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Abstract: Protein degradation is a fundamental process in all living organisms. An important
part of this system is a multisubunit, barrel-shaped protease complex called the proteasome. This
enzyme is directly responsible for the proteolysis of ubiquitin- or pup-tagged proteins to smaller
peptides. In this study, we present a series of 92 psoralen derivatives, of which 15 displayed inhibitory
potency against the Mycobacterium tuberculosis proteasome in low micromolar concentrations. The
best inhibitors, i.e., 8, 11, 13 and 15, exhibited a mixed type of inhibition and overall good inhibitory
potency in biochemical assays. N-(cyanomethyl)acetamide 8 (Ki = 5.6 µM) and carboxaldehyde-based
derivative 15 (Ki = 14.9 µM) were shown to be reversible inhibitors of the enzyme. On the other
hand, pyrrolidine-2,5-dione esters 11 and 13 irreversibly inhibited the enzyme with Ki values of
4.2 µM and 1.1 µM, respectively. In addition, we showed that an established immunoproteasome
inhibitor, PR-957, is a noncompetitive irreversible inhibitor of the mycobacterial proteasome (Ki = 5.2
± 1.9 µM, kinact/Ki = 96 ± 41 M−1

·s−1). These compounds represent interesting hit compounds for
further optimization in the development of new drugs for the treatment of tuberculosis.

Keywords: protein degradation; proteasome; Mycobacterium tuberculosis; psoralens; nonpeptidic
proteasome inhibitors

1. Introduction

Protein turnover, a balance between the synthesis and degradation of proteins, is a fundamental
biological process in all living organisms from prokaryotes to eukaryotes [1,2]. Cellular proteins are
continuously synthesized and degraded at steady-state levels, thus enabling cells to dynamically adjust
to internal and external stimuli, such as developmental reprogramming, environmental changes or
the onset of disease states [1,3]. The rates of protein turnover have been optimized through evolution
in line with biological function, and can vary from minutes to years in order to balance between
energy-saving stability and dynamic flexibility [4,5].

Proteasomes are multisubunit, barrel-shaped protease complexes that perform both
ATP-dependent and -independent proteolysis, and thereby, play a pivotal role in protein turnover [6].
In eukaryotes, proteins are directed to the proteasome mostly through ubiquitination, a specific
post-translational modification, in which a small protein called ubiquitin tags proteins for proteasomal
degradation with the help of ubiquitin ligases in an ATP-dependent manner (Figure 1) [6]. In other
words, protein degradation is a multistep procedure, which typically results in 3 to 25 amino acids-long
peptides. These peptides have an extremely short existence as they are quickly digested into amino
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acids by the cytosolic endopeptidases and aminopeptidases. Accordingly, these amino acids can be
later reutilized for the synthesis of new proteins or even metabolized to yield energy [7–9].
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Initially, the deaminase of Pup (Dop) converts the C-terminal glutamine of Pup (PupQ) to a 
glutamate (PupE), making it suitable for ligation [11]. Prokaryotic ubiquitin-like protein (Pup) is a 
functional analog of ubiquitin that is attached to specific lysine residues of substrate proteins by 
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Figure 1. The ubiquitin – proteasome pathway in protein degradation [7–9]. The ubiquitination cascade
is triggered by the ATP-mediated conjugation of a target protein with a single ubiquitin molecule by
the Ub-activating enzyme E1. This tagged protein is then transferred to the Ub-carrier proteins E2 that
subsequently forms a complex with Ub-ligases E3. The ligases recognize the protein and perform a
sequence of ubiquitin additions until the final polyubiquitinated protein is formed. Finally, in human a
rapid degradation of ubiquitinated protein by the proteasome is executed at six proteolytic sites of
the enzyme. The degradation process results in 3 to 25 amino acids-long peptides, which are quickly
digested into amino acids or can serve as antigen presentation molecules.

In bacteria, proteasomes are an exception, as they are found only in the orders Nitrospirales and
Actinomycetales; the latter includes the human pathogen Mycobacterium tuberculosis (Mtb), a causative
agent of tuberculosis [10]. In these bacteria, proteins are directed to proteasomal degradation by
pupylation, a mechanism analogous to ubiquitination in eukaryotes (Figure 2). Initially, the deaminase
of Pup (Dop) converts the C-terminal glutamine of Pup (PupQ) to a glutamate (PupE), making it
suitable for ligation [11]. Prokaryotic ubiquitin-like protein (Pup) is a functional analog of ubiquitin
that is attached to specific lysine residues of substrate proteins by forming isopeptide bonds in a
process catalyzed by the proteasome accessory factor A (PafA) [11,12]. The pupylated protein is then
recognized by the Mtb proteasomal ATP-ase (Mpa) through a binding-induced folding mechanism that
forms a unique α-helix. Afterward, Mpa delivers the Pup-substrate to the proteasome by coupling of
ATP hydrolysis for proteasomal degradation [13]. In addition, there is an ATP-independent proteasome
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degradation route in Mtb that neither requires ATP nor interaction with Pup, and is mediated by
proteasome accessory factor E (PafE, also referred to as Bpa) [14,15].
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Figure 2. The pupylation pathway of protein degradation in Mtb.

