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ABSTRACT  

Noncovalent proteasome inhibitors introduce an alternative mechanism of inhibition to that of 

covalent inhibitors used in cancer therapy. Starting from a noncovalent linear mimic of TMC-

95A, a series of dimerized inhibitors using polyaminohexanoic acid spacers has been designed 

and optimized to target simultaneously two of the six active sites of the eukaryotic 20S 

proteasome. The homodimerized compounds actively inhibited chymotrypsin-like (Ki = 6-11 nM) 

and trypsin-like activities whereas post-acidic activity was poorly modified. The noncovalent 

binding mode was ascertained by X-ray crystallography of the inhibitors complexed with the 

yeast 20S proteasome. The inhibition of proteasomal activities in human cells was evaluated. The 

use of the multivalency inhibitor concept has produced highly efficient and selective noncovalent 

compounds (no inhibition of calpain and cathepsin) that have potential therapeutic advantages 

compared to covalently binding bortezomib and carfilzomib. 
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INTRODUCTION 

The ubiquitin-proteasome system plays an essential role in nuclear and cytosolic protein 

degradation in eukaryotic cells by controlling numerous essential cellular processes including 

turnover and quality control of proteins, cell cycle and apoptosis, transcription and cell signaling, 

immune response and inflammation.1,2 The degradation of proteins is mediated by the 

constitutive 26S multicatalytic proteasome that consists of a 20S catalytic core and two 19S 

regulatory complexes. The catalysis of proteolysis is accomplished by the 20S proteasome 

particle that has been the major target to identify and develop inhibitors as potential drugs able to 

modulate proteasomal activity. The clinical value of proteasome inhibition has become evident 

since the FDA approval of bortezomib for the treatment of relapsed multiple myeloma and 

mantle cell lymphoma.3-5 This drug is a highly selective peptide boronate.6 Nevertheless, due in 

particular to the presence of the boronic acid moiety, prolonged treatments induce toxicity and 

severe adverse effects including neurological disorders.7-9 Resistances have also been reported.10 

The main second-generation proteasome inhibitors that are in clinical trials are carfilzomib11 

(approved in July 2012 for treatment of multiple myeloma) (PR-171), marizomib12 

(salinosporamide or NPI-0052), ixazomib13 (MLN-9708), oprozomib14 (ONX-0912 or PR-047) 

and delanzomib15 (CEP-18770). As with bortezomib, they are all covalent binding inhibitors 

reacting with the catalytic threonine of the active sites to form a covalent adduct.16 Noncovalent 

inhibitors, which are devoid of a reactive group, do not have the drawbacks generally associated 

with the presence of a warhead, such as lack of specificity, instability and excessive reactivity, 

though epoxyketones are the most specific applied proteasome inhibitors to date. Since toxicity 

will always be an issue for proteasome inhibitors, because of the huge variety of functions 

implicating this proteolytic machinery, noncovalent proteasome inhibitors may be an alternative 

to covalent ones.4,17 This less documented category of inhibitors includes the natural cyclopeptide 
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1 (TMC-95A)18 (Figure 1A) and simpler cyclic19-21 and linear mimics22,23 obtained by rational 

drug design. Several series of peptide and pseudopeptide noncovalent inhibitors were identified 

by in vitro screenings of small or very large synthetic chemical libraries coupled with chemical 

optimization.24-29 Noncovalent hydroxyureas have also been recently identified by in vitro 

screening30 and in silico screening of a large collection of organic compounds led to several 

structurally distinct noncovalent inhibitors.31 A growing number of studies suggest that 

proteasome inhibitors may become valuable drugs for the treatment of non-tumorous diseases 

when used in conditions in which the cellular functions are modulated without induction of cell 

death.2,32 Diverse beneficial effects are expected for example in inflammation,33 

neurodegenerative diseases,34 muscular dystrophies35,36 and cachexia.37 Moreover, they have 

therapeutic potentialities as antiparasitics in malaria,38,39 sleeping syndrome,40-42 and anti-

microbial agents (tuberculosis).43 The selective inhibition of immunoproteasomes predominantly 

expressed in immune cells appears to be a promising rationale for the treatment of autoimmune 

disorders.32 

The constitutive 26S proteasome contains a barrel-shaped 20S catalytic particle composed of 

