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The proteasome is an integral macromolecular machine responsible for regulated protein degradation,
and its barrel-like core particle (CP) hydrolyzes protein substrates into peptide fragments. A proteasome
isoform that is expressed under conditions of inflammation is known as the immunoproteasome (iCP),
which incorporates different catalytic subunits of altered cleavage specificities from the standard
proteasome (sCP). Probes and inhibitors have been generated to study iCP activity and for therapeutics,
respectively; recently, the iCP has been harnessed as a prodrug enzyme to release bioactive compounds
selectively into iCP-expressing cells. iCP-targeting probes, prodrugs, and inhibitors are based on peptide
recognition sequences and their favorable interactions within the iCP's substrate channel. To better
understand what unnatural substrates the iCP can recognize, we synthesized peptide-conjugated
substrates and applied them to a liquid chromatography-mass spectrometry (LC-MS) method after
incubation with purified human iCP. Structure—activity relationships of unnatural peptide-conjugated
substrates revealed modifications that improved substrate selectively for the iCP by more than 3-fold
compared to the original scaffold. As such, this report will be helpful to guide future iCP-targeting
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Introduction

The immunoproteasome (iCP) is a disease-specific isoform of
the proteasome that is expressed upon exposure to interferon-y,
and is constitutively expressed in cells of hematopoietic
origin."?> The barrel-like structure of the core particle (CP) is
generated upon the incorporation of o and f subunits in a
tightly conserved manner.> Within the standard core particle
(sCP) B subunits, three are catalytically active (B1—caspase-like,
B2—trypsin-like, and B5—chymotrypsin-like) that are respon-
sible for the cleavage of protein substrates into peptide pro-
ducts. When the cell is exposed to inflammatory stimuli, the CP
is assembled with altered catalytic subunits (B1i---chymotryp-
sin-like, B2i—trypsin-like, and B5i—chymotrypsin-like), form-
ing the newly synthesized iCP that can accept the same protein
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probes, prodrugs, and inhibitor design.

substrate as the sCP; the peptide products, however, are
different."* This difference in cleavage specificity allows the
iCP to generate peptides that are compatible with presentation
by MHC-I complexes. As such, the iCP has been found to be
expressed in varying amounts across several diseases such as
cancer, autoimmune diseases, and inflammation.’