The overall architecture of the proteasome core is remarkably similar in all domains of life and
consists of four stacked rings [16]. The two identical outer α-rings formed by seven α-subunits provide
the entry point for the substrate, while the two identical inner β-rings, formed by seven β-subunits,
hold the proteolytic activity [6]. In eukaryotes, there are seven types of α-subunits and seven types of
β-subunits, with only three of the β-subunits (β1, β2 and β5) displaying proteolytic activities that are
caspase-like, trypsin-like and chymotrypsin-like, respectively [17]. In contrast, the Mtb proteasome
contains a single type of α- and β-subunit with broad substrate specificity, combining all these
activities [18]. Binding of 7-amino-4-methylcoumarin-N-acetyl tripeptide substrates (AMC-P1-P2-P3)
is directed in S1-3 binding pockets. Due to some features of S1 and S3 binding pockets, the proteasome
favors substrates with a bulky tryptophan residue at the P1 position and either glycine or proline
at the P3 position [10,19–21]. Importantly, the immunoproteasome (IP)—an isoform of eukaryotic
proteasome, which is highly expressed in human hematopoietic cells, but also inducible in other type
of cells in response to proinflammatory cytokines [22]—shares some significant characteristics with
the Mtb proteasome. In both the human IP and Mtb proteasome, the S1 binding pocket is spacious
and larger than that of constitutive human proteasome. Moreover, both the IP and Mtb proteasome
prefer certain P1 amino acids in AMC-P1-P2-P3 substrates and small hydrophobic amino acids in
P3 [19,20,23]. The structural similarity between chymotrypsin-like (β5i) subunit of the human IP and
Mtb proteasome β subunit is presented in Figure 3.
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Even though proteasomes in Mtb are not considered absolutely essential as they are in
eukaryotes [24,25], their inactivation has been associated with some detrimental consequences for
virulence, such as impaired survival in the mammalian host [26] and sensitivity to nitrosative
stress [27]. As the hostile environment of Mtb is rapidly changing, it demands that the pathogen be
highly metabolically flexible; an extensive protein turnover is a crucial process in responding to this
challenge [28]. These findings bring Mtb proteasome among the prioritized targets for the treatment
of tuberculosis, which is still one of the top ten causes of death worldwide and the leading cause of
human mortality from an infectious disease [29]. Multidrug-resistant tuberculosis strains that do not
respond to isoniazid and rifampicin, the two most powerful first-line anti-tuberculosis drugs, remain
a global health safety threat. These strains can also be treated with second-line drugs, which are
expensive, toxic and require long lasting chemotherapy. Moreover, extensively drug-resistant strains
that do not respond to some of the most effective first- and second-line drugs are a growing problem,
and often leave patients with few treatment options [29]. In 2018, an estimated 10 million new cases
of tuberculosis occurred and approximately 1.5 million people died from this disease [29]. There is,
therefore, a critical need for innovative antitubercular agents against new targets.

While the Mtb proteasome is an attractive target for the treatment of tuberculosis [20,30,31],
the existence of human proteasomes poses a challenge for the development of selective inhibitors. The
first identified inhibitors of the Mtb proteasome were indeed primarily developed to target the human
proteasome, including bortezomib (Table 1) and epoxomicin, later upgraded to carfilzomib [27,32].
Bortezomib, carfilzomib and orally administered ixazomib are FDA-approved covalent peptidic
inhibitors, used as therapeutics for multiple myeloma and mantle cell lymphoma that target
both the constitutive proteasome and the IP [32], thus often resulting in severe toxicities [33].
As selective inhibition of IP is expected to attenuate the adverse effects, considerable efforts have
been devoted to developing IP-specific inhibitors, resulting in some fairly advanced IP-selective
compounds, such as ONX-0914 (formerly PR-957, Table 1) and KZR-616, which are epoxyketone-based
tripeptides [34]. Inhibitors with a peptidic backbone are prone to poor metabolic stability, and thus,
exhibit low bioavailability [35,36]. Therefore, the introduction of novel, nonpeptidic IP inhibitors,
such as quinolone-based compounds [37,38], oxathiazolones [39], piperlongumine analogues [40] and
psoralens [41,42] has been of great importance.
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Table 1. The inhibitory potencies of selected psoralen derivatives against the Mtb proteasome. Inhibition
data for IP is added to evaluate selectivity profile of compounds.

Compound Chemical
Structure

IC50 (µM) and
(Hill Coefficient) Ki and Type of Inhibition a

RA b at 10 µM (%)
or Ki or IC50 (µM)
against ß5i of IP

(refs [41,42])

Bortezomib
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Table 1. Cont.

Compound Chemical
Structure

IC50 (µM) and
(Hill Coefficient) Ki and Type of Inhibition a

RA b at 10 µM (%)
or Ki or IC50 (µM)
against ß5i of IP

(refs [41,42])
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a Ki determined with GraphPad Prism by fitting the data to several inhibition models (mixed, competitive,
noncompetitive, uncompetitive). The best scoring model was further examined by creating Dixon, Lineweaver-Burk
and Michaelis-Menten plots. Km for Suc-LLVY-AMC is 60 ± 15 µM (see Supplementary data for details). ND, not
determined. b The data were calculated as residual activities (RAs) of β5i in the presence of 10 µM of each compound
(standard errors for RAs were < 15%).