28 subunits capped on either end by a regulatory particle called 19S. The complete subunit 

architecture of the yeast regulatory 19S particle has been recently described providing insight into 

recognition and processing of polyubiquitinated substrates.44 The architecture of constitutive 

eukaryotic 20S proteasomes was reported several years ago45, 46 and recently compared to that of 

immunoproteasome.47 The 28 subunits ( and  are arranged in four stacked rings (1-71-71-

71-7) with a 2-fold axial symmetry (Figure 1B).45 Three distinct types of catalytic activities are 

assigned in constitutive proteasomes to two 1 subunits (caspase-like or post-acid activity, PA), 

two 2 subunits (trypsin-like activity, T-L), and two 5 subunits (chymotrypsin-like activity, 
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ChT-L). Immunoproteasomes are generated by replacing 1, 2 and 5 subunits by their 

immuno-homologues 1i, 2i, and 5i whose synthesis is induced by IFN-.48, 49 

Targeting the ChT-L active site has long been considered as sufficient to develop drugs, 

especially anti-cancer ones. Nevertheless, inhibition of multiple active sites is required to 

markedly decrease protein degradation.50 Recent data suggest that for anti-cancer drugs it is also 

important to target the PA in addition to the ChT-L active site.51, 52 Moreover, inhibitors of T-L 

activity sensitize multiple myeloma cells to inhibitors of the ChT-L active site.53 Proteasome 

inhibitors targeting the T-L activity also appear as the rational choice for anti-trypanosomal drug 

development.54 

Consequently, we developed new noncovalent proteasome inhibitors presenting within the 

same molecule the possibility to inhibit several active sites. The proteasome catalytic particle 

presents symmetry related multiple catalytic sites. Thus, chemically symmetrical drugs involving 

identical inhibitory heads are of significance to provide enhanced inhibitory power. The 

application of the principle of multivalency has been applied to design potent multivalent 

inhibitors.55 Its application was successful in the protease field56 and reported for covalent 

proteasome inhibitors57, 58 and noncovalent ones.59 In both cases, two ligands were chemically 

connected by a PEG spacer to target two active sites in proteasomes. But polydispersity is one of 

the drawbacks of pegylation,59 and access to monodisperse PEG is a challenge.60 Here, we 

describe the design, synthesis and inhibitory efficacies of dimers 4 (Figure 1C) formed of two 

inhibitory heads derived from the noncovalent proteasome inhibitors 2, linked by spacers of 

controlled length to optimally target two selected active sites (Figure 1B). In order to mimic the 

unfolded protein chain of proteasome substrates that enter the catalytic core, oligomers of amino 

hexanoic acid (Ahx) and adipic acid derived from 5 or 6 (Figure 1D) were chosen as the spacers. 
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The different moieties constituting the bivalent molecules 4 such as inhibitors 2, conjugated 

monomers 3, and poly Ahx derivatives 5 and 6, were evaluated independently. The crystal 

structures of several inhibitors in complex with yeast 20S proteasome were obtained and the 

mechanism of inhibition determined. Furthermore, the selectivity of action towards challenging 

proteases such as calpain I and cathepsin B is examined. 

RESULTS 

Design and Synthesis of Inhibitors. The design of the bivalent inhibitors relied on the X-ray 

structure of the yeast 20S proteasome from which distances between the catalytic Thr1O of the 

different active sites have been determined (Figure 1B).45, 61 The two chosen identical inhibitory 

heads were the tripeptidic sequence found in the noncovalent inhibitors 2a and 2b that are linear 

mimics of the natural product 1 (Figure 1A, C). Their binding to the ChT-L active site of the 

yeast 20S proteasome was previously characterized by crystallography as well as by their 

inhibitory potency (IC50 of 1.5 M and 9.4 M for 2a and 2b, respectively).23 Compounds 2a and 

2b displayed identical antiparallel  sheet binding to the S4-S3-S2-S1 proteasomal specificity 

pocket of the ChT-L active site (Figure S1 in Supporting Information). The C-terminal benzyl 

group was inserted into the S1 pocket. The reduced activity of the N-terminal deprotected peptide 

2b compared to its Boc analog 2a was attributed to the disruption of the interaction between 6 