Several peptide-like inhibitors have been designed to fit into
the B5i unprimed specificity pockets. ONX-0914 and KZR-616
are the two most utilized iCP inhibitors and have become
excellent tool compounds for understanding iCP dynamics,
although their clinical efficacy is not as clear.®”® Both inhibitors
contain an electrophilic epoxyketone that covalently binds to
the B5i N-terminal catalytic threonine (Thr1), and alterations to
their peptide-like backbone allowed for increased selectivity for
the iCP over the sCP, Fig. 1A. Beyond inhibition, several probes
have been generated by us and others that allow for selective
monitoring of the iCP over the sCP by taking advantage of these
same principles.”™* The Ala-Thr-Met-Trp (ATMW) recognition
sequence for 35i that was discovered by the Trader lab has been
utilized in the generation of fluorescent and luminescent
probes to monitor the activity of the iCP biochemically and in
cells, Fig. 1B and C."*'* In addition, ATMW has applied to the
development of prodrugs that selectively engage with the iCP
for the release of Doxorubicin®™ or a protein degrader cargo
specifically in diseased cells, Fig. 1D."® Due to the varied release
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Fig. 1 (A) Structures of iCP inhibitors ONX-0914 and KZR-616 that were developed based on specificity pocket (S1, S2, and S3) interactions of the B5i
subunit to improve selectivity over the sCP. (B) Peptide ATMW recognition sequence (blue) appended to a cargo (pink) will interact with the iCP's B5i
subunit, leading to cleavage of the cargo specifically in iCP-expressing cells. PDB: 5GJR. (C) Structures of cargo that have been appended to ATMW for
activity-based probes. Top: fluorescent activity-based probe TBZ-1 (ATMW-Rh110-peptoid); bottom: luminescent activity-based probe morpholine-
tagged ATMW-luciferin (m-ATMW-aLuc). (D) Structures of cargo for iCP-targeting prodrugs. Top left: m-ATMW-Doxorubicin; bottom right: m-ATMW -
PABC-(ARV-771).
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Fig. 2 Structure—activity relationship with ATMW-R substrates to understand unnatural R groups that purified iCP can accept for hydrolysis. (A) Cartoon
schematic of the iCP B5i substrate channel. While ATMW “interacts” with the unprimed specificity pockets (S1, S2, S3, and so on), cargo in ATMW-
conjugated substrates will interact with the primed specificity pockets (S1', S2', and so on). A red dash line signifies the scissile amide bond cleaved by the
iCP. (B) Structure of ATMW-R substrates that contain the iCP recognition sequence ATMW (blue) conjugated to an R group (orange). R groups for ATMW-
R substrates included different substitutions on the aniline ring (substrate 1), causing an electron-withdrawing or electronic donating effect on the scissile
amide bond. (C) ATMW-R substrates (including TBZ-1) were incubated with 5 nM purified iCP for 4 hours at 37 °C, and samples were subjected to mass
spectrometry. EIC of ATMW Released is reported as area under the curve. Samples were performed in triplicate, represented as the mean =+ standard
deviation. Statistical significance by t-test is denoted by ****p < 0.0001 and ***p < 0.001.
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what additional interactions could be harnessed within the
icp."”

Here, we describe the evaluation of ATMW-conjugated un-
natural substrates and structure-activity relationship studies of
the ATMW recognition peptide with a simplified model cargo
dialanine (Ala-Ala). After synthesis of unnatural substrates, they
were incubated with purified iCP and evaluated by liquid
chromatography-mass spectrometry (LC-MS) to determine the
substrates’ relative cleavage and isoform selectivity. With
ATMW-conjugated small molecules, we observed small R
groups had a lower release from the ATMW peptide than
bulkier groups. In addition, groups that extended deeper into
the primed channel appear to have more favorable release,
potentially due to more interactions past the Thri. While
investigating the ATMW sequence with model cargo dialanine,
we identified several modifications within ATMW that had
improved cleavage and specificity for the iCP. These findings
may be beneficial in the generation of more iCP-selective
prodrugs, probes, and/or inhibitors in the future.

Results and discussion

First, we desired to understand how the iCP accepts unnatural
substrates in comparison to the rhodamine—peptoid probe we
had previously made, TBZ-1."> Based on our previous studies
developing probes and prodrugs for the iCP, we suspect there
are favorable interactions with both sides of the scissile amide
bond, Fig. 2A. Although substantial proteasomal research has
been conducted for inhibitor optimization with the unprimed
substrate channel, little is known on the interactions necessary
in the primed substrate channel for effective hydrolysis.'®
Recently, we reported that the sCP can accept different moieties
in its primed substrate channel utilizing structural-activity
relationships (SAR) with Leu-Leu-Val-Tyr or LLVY-conjugated
substrates.'” Interestingly, polar groups within the primed
substrate channel enhanced the release of the pro-moiety
sequence, LLVY. To validate if the primed substrate channel
of the iCP exhibited a similar trend, ATMW-conjugated sub-
strates (including TBZ-1) were synthesized for SAR, Fig. 2B."
These substrates were incubated with purified 5 nM iCP at
37 °C for 4 hours and analyzed by mass spectrometry, Fig. 2C.
Small R groups had significantly lower ATMW released from
the ATMW-R substrates, whereas substrates 6 and 7 had
increased amounts proteolyzed by the iCP. These trends are
similar to that of the sCP with LLVY-conjugated substrates,”
where the hydroxyl group drives favorable cleavage by the CP.
When purified iCP is activated with the PA28 regulator,
ATMW-R substrates are hydrolyzed similarly as latent iCP,
Fig. S1 (ESI1)."?° The addition of PA28 in vitro greatly
stimulates the iCP’s peptidase activity without sacrificing
specificity.’® In both conditions of latent or activated iCP, no
ATMW-R substrate achieved greater release of ATMW than
TBZ-1, indicating that the elongated structure of TBZ-1 aids
with substrate engagement similar to TAS-1 with sCP."” With
the iCP’s barrel-like structure, we anticipate the release of
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various cargo will be dependent not only on the pro-moiety in
the unprimed channel but also on the its favorable interactions
within the primed channel.