Nonpeptidic psoralen derivatives were identified using structure-guided virtual screening [41].
The initial virtual screening hit was first transformed into several nonpeptidic psoralen-based inhibitors,
which were further optimized to irreversible inhibitors that specifically target the β5i subunit of IP.
The psoralens (Figure 4) were shown to bind into the active site of IP subunit β5i either covalently
or noncovalently. The docking studies demonstrated that the carboxylate group of the most potent
reversible inhibitor (compound 16, IC50 = 1.6 µM, Table S1) was positioned in the proximity of Thr1;
therefore, various electrophilic groups were introduced into that portion of the molecule. The most
potent compounds showed preferential inhibition of β5i over the β2i and β1i subunits of human
IP, as well as over all three subunits of human constitutive proteasome [41]. Considering minimal
off-target and cytotoxic effects of the series, along with the aforementioned substantial structural
and mechanistic similarities between human IP and Mtb proteasome, we decided to further pursue
the therapeutic potential of nonpeptidic psoralen derivatives by evaluating their inhibition of the
Mtb proteasome.
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2. Results and Discussion

Following the characteristics of some psoralen derivatives that selectively target the β5i subunit of
human IP, we decided to explore the potential of this chemical class to inhibit the Mtb proteasome. Due
to structural similarities between the IP and the Mtb proteasome, activity against the mycobacterial
proteasome from psoralens would be expected. In this SAR study (Figure 4), we demonstrated that
many psoralens indeed inhibit the Mtb proteasome. The inhibitory data for the most potent psoralens
against the Mtb proteasome is presented in Table 1, and the complete results of the enzymatic assays
are presented in the Tables S1 and S2.

Bortezomib was used as a positive control in the assays and, as expected, this boronate inhibited
Mtb proteasome with high potency having IC50 and Ki values of 110 ± 30 nM and 133 ± 5 nM,
respectively (Figures S2–S4). Furthermore, we evaluated compound PR-957, widely used as a selective
β5i inhibitor of the human IP, for the inhibition of the Mtb proteasome; it proved to be less potent with
IC50 and Ki values of 2.2 ± 1.0 µM and 5.2 ± 1.9 µM, respectively (Figures S5–S7). Interestingly, PR-957
exhibited noncompetitive inhibition (kinact/Ki = 96 ± 41 M−1·s−1), unlike bortezomib, that showed
mixed type of inhibition. Further, bortezomib inhibited the Mtb proteasome in a “slow/partially”
reversible manner (Table 1 and Figures S21 and S22), while PR-957 irreversibly inhibited the Mtb
proteasome (Table 1 and Figures S23 and S24). To clarify, after 0-, 15-, 30- or 60-min preincubation of
the enzyme with bortezomib (5 × IC50 concentration) at 25 ◦C, approximately 55% of the proteasome
activity was retained after the catalytic reaction was initiated by the addition of the peptidic substrate
Suc-LLVY-AMC (Figure 5). On the other hand, no significant recovery of proteasome activity was
observed after treatment with PR-957 at a concentration of the compound equal or higher than its IC50,
but showed the time-dependent inhibition (from 45% to a 100% at increasing time of preincubation)
at 10% of the IC50 concentration (Figure 5 and Figure S23). It is important to note that the activity of
the Mtb proteasome decreases significantly after an hour of preincubation of the enzyme with DMSO
and without the inhibitor. Thus, 30 min preincubation of the enzyme with the inhibitor or DMSO was
chosen as optimal. The complete data can be found in Supplementary data (Figures S21–S32).

We evaluated 92 psoralens against the Mtb proteasome to determine the SAR that governs
inhibition and selectivity (Table 1 and Table S1). Among the psoralen library, 15 showed inhibitory
potencies below 40 µM (2 µM < IC50 < 40 µM) against the Mtb proteasome. All assay where performed
in the presence of 50 µM of the substrate Suc-LLVY-AMC, for which Km value of 60 ± 15 µM was
determined (literature value [18]: 56 ± 15 µM). The SAR data is succinctly summarized in Figure 4.
Firstly, neither the methyl group at position 4 nor at position 8 of the psoralen scaffold are imperative
for the activity (Figure 4). In fact, the methyl group at the position 8 was mostly associated with the loss
of potency (Table S1). The length of alkyl chain at position 3 of the psoralen allows for some flexibility,
but a one methylene linker is preferred. The substituent R2 is extremely tolerant to modification and
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analogs containing a carboxylic acid (compounds 1–6), N-(cyanomethyl)acetamide (compounds 7–10),
ester with pyrrolidine-2,5-dione (compounds 11–14) or carboxaldehyde (compound 15) at R2 were
potent, with the exception of the derivative containing a 1,3,4-oxathiazol-2-one group (compounds
88–90, Supplementary data). In addition, it was found that the substituent R1 at position 4′ of the furan
ring can vary. For example, R1 can be a (substituted) phenyl, furanyl, (substituted) thiophene ring,
tert-butyl or cyclohexyl; however, the potencies of these compounds were influenced by the substituent
R2. The interrelations between substituents in those two positions are described in Figure 4.
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inhibition and selectivity (Table 1 and Table S1). Among the psoralen library, 15 showed inhibitory 

Figure 5. Dilution assay: Enzyme recovery after preincubation with the inhibitor for 0, 25, 30 or
60 min was observed and compared to DMSO control. Over longer preincubation time bortezomib
caused significant loss of enzyme activity (up to approximately 45%) compared to the DMSO control at
concentrations equal or higher than the inhibitor’s IC50 value. The recovery of proteasome seems to be
slowly increasing with longer preincubation time. On the other hand, PR-957 completely inhibited the
enzyme at higher concentrations regardless of the preincubation time. However, a time-dependent
inhibition was observed at lower concentrations (top right graph).

