To compliment the
Ramos cell model, 4T1 cells were also selected. This cell line
has been engineered to stable express luciferase and is widely
used in a variety of mouse models, as well as are a model cell
line for studying breast cancer tumor metastasis.”® The
amounts of iCP expression in these cell lines was quantitated
(with and without exposure to IFN-y) by western blotting using
an antibody to detect the iCP catalytic subunit Beta-5i without
treatment. By western blotting the cell lysate, Ramos cells
showed high endogenous expression of the iCP, while upon
treatment of IFN-y (20 ng mL ") for 72 h, an increase in Beta-5i
could be observed in 4T1 cells, Fig. S4 (ESIY).

Having established cellular models for testing the probe, we
needed to ensure probe 3 was not causing any unwanted
toxicity to the cell lines chosen at the relevant time points or
concentrations. Both cell lines were dosed with probe at a range
of concentrations and incubation times. At relevant concentra-
tions and time points, there was no observed toxicity as
anticipated, Fig. S5 and S6 (ESIT).

A dose dependent assay to determine probe concentration
required to observe a signal in both cell lines was undertaken.
In Ramos cells, which have a high amount of endogenous iCP,
we were able to detect sufficient signal of probe 3 at 1 uM, Fig.
S7 (ESIT). 4T1 cells express more iCP after exposure to IFN-y.
They were pre-dosed with 20 ng mL™" of IFN-y or DMSO for
72 h. The cells were then subjected to the same dosing protocol
with the probe as the Ramos cells. A dose-dependent increase
in luminescent signal in the 4T1 cells treated with IFN-y was
observed, indicating more active iCP correlates with an increase
in iCP expression from the western blot analysis, Fig. 3. The 4T1
cells were also incubated with the iCP inhibitor ONX-0914. A
reduction in luminescence occurred as the iCP was inhibited,
limiting the amount of amino luciferin available as a luciferase
substrate. These results highlights that the observed lumines-
cence signal is dependent on iCP activity.

Next, we were interested to determine if the sensitivity of
probe 3 compared to commercially available probes for the
proteasome. Suc-LLVY-Amino luciferin (Suc-LLVY-aLuc) is
commonly used to detect iCP or sCP activity in a variety of
cell models or in vivo. This probe is not selective as the amino
acid sequence LLVY can be recognized by both the sCP and
iCP. We hoped that probe 3 would be able to generate similar
signal levels as this commercially available option, but have
improved selectivity that would be better suited for iCP
analysis only. When incubating both probes with purified
iCP for 1 h, we were excited to see that probe 3 retains almost
the same sensitivity as the Suc-LLVY-aLuc probe, Fig. S8
(ESIY).

RSC Chem. Biol., 2024, 5, 877-883 | 879
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Fig. 3 m-ATMW-aluc probe incubated with 4T1 cells for 4 h with IFN-
gamma (20 ng mL™), DMSO, or ONX-0914 (25 pM) to demonstrate the
interaction with the iCP selectively. p < 0.0001: ****; p < 0.001: ***;
p < 0.01: **; p < 0.05: *.

The 4T1 luciferin-expressing cell line after exposure to IFN-y
were dosed with 10 uM of either probe. Another iCP inhibitor,
KZR-616, was utilized which has been noted to be a move
selective inhibitor for the iCP over the sCP.>*” Significant
reduction in signal was observed using the m-ATMW-aLuc
probe with co-treatment with KZR-616, but no significant
change is observed with the Suc-LLVY-aLuc probe, Fig. 4. This
result indicates the Suc-LLVY-aLuc probe produces signal after
interacting with either the sCP and iCP, highlighting that it is
not applicable for monitoring only iCP activity in cells. Having a
nonselective probe could be hindering the ability to fully
understand the role of iCP in a desired system.

To further improve the properties of this new iCP probe,
with the long-term goal to be able to use concentrations
applicable for in vivo activity studies, modifications of the
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Fig. 4 4T1 cells (20000 cell per well) incubated with iCP inhibitor
KZR-616 (500 nM) followed by incubation with m-ATMW-aLuc (10 uM)
or Suc-LLVY-aluc (10 pM) for 1 h. A one-way ANOVA Dunnett's multiple
comparisons test was performed to compare each concentration to
DMSO for statistical significance. p < 0.0001: ****; p < 0.001: ***;
p < 0.01: **; p < 0.05: *.
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Fig. 5 (A) Structure of m-ATMW-PABC-aluc. (B) Dose dependent probe
analysis with linker (yellow) and without linker (green) with purified iCP. (C)
ONX-0914 (25 pM) inhibition of 4T1 cells (blue) compared to DMSO
(yellow) prior to addition of probe with linker to demonstrate isoform
selectivity.

scaffold were undertaken to improve the rate at which the
amino luciferin is cleaved from the iCP recognition peptide. A
hypothesis was formed that the cleavage rate of the uncaging of
the amino luciferin moiety could be increased by separating the
amino luciferin from the peptide recognition sequence using a
self-immolative linker. Linkers are commonly employed in a
variety of prodrugs and probes to limit any hinderance of the
enzyme’s active site and allow for improved cleavage.>*> The
para-aminobenzyl alcohol (PABC) linker is frequently used for
conjugating molecules to peptides and could be incorporated
into our synthesis easily.’®” The iCP recognition peptide could
be generated by solid phase peptide synthesis as before, and
then incorporate the PABC linker before the introduction of the
bioluminescent agent, Fig. 5A and Scheme S1 (ESIt).