We previously identified the iCP as an effective target for
prodrug release by demonstrating this isoform can cleave the
cargo, such as Doxorubicin (Dox) and ARV-771, from the ATMW
peptide. This release led to the parent drug retaining activity in
higher iCP-expressing cells, while healthy cells with low iCP
had no or reduced effect.'® We observed the ARV-711 cargo had
improved efficacy than the Dox cargo, further supporting the
hypothesis that the interactions within the primed substrate
channel played a role in the ability of the iCP to release the
cargos. Similar to TBZ-1 in Fig. 1B, ARV-771 has an elongated
structure that could additionally aid with substrate engage-
ment, Fig. 1D. Dox’s structure potentially hinders the Thri,
leading to less of the parent drug being released in diseased
cells. To understand if we could improve iCP cleavage, we were
interested in performing SAR on the ATMW peptide which
interacts with the unprimed substrate channel, Fig. 3A.*%*®

With peptide sequence-dependent release of Dox by the iCP,
we then embarked on an SAR study to optimize the ATMW
sequence. Modifications to the ATMW sequence could not only
improve cellular stability of iCP-targeting prodrugs but also
increase iCP hydrolysis of challenging or unfavorable cargo,
such as Dox. For this SAR study, unnatural amino acids were
chosen to build upon our original OBOC library screen in TBZ-
1’s design," which was based upon the crystal structure of the
sCP/iCP.** To expedite synthesis and purification, dialanine
cargo was utilized on the C-terminus instead of Dox. Dialanine
cargo has been previously used with the recognition sequence
LLVY for the sCP in the optimization of sCP activity-based
probe, TAS-1 into TAS-2/TAS-3.%* After four hours of incubation
with iCP-PA28-activated complex, substrates were analyzed by
mass spectrometry, Fig. 3B. The control ATMWAA was hydro-
lyzed approximately 40% during this time frame, and all
samples that contained one single modification from the
ATMW recognition sequence were statistically compared to
the ATMWAA control. All P1 modified ATMWAA analogs, except
for Trp(N-Me), were more degraded than the control ATMWAA.
Interestingly, the Ala(3-benzothienyl) (Abt) substrate was hydro-
lyzed the most, which only substitutes the Trp’s nitrogen atom
with a sulfur. It appears that having the hydrogen bonding from
the indole or the benzothiophene are important for hydrolysis.
For P2 substitutions, no substantial increase with the substrate
analogs was observed. The hydrogen bonding amino acids in
P3 all performed better than the original Thr, suggesting that a
longer group in the S3 pocket would be favorable.