After the SAR study was concluded, we performed additional biochemical analyses for selected
compounds to determine the modality of inhibition. We observed mixed-type inhibition for the four
most potent inhibitors, i.e., 8, 11, 13 and 15 (Table 1 and Figures S8–S19). Further analysis of these four
compounds showed reversible inhibition for the N-(cyanomethyl)acetamide 8 and the aldehyde 15
(Figures S25, S26, S31 and S32), but only partially reversible inhibition for the pyrrolidine-2,5-diones
11 and 13 (Figures S27–S30). Interestingly, these two compounds showed reversible inhibition at
concentrations ≤ IC50, but at concentrations > IC50, the enzyme activity was only partially recovered
(up to 35%), which could imply that compounds 11 and 13 interfere with the substrate binding, or
that they cause protein aggregation at higher concentrations. Compound 15 is an aldehyde and
a racemate that showed good inhibitory potency (IC50 = 5.8 ± 2.1 µM, Ki = 14.9 ± 45.0 µM); this
could suggest that binding to half of the binding sites of the proteasome is sufficient to fully inhibit
function (Hill coefficient equals 0.55). On the other hand, compounds 8, 11 and 13 bind to the Mtb
proteasome in a 1:1 ratio. However, we must not forget that there are 14 catalytic ß-subunits with 14
active sites that represent potential binding sites for the inhibitors. Therefore, other psoralens with
higher Hill coefficients should not be immediately characterized as nonspecific. Reversible inhibitor 8
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showed inhibitory potency in lower micromolar range, i.e., IC50 value of 3.8 ± 1.5 µM and Ki = 5.6 ±
20.8 µM, as did both partially reversible inhibitors 11 (IC50 = 8.8 ± 1.0 µM, Ki = 4.2 ± 2.1 µM) and 13
(IC50 = 3.2 ± 0.3 µM, Ki = 1.1 ± 0.9 µM). These compounds can, therefore, be selected as important hit
inhibitors that possess a good on-target activity and should be considered for further optimization in
the future.

Finally, since these compounds were previously described as inhibitors of human IP [41,42],
a possible selectivity trend for either Mtb proteasome or human IP was evaluated. Both bortezomib and
PR-957 appear to be selective towards the human IP, i.e., approximately 30- and 300-fold, respectively.
Further, derivatives with carboxylic acid at position 3 and with variations at positions 4′ and 8 (1–6,
16–39, Table 1 and Table S1) in general showed higher potency against the human IP compared to the
Mtb proteasome, except compounds 1–5, which showed better activity against the Mtb enzyme. These
compounds are all furnished with a para-substituted phenyl ring at 4′ (Figure 4). Such a substitution
pattern seems to favor binding to the Mtb proteasome as opposed to the human IP. Although no major
conclusions could be drawn regarding the reason for this, it was clear that the selectivity towards one
or the other proteasome was not influenced by the length of the side methylene linker at position 3,
or the methyl substituent at position 8. The nitrile-based compounds (7–10, 40–65) were described as
being less potent against the ß5i of human IP than compound 16 (Ki = 1.6 ± 0.7 µM against the ß5i of IP,
Table S1), which was the first lead compound derived from virtual screening [41]. Interestingly, 16 did
not inhibit the Mtb proteasome (Table S1). Similarly, most of the nitrile-based compounds also showed
poor inhibition of the Mtb proteasome (Table S1), except compounds 7–10, which showed selective
inhibition of the Mtb enzyme in the micromolar range (Table 1).

The majority of esters with pyrrolidine-2,5-dione (11–14, 66–79) are nonselective, as they inhibit
both the IP and the Mtb proteasome in a similar concentration range (Table 1 and Table S1), with few
exceptions, i.e., compounds 66–69, 72, 73 and 79 (Table S1), which preferably inhibit human IP. Several
other substitutions at position 3 (compounds 80–90, Table S1) yielded inactive compounds against the
Mtb proteasome; however, oxathiazolones 88–90 showed excellent activity against the human IP in a
nanomolar range (IC50 value of 13–20 nM) [41]. Thus, these three compounds showed high selectivity
towards the human enzyme. The only partially saturated psoralen derivative that showed inhibition
of Mtb proteasome was an aldehyde 15, which inhibited Mtb proteasome and showed reversible mixed
type mode of action with Ki value of approximately 15 µM (Table 1).