His98 and the Boc protecting group. So as a bulky lipophilic R group is favorable, we chose to 

replace the R substituent in 1 by derivatives of Ahx trimer 5a or tetramer 5b to generate the new 

monovalent molecules 3a and 3b that could be considered as reference compounds to study the 

influence of the poly Ahx on the activity of the inhibitory head (Figure 1C, D). Then we built 

dimers 4 by linking two identical moieties 2b to oligomers of Ahx (p+q varying from 3 to 8) and 

adipic acid, in order to simultaneously target two active sites. As the length of extended Ahx and 
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adipoyl units can be evaluated to ca. 10 Å,62 the maximum distance between the two N-terminus 

tripeptide nitrogens of dimers 4a-e may vary discontinuously from 40 to 90 Å (Figure 1C, Tables 

S1 and S2 in Supporting Information). The lengths of the different spacers are in principle 

sufficient to potentially bind simultaneously two distinct active sites (distance between two 

catalytic Thr1O from 30 to 65 Å, Figure 1B, C). The diprotected spacers 5 and 6 were prepared 

from aminohexanoic acid and methyl adipoyl chloride using stepwise conventional peptide 

synthesis techniques (see scheme for their synthesis in Figure S3, Supporting Information). 

Saponification of diprotected spacer 5 followed by coupling to tripeptide 2b23 afforded reference 

monovalent compounds 3 in 34-55% overall yield (Scheme 1). Two ways were used to obtain 

dimers 4. The first one started from diprotected spacer 6a-c and 2b23 and led to 4a-c in 22-44% 

yield. Boc deprotection of monovalent compounds 3 and subsequent coupling to 0.5 equivalent of 

adipoyl dichloride yielded 4d-e (25-28%). Target compounds 3 and 4 were characterized by 

NMR, high resolution mass spectrometry and HPLC. 

In vitro inhibitory efficiency and mechanism. We estimated the capacity of compounds 2a-b, 

3a-b, and 4a-e to inhibit the ChT-L activity of constitutive human 20S proteasome (fluorogenic 

substrate Suc-LLVY-AMC), its PA (Z-LLE--NA), and its T-L activities (Boc-LRR-AMC) by 

determining the corresponding IC50 values (Figure S2 in Supporting Information, Table 1). 

Conversely, no inhibition was observed with poly Ahx derivatives 5d and 6a. The deprotection of 

the N-terminal end of the tyrosine residue (R = H, 2b) compared to 2a (R = Boc) resulted in an 

increase of the IC50 value by a factor of 3.6 (ChT-L activity) and 4.4 (PA activity) whereas the T-

L activity was abolished. The replacement of the Boc group in 2a by the longer chains Boc(Ahx)n 

(n = 3 for 3a and 4 for b) increased noticeably the inhibitory potency towards the three types of 

activity: the IC50 values for 3a were 7-, 2- and 8-times smaller than the IC50 values for the 
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reference 2a (ChT-L, PA and T-L activities, respectively). These values were more significantly 

decreased for dimeric inhibitors 4a-e with factors of 123-167 (ChT-L activity), 19-34 (PA 

activity), and 355-577 (T-L activity) (compared with 2a), respectively. 

To elucidate the mechanism of inhibition of the ChT-L activity by dimeric inhibitors 4 

compared to conjugated monomers 3 and starting molecules 2a-b, kinetic studies were conducted 

at a fixed enzyme concentration and various substrate (Suc-LLVY-AMC) and inhibitor 

concentrations. The tested compounds fall into distinct classes of inhibitors when analyzed by 

Lineweaver-Burk plots (Figure 2): mixed (2a, 3a-b), non competitive (2b) and competitive (4a-

e). For mixed and non competitive inhibitors, the inhibitors bind to the free (E) and bound 

enzyme (ES), respectively: E + I  EI (inhibitor constant Ki) and ES + I  ESI (inhibitor 

constant K’i) with Ki = [E][I]/[EI] and K’i = [ES][I]/[ESI]. For competitive inhibitors, they bind 

only to the free enzyme. N-terminal Boc (2a) instead of H (2b) increased binding into the ChT-L 

active site (factor of 10 for Ki and 4.8 for K’i). In the presence of a long Boc(Ahx)n chain (n = 3 

for 3a and n = 4 for 3b) instead of Boc (2a), the binding to the free enzyme was increased by a 

factor of 24 and 42, respectively. The binding to the ES complex was also favored (factors of 16-

25). These results clearly highlighted the favorable role of the Boc(Ahx)n chain for inhibitor 

efficacy, as observed with the natural products fellutamide B,63 glidobactin A64 and cepafungin 

I65 which all harbor an aliphatic tail that improves the ligand's affinity to the proteasome. 