Higher hydrolysis by the iCP may also increase non-specific
hydrolysis by the sCP. To confirm how iCP isoform selectivity is
maintained or changed, dialanine substrates were incubated
with purified 9 nM of sCP for 4 hours at 37 °C and their
hydrolysis products were analyzed by mass spectrometry,
Fig. 3C. In this study, sCP was not activated with PA28 like
the iCP since the latent sCP appears to readily accept smaller
peptides compared to latent iCP. Latent sCP also mimics
previous TBZ-1 isoform selectivity studies, where there is an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure—activity relationship with dialanine substrates to understand unnatural amino acids groups purified iCP can accept for hydrolysis. (A) In
these substrates, the iCP is expected to cleave the amide bond between the recognition sequence (blue) and the cargo (orange). The cargo (dialanine)
remains constant in all substrates. Then, substrates for SAR contain single-point modifications within the ATMW recognition sequence (blue) with Trp
(P1), Met (P2), Thr (P3), and Ala (P4). These single point modifications within the pro-moiety sequence for dialanine substrates can later be translated to a
iCP-targeting prodrug scaffold. (B) 25 uM of substrate was incubated in iCP-PA28-activated complex for 4 hours and subjected to mass spectrometry for
analysis. The control substrate (ATMWAA, blue) is degraded 40% during this study. Therefore, all substrates are statistically compared to the control
substrate. Statistical significance by t-test is denoted by ***p < 0.001, **p < 0.01, and *p < 0.05. (C) To understand if the increased hydrolysis was only
iCP specific, 25 pM of substrate was incubated with 9 nM sCP for 4 hours and analyzed by LC-MS. The control substrate ATMWAA achieved a
3.3X selectivity index for the activated iCP over sCP, which correlates with previously reported TBZ-1's isoform selectivity. Selectivity index was calculated
by dividing the mean iCP percent degraded (purple) over sCP percent degraded (blue) of a substrate. Graphs in (B) and (C) were performed in triplicate,
represented as the mean + standard deviation.

approximate 3-fold selectivity index between the iCP and sCP."*  resembles the complexes within the cell as PA28 is also an
While this mimics previous experiments, this limitation could IFN-y inducible subunit known to associate with iCP."**?

introduce bias in interpretation of the iCP/sCP selectivity index With ATMWAA under these conditions, we measured a 3.3-
in the dialanine series; and therefore, nonpeptidic cargo should fold selectivity index for the iCP over the sCP. Most substrates
be further validated. In addition, this more accurately either maintained or increased selectivity for the iCP; in several
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cases, the substrate is barely degraded by the sCP (like with
AT(Met=—0,)WAA and A(Orn)MWAA), so the selectivity index
appears larger. ATM(2-Nal)AA was the most favored substrate
by the sCP, so even though the ATM(2-Nal)AA substrate is
hydrolyzed well by the iCP, this substrate is not isoform
selective. Although no substrates were found with better hydro-
lysis in P2 group substitutions, the Met—O, group could
increase the substrate selectivity for the iCP more than 2-fold.
Further, we investigated if any cleavage outside of the P1-P1’
site was performed by the iCP and sCP, and none was observed
(with an examples shown in Fig. S2 and S3, ESIf).

These results all relied on the pro-moiety sequence incor-
porating only one of the changes to its scaffold. Since modify-
ing one amino acid appeared to give different selectivity and
cleavage results, we then synthesized a recognition sequence
that changes each position, Fig. 4A. morph-Ala-Orn-(Met=—0,)-
Trp(7,Me) or mAO(Met—02)W(7,Me) incorporated changes at
the P1, P2, and P3 positions that should have more favorable
interactions than the original ATMW sequence to increase
cleavage and improve selectivity for the iCP. Once the new
recognition sequence with the dialanine cargo was prepared, its
cleavage was assessed with iCP and sCP to see if there was
improved properties compared to the parent ATMW scaffold.
By mass spectrometry, the new recognition sequence with
unnatural amino acids had slightly improved hydrolysis of

dialanine and increased selectivity about 3-fold, Fig. 4B.
Although the improved hydrolysis was minimal, the increase
in selectivity of the iCP recognition sequence can have a
positive impact when translating the cargo to different ther-
apeutic agents.