To conclude, psoralens generally show preference for the human IP; however, several derivatives
(compounds 1–5 and 7–10) selectively inhibited the Mtb proteasome in a low micromolar range,
and could, considering the fact that this chemotype has never been described to inhibit Mtb proteasome,
therefore, be used as leads for further optimization towards improved antimycobacterial activity.

3. Materials and Methods

3.1. Isolation of the Enzyme

The pACYCDuet-1 vector encoding PrcAB plasmid was transformed into BL21(DE3) competent
cells (C2527H) [43] and the Mtb wild type proteasome was expressed and purified as described [18].
The plasmid PrcAB consists of pT7/logOp, the origin of plasmid replication p15A, chloramphenicol
resistance gene, lacI gene and expresses PrcA and His-tagged PrcB. The image of the purified enzyme
is shown in Figure S1 in Supplementary data.

3.2. Enzymatic Assays

Enzymatic assays with the Mtb proteasome were performed in 384-well Corning low volume,
round bottom black plates by measuring the fluorescence (λex = 360 nm, λem = 460 nm) on a plate
reader Biotek Synergy H1 equipped with Gen5 software. The fluorescence forming reaction (hydrolysis
of substrate Suc-LLVY-AMC) was continuously monitored under initial velocity conditions for 90 min
at 37 ◦C.
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Stock solutions of the compounds (1 or 10 mM) were prepared in DMSO. The final concentration
of DMSO in the assay was 2% v/v. First, 0.2 µL of the compound solution was preincubated with 7.8 µL
of the Mtb proteasome (7 nM) in 20 mM HEPES buffer, pH = 7.5 with 0.5 mM EDTA, for 30 min at
37 ◦C. The enzymatic reaction was initiated by the addition of 2 µL Suc-LLVY-AMC (50 µM) and the
reaction was monitored for an additional 90 min at 37 ◦C. Control reactions were carried out at the
same conditions as described above, but without the inhibitor and with 2% v/v DMSO. Bortezomib was
used as a positive control. The inhibitory potency of each compound was expressed as the percentage
of Mtb proteasome activity inhibition (initial velocity of the reaction) with respect to the control reaction
without the inhibitor (residual activity, RA). All experiments were repeated twice at different times
with standard deviations within ± 10%. The results are presented in Tables S1 and S2. IC50 values
were determined by varying the concentration of inhibitor in the same conditions as described above.
All experiments were done in triplicate. The results are presented in Table 1.

3.2.1. Determination of Ki and Km Values

For a positive control, i.e. bortezomib, and compounds 8, 11, 13 and 15 inhibition constants (Ki)
were measured under similar conditions to those described above, but with various concentrations
of the substrate Suc-LLVY-AMC (12.5, 25, 50, 100, 250, 500 µM). The concentrations of 11, 13 and 15
were 0, 0.56, 0.81, 1.15, 1.65, 2.35, 4.80, 9.80 and 20 µM. Further, the concentrations for compound 8
were 0, 1.65, 2.35, 4.80, 9.80 µM and for bortezomib 0, 0.28, 0.40, 0.58, 0.82, 1.18, 2.40, 4.90 and 10 µM.
All experiments were performed in triplicate. The resulting data were analyzed using the GraphPad
Prism 6 software [44] and were fitted to the software provided models for competitive, noncompetitive,
uncompetitive and mixed type enzyme inhibition. The mode of inhibition and Ki values were chosen
from the best ranking model, as determined by the software. Representative graphs (Michaelis-Menten,
Dixon and Lineweaver-Burk plots) depicting the data fit for the best ranking model of inhibition for all
compounds are shown in the Supplementary data (Figures S2–S19).

Additionally, the Km of the substrate Suc-LLVY-AMC was calculated based on the initial velocity
of the enzymatic reaction using 10 nM Mtb proteasome at various concentration of the substrate (12.5,
25, 50, 100, 250, 500 µM). The representative Lineweaver-Burk plots (1/[v] vs. 1/[S]) are presented in
Supplementary data (Figure S20).

3.2.2. Dilution Assays

The Mtb proteasome (1 µM) at 100-fold of final concentration (10 nM) was incubated with the
inhibitor at various concentrations (0.1-, 1- and 2- or 5-fold concentration the IC50) for a certain amount
of time (0, 15, 30 and 60 min) at room temperature (volume of the stock reaction mixture, 10 µL). This
mixture (1 µL) was diluted 100-fold with the substrate (50 µM substrate in 20 mM HEPES, pH = 7.5 with
0.5 EDTA) to a final volume of 100 µL. Control reactions were carried out under the same conditions
as those described above, but without the inhibitor and with 1% v/v DMSO. In the case of reversible
inhibitors, the enzyme recovery is expected to be more than 90%. All experiments were performed
in duplicates with standard deviations within ± 10%, except for DMSO control reactions, that were
performed in triplicate with standard deviations within ± 10%, and were repeated twice.

