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are distinguished from the eukaryotic and archaeal proteasomes in assembly, regulation, and

physiological functions. Studying bacterial proteasomes helps understand their origin and

evolutionary processes and guides the mining of proteasome inhibitors (PI) with broad medical

application prospects. This review summarized the current research status of the structure,

function, and evolution of bacterial proteasomes and the latest progress on bacterial proteasome

inhibitors, hoping to provide references for related research.

Keywords: proteasome; physiological function; phylogenetic evolution; proteasome inhibitor;

actinobacteria
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Figure 1 The structure and assembly of proteasome particles (CP)[7'8]. The side view (A) and top view (B) of a

Mycobacterium tuberculosis proteasome CP*!. The 20S proteasome CP is about 115 A in diameter and 150 A
in height. Two heptamer rings composed of a-subunits (yellow) are located at both ends of the cylindrical
particle, which can interact with other regulatory proteins and mediate the gating of the proteasome. Two
heptamer rings composed of B-subunits (blue) are located in the middle of the cylinder, and the peptidase active
site is located at the inner surface of the B-rings!”™. The modeling is reconstructed based on data from previous
work™®. C: a-ring-independent proteasome assembly. First, free a- and - subunits form a-§ heterodimers. Then,
seven heterodimers assemble into a half proteasome (HP). Finally, two HPs are combined into a complete 20S
CP. Bacteria and a few archaeal species share this assembly pathway. D: a-ring-dependent proteasome assembly.
First, seven a-subunits aggregate into a heptamer a-ring; Then, seven B-subunits are recruited and bounded to
the a-ring to form a HP; finally, two HPs are combined into a complete 20S proteasome. Most archaea and

eukaryotes use this pathway!’.
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Figure 2 General genetic organizations of Pup-proteasome system (PPS) gene clusters

(L1 The genes

encoding a bacterial proteasome and related functional proteins are usually clustered in a single operon,
including coding genes of proteasome core subunits, Pup, PafA and Dop. Some actinobacteria lack the
proteasome core subunits but still hold Pup labeling systems.
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Figure 3 Proteolysis mediated by bacterial proteasomes. The substrate protein is labeled with activated Pup
through PafA and then recognized by ARC/Mpa. ARC/Mpa unfolds the substrate and subsequently transports it
into the 20S proteasome, where it is degraded into peptides. Dop activates Pup by deamidating the glutamine
residue at its C-terminal, forming a glutamate residue. Dop can alternatively remove the pup label previously

attached to the substrate protein''’.
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Figure 4 A putative evolution process of the subunits of proteasome CPsl’’ "\, After the differentiation of a-
and B-subunits, an evolutionary branch formed the present archaeal proteasomes. During the process, several
homologs of a- and B- subunits were formed, which could participate in proteasome assembly and partially
change their structures and functions under certain conditions. The proteasomes of most eukaryotes, such as
yeasts, each has seven different a-subunits and seven different B-subunits. During evolution, mammals have

formed several tissue-specific homologs of proteasome CP subunits!””7!,
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Table 1 Classification of proteasome inhibitors
Class Feature Representative compound Structure of representative compounds Application
Peptide aldehyde Peptide aldehydes MG-132" Widely used in the

reversibly
combine with
proteasomes, and
can be discharged
through multidurg
resistance system,
thus aren’t
suitable for drug
development!®5)
Peptide boronate Peptide boronates Bortezomib'
have better
selectivity and
effect than peptide
aldehydes. The
first proteasome
inhibitor put into

clinical use Ixazomib'
belongs to this
catagory[84’9°]
Peptide vinyl Peptide vinyl WLL-vs'
sulfone sulfones can

covalently bind to
proteasomes
irreversibly, have
good selectivity
and can be easily
synthetized™”!

[89]

i 0o i)\ laboratories as a
- x N \)L\ standard reagent of

proteasome inhibitors

Clinically used for the
treatment of multiple
myeloma and recurrent
or refractory mantle cell
lymphoma, as a single
agent or in combination
with other drugs?®®!
Ixazomib is the first oral
proteasome inhibitor
antitumor drug used for
previously treated
multiple myeloma in
combination with
lenalidomide or

cl i . ;
N. 3 B NH
N N~
N /ﬁ]/ 4
0 [92]
Y dexamethasone

This compound can
Q selectively inhibit
Plasmodium
proteasome, has low
toxicity to mammals,
and has the potential to
be developed as a new
antimalarial drug"®*
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Class Feature Representative compound Structure of representative compounds Application

Peptide These compounds Cbz-Leu-Leu-Tyr- The compound is a

a-keto-aldehydes

o-keto-amides

Indanone
peptides

B-lactone

Peptide
epoxyketone

are not superior to COCHO'
other classes of

proteasome

inhibitors in effect

and selectivity,

thus they are less  NI-01069"
valued until the

development of
high-throughput

screening™¥

CVT-634!

Originally found Lactacystin®
in actinobacterial
natural products,
including a variety
of non-peptide
proteasome
inhibitors®°®
Marizomib?

Peptide Epoxomicin®
epoxyketones
have high
selectivity, mainly
bind to the
chymotrypsin-like
sites and inhibit
proteasome
activity by
reacting with
active threonines
to form
themorpholine
rings!'*

Carfizomib®

(8] (8]
H H
Q/“Y-“ \_/¢ il reversible inhibitor
bod A | y  against chymotryptic-like
/N

(1/\ 0 e 8
k/'\\/“\\ ‘-\\)’\w
ol | H

OH

0O 0
N
».K H

synthetic slow-binding

activity of proteasome!®”!

The compound shows
antiviral activity in cell

/@ experiment, and its ECsg
N
H

value of SARS-CoV-2 in
Caco-2 cell is 1.28 pmol/L.
It may have the potential
to be developed as a durg
for COVID-2019"

The compound can
inhibit proteasome
trypsin-like activity, and
inhibit tumor growth in
vitro by blocking NF-kB
pathway™™”

Cannot bind to
proteasome itself, but
can be spontaneously
transformed into active
clasto-lactacystin-p-lact
one under neutral
conditions®**%)

As a candidate
antitumor drug, it has
entered clinical trial and
is the first non-peptide
proteasome inhibitor in
the process!'*%'!

It is a natural product
from Actinomycete
strain Q996-17. Clinical
antitumor drug
carfizomib is an
efficient and solubility
improved product of
epoxomicin!' 1%

O

O

Carfizomib is used in
,patients with multiple
myeloma progressing
after treatment with
first-line to third-line
antitumor drugs. It has
better efficacy and
tolerance than
bortezomib!! %419

' Synthetic proteasome inhibitors; *: Natural proteasome inhibitors from actinobacteria; °: Proteasome inhibitors that modified
from actinobacterial biosynthetic products.
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