To explore the affect these changes have on translating to
nonpeptidic cargo, we swapped the dialaline for the fluorescent
reporter 7-amino, 4-methyl coumarin (AMC). AMC-based fluor-
escent probes have been vital in characterizing proteasome
activity biochemically and in cell lysates.>**> Application of
our iCP-based peptide sequences to AMC allows monitoring of
iCP cleavage as a function of fluorescence as opposed to mass
spectrometry. To do this, we synthesized an N-terminal mor-
pholine tagged original scaffold ATMW coupled to AMC
(MATMW-AMC), as well as newly discovered sequence
(mAO(Met=0,)W(7,Me)-AMC). The two AMC probes were
tested biochemically with purified iCP with or without iCP
selective inhibitor ONX-0914, as a kinetic read scanning every
minute for one hour. Upon completion of the time points, the
slopes were compared. Excitingly, our optimized peptide
sequence hydrolyzed the AMC cargo more efficiently than the
original ATMW, Fig. 5. In addition, upon co-treatment with iCP
selective inhibitor ONX-0914, both probes had signal drastically
reduced, further confirming the selectivity of our probes. The
optimized peptide had its signal reduced slightly more than the

We Oe2 Oes 1500 ok
B m-ATMW-AMC
WSW(7,Me) 750 K% wkkk
B m-AO(Met=0,)W(7,Me)-AMC
£ 1000
o 0 ' " o /@\/i £ [ m-ATMW-AMC / ONX-0914
N w N N 5 7 m-AO(Met=0,)W(7,Me)-AMC / ONX-0914
K/ \)J\\‘ \)kN XX o Yo I 2
H | H H < 500
0 P,
morph-peptide-AMC 0

Fig. 5 Original ATMW scaffold or newly optimized AO(Met—0,)W(7,Me) sequence were conjugated to nonpeptidic cargo, 7-amino, 4-methyl coumarin
(AMCQ). (Left) Structure of morph-peptide-AMC either with ATMW or AO(Met—0,)W(7,Me). (Right) 10 uM of probe with or without 10 uM ONX-0914 was
incubated in 9 nM iCP and kinetically read by fluorescent plate reader over 1 hour. Slopes of lines were determined by linear regression analysis and
plotted in GraphPad prism and bar graphs. Experiment was performed in triplicate, represented as the mean =+ standard deviation.
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original ATMW peptide, combined with its improved hydrolysis
provides further validation that this new sequence is more
selective for the iCP.

Conclusion

Taking the structure of activity-based probe TBZ-1, we first
evaluated the capacity of purified iCP to hydrolyze ATMW-
conjugated unnatural substrates. ATMW-R substrates were
degraded by the iCP in a similar trend as LLVY-R substrates
with the sCP, displaying that the iCP can hydrolyze cargo from
ATMW at varying efficiencies. Since hydroxyl substitution in the
P1’ position was favorable in both sCP'” LLVY-R and iCP
ATMW-R substrates, we expect that polar cargo will contribute
to increased cleavage by both proteasome isoforms but not
affect isoform selectivity. Instead, specificity between the iCP
and sCP can be improved in the unprimed peptide recognition
sequence, so we evaluated the iCP ATMW pro-moiety sequence
to optimize for future iCP prodrugs. We performed an SAR
study with unnatural amino acids to determine modifications
suitable for increased substrate hydrolysis and selectivity. With
the use of dialanine cargo for simplified and expedited synth-
esis, the exchange of the ATMW sequence with unnatural
amino acids and the P1-P3 individual substitutions were found
to be superior to the original sequence. Additionally, P1-P3
individual substitutions were observed to have maintained or
improved iCP isoform selectivity over the sCP. While multiple
substitutions within the recognition sequence only minimally
increased iCP hydrolysis, there was a significant increase in
isoform selectivity. To validate the translatability of our
findings, we then prepared fluorescent containing probes using
the original scaffold and the newly identified optimized
sequence. Upon testing the probes with iCP, we were able to
confirm that the new sequence outperformed the original, both
in hydrolysis of cargo and in selectivity, providing an improved
recognition sequence for the iCP that can be used in further
studies.
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