3.2.3. Determination of kinact/Ki values for PR-957

The kinetic assays were conducted as previously described in Enzymatic assays. Briefly, 7.8 µL
of the Mtb proteasome (final concentration of 7 nM) in 20 mM HEPES buffer, pH = 7.5 with 0.5 mM
EDTA was added to 0.2 µL of the compound solution at 100x final concentration in DMSO. The
concentrations of PR-957 used were 0, 1.15, 1.65, 2.35, 4.80, 9.80 and 20 µM. The enzymatic reaction
was initiated by the addition of 2 µL Suc-LLVY-AMC (final concentration of 50 µM) and the reaction
progress was determined on a BioTek Synergy HT microplate reader, by monitoring fluorescence at
460 nm (λex = 360 nm) for 90 min at 37 ◦C. Values of kobs were derived from the fit of the data to the
equation P = (vi/kobs)x [1 − exp(−kobs·t)] in GraphPadPrism. The data obtained were afterwards plotted
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against inhibitor concentration, to obtain kinact/Ki by fitting to the equation kobs = kinact/(1 + Ki/[I]). The
representative plots are presented in Supplementary data (Figure S33–S36).

3.3. Compounds

Bortezomib was purchased from Sigma-Aldrich, and PR-957 was purchased from
MedChemExpress. Compound purities were measured by the analytical reversed-phase HPLC
on an Agilent 1100 LC modular system that was equipped with a photodiode array detector set to
254 nm. The experiments were performed on an Agilent Eclipse Plus C18 column (150 × 4.6 mm; 5 µm)
at 25 ◦C, with a flow rate of 1.0 mL/min and a sample injection volume of 10 µL. An eluent system of A
(0.1% TFA in H2O) and B (MeCN) was used according to the general method of: 0–16 min, 40% B→
90% B; 16–19 min, 90% B; 19–20 min, 90% B→ 40% B) The purities of the test compounds used for the
biological evaluations were >95%, as determined by HPLC, with the exception of compounds 1, 59
and 83, whose purities were 88.10%, 91.38% and 83.56%, respectively.

4. Conclusions

Psoralen derivatives are known to inhibit the IP in human cells, and are therefore promising lead
compounds in cancer therapy. In this study, we showed that these inhibitors are also active against
the Mtb proteasome. We identified 15 psoralens from a library of 92 analogs that possessed IC50

values between 2 and 40 µM against the Mtb proteasome. The most potent inhibitors 8, 11, 13 and
15 showed potent inhibition in a fluorescence-based enzymatic assay, and they all exhibited a mixed
type of inhibition. Compounds 8 and 15 were found to be reversible inhibitors with a mixed modality
of inhibition with Ki values of 5.6 µM (α = 0.19) and 14.9 µM (α = 0.22), respectively. On the other
hand, at concentrations higher than their IC50 values, only little Mtb proteasome activity was restored
(<35%) when treated with the pyrrolidine-2,5-dione esters 11 and 13, suggesting a partially reversible
inhibition. However, they showed clear, reversible inhibition at lower concentrations with Ki values
of 4.2 µM (α = 6.67) and 1.1 µM (α = 6.94 × 10ˆ16), respectively. Therefore, these compounds show
potential for further optimization in the development of new drugs for the treatment of tuberculosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/6/1305/s1.
Figure S1: Gel image of purified Mtb proteasome, Figures S2–S32: Enzyme kinetics plots, Table S1: Chemical
structures, molecular weights and residual activities of inactive psoralens.

Author Contributions: Conceptualization, K.R., I.S. and S.G.; investigation, K.R., E.M.A., E.O. and K.B.;
writing—original draft preparation, K.R.; writing—review and editing, I.S., C.C.A. and S.G.; visualization,
K.R.; supervision, C.C.A. and S.G.; project administration, S.G.; funding acquisition, C.C.A. and S.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovenian Research Agency (research core funding No. P1-0208)
and Ministry of Education, Science and Sports of Republic of Slovenia (grant number C3330-17-529028
Raziskovalci-2.0-UL-FFA-529028).

Acknowledgments: This research was financially supported by the Slovenian Research Agency (research core
funding No. P1-0208) and Ministry of Education, Science and Sports of Republic of Slovenia (grant number
C3330-17-529028 Raziskovalci-2.0-UL-FFA-529028). A special thank you to Gang Lin from Weill Medical College
of Cornell University for providing the Mtb plasmid and sharing his knowledge about the protein expression.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Hinkson, I.V.; Elias, J.E. The dynamic state of protein turnover: It’s about time. Trends Cell. Biol. 2011, 21,
293–303. [CrossRef] [PubMed]

2. Thibaudeau, T.A.; Smith, D.M. A practical review of proteasome pharmacology. Pharmacol. Rev. 2019, 71,
170–197. [CrossRef] [PubMed]

http://www.mdpi.com/1420-3049/25/6/1305/s1
http://dx.doi.org/10.1016/j.tcb.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21474317
http://dx.doi.org/10.1124/pr.117.015370
http://www.ncbi.nlm.nih.gov/pubmed/30867233


Molecules 2020, 25, 1305 12 of 14

3. Ciechanover, A. Proteolysis: From the lysosome to ubiquitin and the proteasome. Nat. Rev. Mol. Cell. Biol.
2005, 6, 79–87. [CrossRef] [PubMed]

4. Price, J.C.; Guan, S.; Burlingame, A.; Prusiner, S.B.; Ghaemmaghami, S. Analysis of proteome dynamics in
the mouse brain. Proc. Natl. Acad. Sci. USA 2010, 107, 14508–14513. [CrossRef] [PubMed]