Remarkably, the introduction of a second inhibitory head yielding compounds 4a-e led to 

competitive inhibition (Figure 2). The dimeric molecules (4a-e) were significantly more potent 

on the ChT-L activity than 2a and 2b with Ki = 6 nM for 4e and Ki = 10.3-11.4 nM for 4a-d 

whereas Ki = 2,430 nM and K’i = 5,030 nM for 2a and Ki = K’i = 24,500 nM for 2b, respectively. 

The ratio of free energies of interaction for the bivalent and monovalent binding (= Ki
bi/Ki

mono) 
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is large (4,083 for 4e compared to 2b), indicating that the binding of the bivalent ligand is 

entropically favored.56 Interestingly, the Dixon graphs established for 2a and 3a appeared to be 

non linear, but it was linear for the bivalent compound 4b. The shape of the plots obtained for 2a 

and 3a suggested parabolic inhibition in which two molecules of inhibitor are bound per 

molecule of enzyme.66 In contrast, only one molecule was susceptible to bind when two 

inhibitory heads are covalently linked within the bivalent inhibitor 4b in agreement with linear 

Dixon plots. 

Structural basis of inhibition. The crystal structures of 20S yeast proteasome complexed with 

3a, 4a and 4e were determined at 2.9, 3.1 and 2.8 Å with an Rfree = 22.7%, 22.3% and 24.1%, 

respectively (Table 3S, Supporting Information). Well defined electron density maps were 

obtained for all three compounds bound to the ChT-L active site; compound 3a was also seen in 

the T-L active site. The tripeptide scaffold revealed low Debye-Waller factors indicating a high 

occupancy. As depicted in Figure 3, the inhibitors bound to the ChT-L active site exhibited an 

identical positioning of the tripeptide scaffold with an extended conformation and maintaining 

each amino acid side chain in the same binding pockets as for the original 2a ligand (Figure S1 in 

Supporting Information). However, as observed for the PEG linkers used in covalent dimerized 

inhibitors,57 the poly Ahx linkers of these three compounds were only partially defined due to 

their flexible nature. 

The superimposition of 2a, 3a and 4e showed no concerted movement of any of the side chains 

in the active site and the respective inhibitors. However, the complex structure of the yeast 

proteasome with 4a displays a concerted movement of Try96 and His98, thus generating by its 

spacious S4 pocket appropriate space for the linker chain. 

These results prove that it is predominantly the bivalency of this set of inhibitors which gives 

rise to the high binding preference, though all linkers are defined in the electron density map only 
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 10

to the first nitrogen atom. Hence, the analysis of the crystal structure complexes demonstrates 

multiple conformations for the linker, reiterating the flexibility of the spacer elements. Moreover, 

a MES molecule was observed in all three structures occupying the oxyanion hole Gly47NH and 

performing Van der Waals interactions with the inhibitors. Notably, there is 48 Å distance 

between the two Tyr NH of 3a bound to the 5/5'subunits, 54 Å for 22', 47 Å for intra-ring 

5/2, and 25 Å for inter-ring 5/2', thus allowing simultaneous binding of the bivalent 

inhibitors to two different active sites, explaining the low IC50 values.  

Effect of bivalent inhibitors in human cells. We treated HEK-293 cells with the various 

compounds for 2 h and determined their proteasome inhibition profile (Figure 4, Table 2). 

Monovalent 3a and bivalent molecules (4a-e) inhibited the ChT-L activity at submicromolar 

concentrations (IC50 of 252-756 nM). Much higher concentrations of the parent molecule 2a were 

required (IC50 = 7.97 µM). The PA activity was poorly inhibited (IC50 of about 20 µM). The 

reference molecule epoxomicin appeared to be a stronger inhibitor of both ChT-L ad PA 

activities but only by a factor of 18 (ChT-L activity) and 15 (PA activity) when exemplarily 

compared to 4c. 

Specificity and metabolic stability. All synthesized compounds were analyzed for their effect 

on two representative cellular proteases, cytosolic calpain I and lysosomal cathepsin B. No 

significant inhibition was observed at 20 µM. Furthermore, the stability of compounds 2a, 3a and 

4a in the biological medium used in cellular studies was determined in order to evaluate their 

susceptibility to enzymatic hydrolysis. They were incubated at 37°C in the culture medium 

(RPMI) in the presence of 20% fetal calf serum for different periods of time. Kinetics were 

followed by HPLC. The HPLC results showed that the peak area of compounds 2a and the 
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bivalent inhibitor 4a did not change or deviate over time, indicating stability within 50 h 

compared to the monovalent compound 3a (degradation half-time of 19 h). 