To assess cleavage abilities of the iCP with and without the
PABC linker, both probes were tested in a LCMS assay to
quantitate how much aluc was being cleaved over time,
Fig. S9 (ESIt). Once we had determined it could interact with
the iCP and was able to release more of the aLuc substrate, we
wanted to determine if this correlated to increased luminescent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) 4T1 cells incubated with probe prior to placing slices of turkey
bacon over wells and imaging with EMCCD camera. (B) Signals normalized
by subtracting signal from wells with only probe and media and values
plotted in GraphPad Prism.

signal. Both probes were incubated with purified iCP or sCP for
1 h. After an hour, LDR was added, and the amount of
luminescent signal was detected using a plate reader. The
probe derivative that contained the linker had significantly
more luminescent signal as compared the probe without the
PABC linker, Fig. 5B. We were able to observe a reduction in
luminescent signal when incubated with the iCP inhibitor,
confirming our signal is directly related to the hydrolysis
activity of the iCP, Fig. S10 (ESIt).

To demonstrate the cellular application of the m-ATMW-
PABC-aLuc probe, 4T1 cells were incubated with iCP inhibitor
ONX-0914 prior to treatment with probe. After the addition of
LDR and scanning for luminescence, using 10 uM of the probe
provided significant signal and that signal was reduced if the
iCP was inhibited with ONX-0914, Fig. 5C. Using 1 uM of the
probe in cells was too low of a concentration to detect a change
when ONX-0914 was utilized.

The long-term goal of this new probe is to use it in vivo to
detect iCP activity in a variety of mouse models. However, the
luminescent signal needs to be strong enough to be visualized
through tissue, as well as remain intact without being cleaved
by random proteases. Also, rather than a plate reader, lumines-
cence would need to be detected using an EMCCD camera.
Initially, probe 3 and probe 6 were incubated with 10% human
serum at various time points to ensure no unwanted cleavage
could be detected, Fig. S11 (ESIT). Then, 4T1 cells were dosed
with varying amounts of the probe and with ONX-0914
to confirm signal detected by the camera was from iCP-
mediated release of the aLuc from the probe. After imaging,
similar results were obtained as those from the plate reader
assay, Fig. S12 (ESIt). To mimic visualizing iCP activity through
tissue, thin slices of turkey bacon were laid over wells of 4T1
cells after dosing with probe.*® This plate was imaged with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hope that signal could penetrate through the bacon in a similar
fashion to how it could be used in vivo. With an exposure time
of 5 min, significant signal over the background was detected
using 25 pM and 10 uM of the probe, Fig. 6. Although using
LDR can be used in these cellular and tissue studies, further
refinement to the probe may be necessary before in vivo testing
is possible.

Conclusion

Bioluminescent activity probes to monitor enzyme activity have
an advantage over fluorescent ones, as they can provide sig-
nificant signal over noise ratios and can be visualized through
tissue. The iCP plays a variety of important roles including
generating antigenic peptides and its expression can indicate
an inflammatory response by the immune system. There is a
need to develop improved tools of monitoring this proteasome
isoform to increase our knowledge of the role the iCP plays in
cancer and autoimmune diseases. Having a probe that has the
potential to be utilized in an in vivo setting could allow for a
better understanding of how quickly the iCP is being expressed
after exposure to inflammatory cytokines, and how far from the
site of inflammation it is being expressed, two pieces of knowl-
edge which are currently lacking.

The luminescent activity probe for the iCP described here
includes a self-immolative linker conjugated to aLuc. After
interacting with the iCP and decomposition of the linker, aLuc
can be released to interact with luciferase. This “caged” aLuc
probe is applicable to monitor iCP activity in biochemical and
in cellulo assays. Signal generated from uncaging the aLuc by
the iCP was also visualized using a EMCCD camera. Although
this probe is shown to be effective in the assays described
above, we believe further refinement and improvement is
needed before actual in vivo applications can be conducted.
The development of NanoLuc, which is significantly brighter
than firefly luciferase, could potentially help achieve better
signal, with less amount of probe. Swapping the amino luci-
ferin moiety for a different, more sensitive bioluminescent
substrate would greatly benefit this technology. There are also
other potential applications that could be investigated with this
probe by multiplexing with other enzymes to better elucidate
how the iCP is working in correlation with other cellular
processes.
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