5. Dorrbaum, A.R.; Kochen, L.; Langer, J.D.; Schuman, E.M. Local and global influences on protein turnover in
neurons and glia. eLife 2018, 7, e34202. [CrossRef] [PubMed]

6. Becker, S.H.; Darwin, K.H. Bacterial Proteasomes: Mechanistic and functional insights. Microbiol. Mol.
Biol. Rev. 2017, 81, e00036-16. [CrossRef]

7. Lecker, S.H.; Goldberg, A.L.; Mitch, W.E. Protein degradation by the ubiquitin-proteasome pathway in
normal and disease states. J. Am. Soc. Nephrol 2006, 17, 1807–1819. [CrossRef]

8. Samanovic, M.I.; Li, H.; Darwin, K.H. The pup-proteasome system of Mycobacterium tuberculosis.
Sub-cell Biochem. 2013, 66, 267–295.

9. Darwin, K.H. Prokaryotic ubiquitin-like protein (Pup), proteasomes and pathogenesis. Nat. Rev. Microbiol.
2009, 7, 485–491. [CrossRef]

10. Hu, G.; Lin, G.; Wang, M.; Dick, L.; Xu, R.M.; Nathan, C.; Li, H. Structure of the Mycobacterium tuberculosis
proteasome and mechanism of inhibition by a peptidyl boronate. Mol. Microbiol. 2006, 59, 1417–1428.
[CrossRef]

11. Oczelik, D.; Barandun, J.; Schmitz, N.; Sutter, M.; Guth, E.; Damberger, F.F.; Allain, F.H.; Ban, N.; Weber-Ban, E.
Structures of Pup ligase PafA and depupylase Dop from the prokaryotic ubiquitin-like modification pathway.
Nat. Commun. 2012, 3, 1014–1024.

12. Striebel, F.; Imkamp, F.; Sutter, M.; Steiner, M.; Mamedov, A.; Weber-Ban, E. Bacterial ubiquitin-like modifier
Pup is deamidated and conjugated to substrates by distinct but homologous enzymes. Nat. Struct. Mol. Biol.
2009, 16, 647–651. [CrossRef] [PubMed]

13. Wang, T.; Darwin, K.H.; Li, H. Binding-induced folding of prokaryotic ubiquitin-like protein on the
Mycobacterium proteasomal ATPase targets substrates for degradation. Nat. Struct. Mol. Biol. 2010, 17,
1352–1357. [CrossRef] [PubMed]

14. Hu, K.; Jastrab, J.B.; Zhang, S.; Kovach, A.; Zhao, G.; Darwin, K.H.; Li, H. Proteasome substrate capture
and gate opening by the accessory factor PafE from Mycobacterium tuberculosis. J. Biol. Chem. 2018, 293,
4713–4723. [CrossRef] [PubMed]

15. Delley, C.L.; Laederach, J.; Ziemski, M.; Bolten, M.; Boehringer, D.; Weber-Ban, E. Bacterial proteasome
activator bpa (rv3780) is a novel ring-shaped interactor of the mycobacterial proteasome. PLoS ONE 2014, 9,
e114348. [CrossRef] [PubMed]

16. Zwickl, P.; Baumeister, W.; Steven, A. Dis-assembly lines: The proteasome and related ATPase-assisted
proteases. Curr. Opin. Struct. Biol. 2000, 10, 242–250. [CrossRef]

17. Orlowski, M.; Cardozo, C.; Michaud, C. Evidence for the presence of five distinct proteolytic components
in the pituitary multicatalytic proteinase complex. Properties of two components cleaving bonds on the
carboxyl side of branched chain and small neutral amino acids. Biochemistry 1993, 32, 1563–1572. [CrossRef]

18. Lin, G.; Hu, G.; Tsu, C.; Kunes, Y.Z.; Li, H.; Dick, L.; Parsons, T.; Li, P.; Chen, Z.; Zwickl, P.; et al. Mycobacterium
tuberculosis prcBA genes encode a gated proteasome with broad oligopeptide specificity. Mol. Microbiol.
2006, 59, 1405–1416. [CrossRef]

19. Lin, G.; Tsu, C.; Dick, L.; Zhou, X.K.; Nathan, C. Distinct specificities of Mycobacterium tuberculosis and
mammalian proteasomes for N-acetyl tripeptide substrates. J. Biol. Chem. 2008, 283, 34423–34431. [CrossRef]

20. Lin, G.; Chidawanyika, T.; Tsu, C.; Warrier, T.; Vaubourgeix, J.; Blackburn, C.; Gigstad, K.; Sintchak, M.;
Dick, L.; Nathan, C. N,C-Capped dipeptides with selectivity for mycobacterial proteasome over human
proteasomes: Role of S3 and S1 binding pockets. J. Am. Chem. Soc. 2013, 135, 9968–9971. [CrossRef]

21. Hsu, H.-C.; Singh, P.K.; Fan, H.; Wang, R.; Sukenick, G.; Nathan, C.; Lin, G.; Li, H. Structural basis for the
species-selective binding of N,C-capped dipeptides to the Mycobacterium tuberculosis proteasome. Biochemistry
2017, 56, 9246–9253. [CrossRef] [PubMed]

22. Groettrup, M.; Kirk, C.J.; Basler, M. Proteasomes in immune cells: More than peptide producers?
Nat. Rev. Immunol. 2010, 10, 73–78. [CrossRef] [PubMed]

23. Huber, E.M.; Basler, M.; Schwab, R.; Heinemeyer, W.; Kirk, C.J.; Groettrup, M.; Groll, M. Immuno- and
constitutive proteasome crystal structures reveal differences in substrate and inhibitor specificity. Cell 2012,
148, 727–738. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrm1552
http://www.ncbi.nlm.nih.gov/pubmed/15688069
http://dx.doi.org/10.1073/pnas.1006551107
http://www.ncbi.nlm.nih.gov/pubmed/20699386
http://dx.doi.org/10.7554/eLife.34202
http://www.ncbi.nlm.nih.gov/pubmed/29914620
http://dx.doi.org/10.1128/MMBR.00036-16
http://dx.doi.org/10.1681/ASN.2006010083
http://dx.doi.org/10.1038/nrmicro2148
http://dx.doi.org/10.1111/j.1365-2958.2005.05036.x
http://dx.doi.org/10.1038/nsmb.1597
http://www.ncbi.nlm.nih.gov/pubmed/19448618
http://dx.doi.org/10.1038/nsmb.1918
http://www.ncbi.nlm.nih.gov/pubmed/20953180
http://dx.doi.org/10.1074/jbc.RA117.001471
http://www.ncbi.nlm.nih.gov/pubmed/29414791
http://dx.doi.org/10.1371/journal.pone.0114348
http://www.ncbi.nlm.nih.gov/pubmed/25469515
http://dx.doi.org/10.1016/S0959-440X(00)00075-0
http://dx.doi.org/10.1021/bi00057a022
http://dx.doi.org/10.1111/j.1365-2958.2005.05035.x
http://dx.doi.org/10.1074/jbc.M805324200
http://dx.doi.org/10.1021/ja400021x
http://dx.doi.org/10.1021/acs.biochem.6b01107
http://www.ncbi.nlm.nih.gov/pubmed/27976853
http://dx.doi.org/10.1038/nri2687
http://www.ncbi.nlm.nih.gov/pubmed/20010787
http://dx.doi.org/10.1016/j.cell.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22341445


Molecules 2020, 25, 1305 13 of 14

24. Boubakri, H.; Seghezzi, N.; Duchateau, M.; Gominet, M.; Kofronova, O.; Benada, O.; Mazodier, P.; Pernodet, J.L.
The absence of pupylation (prokaryotic ubiquitin-like protein modification) affects morphological and
physiological differentiation in Streptomyces coelicolor. J. Bacteriol. 2015, 197, 3388–3399. [CrossRef]

25. Lupoli, T.J.; Vaubourgeix, J.; Burns-Huang, K.; Gold, B. Targeting the proteostasis network for mycobacterial
drug discovery. ACS Infect. Dis. 2018, 4, 478–498. [CrossRef]

26. Gandotra, S.; Schnappinger, D.; Monteleone, M.; Hillen, W.; Ehrt, S. In vivo gene silencing identifies the
Mycobacterium tuberculosis proteasome as essential for the bacteria to persist in mice. Nat. Med. 2007, 13,
1515–1520. [CrossRef]

27. Darwin, K.H.; Ehrt, S.; Gutierrez-Ramos, J.C.; Weich, N.; Nathan, C.F. The proteasome of Mycobacterium
tuberculosis is required for resistance to nitric oxide. Science 2003, 302, 1963–1966. [CrossRef]

28. Imkamp, F.; Ziemski, M.; Weber-Ban, E. Pupylation-dependent and -independent proteasomal degradation
in mycobacteria. Biomol. Concepts 2015, 6, 285–301. [CrossRef]

29. WHO Global Tuberculosis Report 2019. Available online: https://apps.who.int/iris/bitstream/handle/10665/

329368/9789241565714-eng.pdf?ua=1 (accessed on 14 February 2020).
30. Zhan, W.; Hsu, H.-C.; Morgan, T.; Ouellette, T.; Burns-Huang, K.; Hara, R.; Wright, A.G.; Imaeda, T.;

Okamoto, R.; Sato, K.; et al. Selective phenylimidazole-based inhibitors of the Mycobacterium tuberculosis
proteasome. J. Med. Chem. 2019, 62, 9246–9253. [CrossRef]

31. Bibo-Verdugo, B.; Jiang, Z.; Caffrey, C.R.; O’Donoghue, A.J. Targeting proteasomes in infectious organisms to
combat disease. FEBS J. 2017, 284, 1503–1517. [CrossRef]

32. Richy, N.; Sarraf, D.; Marechal, X.; Janmamode, N.; Le Guevel, R.; Genin, E.; Reboud-Ravaux, M.; Vidal, J.
Structure-based design of human immuno- and constitutive proteasomes inhibitors. Eur. J. Med. Chem. 2018,
145, 570–587. [CrossRef] [PubMed]

33. Meregalli, C. An Overview of Bortezomib-Induced Neurotoxicity. Toxics 2015, 3, 294–303. [CrossRef]
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