DISCUSSION 

The principle of polyvalency is ubiquitously exploited in nature.55,56 It led medicinal chemists 

to take advantage of multivalent binding to design new molecules with increased binding affinity 

and selectivity. This alternative approach is particularly pertinent for the multicatalytic 20S 

proteasome and has been used to generate homo- and heterobivalent proteasome covalent 

binders.57,58 Homodimers of tripeptidic aldehydes linked by a polydisperse PEG spacer led to 

efficient covalent inhibitors of ChT-L activity which potency was increased 123-fold.57 Here we 

present homobivalent molecules formed by two noncovalent inhibitory heads linked by a 

monodisperse poly Ahx spacer. 

Inspection of the in vitro inhibition data in conjunction with the crystallographic data revealed 

interesting features of the new bivalent inhibitors. Compared to the reference molecule 2a, the 

dimeric inhibitors 4a-e displayed efficacies noticeably increased by factors of 133-167 (ChT-L 

activity), 19-34 (PA activity) and 355-577 (T-L activity). Out of the substances prepared, five 

show inhibitory activity against human proteasome ChT-L site comparable to the parent cyclic 

molecule 1: Ki of 6.0-11.4 nM for 4a-e in the range of that obtained by 1 (Ki = 2.3 of nM). 

Remarkably, the T-L activity was more efficiently blocked by the bivalent molecules than by 1 

(factors of 10-16 between the IC50 values). Smaller differences were observed for the PA activity 

(6-10). Importantly, the mechanism of inhibition of the ChT-L activity is shifted from mixed for 

the starting linear mimics 2a and poly Ahx monomers 3a-b to competitive inhibition for the 

bivalent compounds 4a-e. This highlights on the one hand the influence on the mechanism of the 

substituent at the N-terminal end of the peptide, and on the other hand, the importance of the 

presence of a second inhibitory head. The influence of a (Ahx)3 N-terminal extension on both 
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efficiency and selectivity of  proteasome inhibitors was previously noticed for covalent peptide 

vinyl sulfones.67 Finally, the reference starting molecule (2a), monovalent (3a) and bivalent (4a) 

compounds showed a promising stability in cell culture medium with half-lives of over 60 h (2a 

and 4a) and 19 h (3a), respectively. 

The proteasome is a valid drug target for cancer but also for sleeping sickness.40,41 It was 

demonstrated that the proteasome from Trypanosoma brucei is particularly sensitive to inhibition 

of its T-L activity.54,68,69 Recent research has shown that T-L activities of trypanosome and 

mammalian proteasomes may have distinct sensitivities for inhibitors.70 Nevertheless, it is 

reasonable to assume that bivalent inhibitors targeting simultaneously T-L and ChT-L activities 

of mammalian proteasomes may provide a new opportunity for the development of drugs to be 

implemented in treating sleeping sickness disease.  

CONCLUSION 

Proteasome inhibitors have a vast therapeutic potential, but resistance and poor efficacy of 

clinical covalent inhibitors on some solid tumors demonstrate the need for molecules with a new 

mechanism of action. We pursue a noncovalent strategy with inhibitors theoretically free from 

the inherent drawbacks associated to the presence of a reactive group by designing dimerized 

linear mimics of 1. To optimally target two selected active sites, monodisperse poly Ahx spacers 

were used to avoid the polydispersity of PEG spacers or detergent-like properties of compounds 

with long alkyl chains. We have generated a new set of dimerized noncovalent inhibitors for 

which blockage of the proteasome in vitro or in cellular assays is strongly enhanced. Their 

mechanism of action is corroborated by crystallographic studies. Crossing simple chemistry and 

taking advantage of the proteasome C2-symmetry lead to inhibitor activity similar to the reference 

natural product 1. Remarkably the specificity of inhibition was significantly improved by the 

synthesized bivalent ligands. Thus, the presented results open new possibilities for efficient and 
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controlled inhibition of two types of active sites using a single probe. Synergistic effects to 

decrease protein degradation may be induced favoring the inhibitor action in several pathologies. 
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EXPERIMENTAL SECTION 

Chemistry. Commercially available reagents were used without further purification unless 

otherwise stated. Dry solvents were distilled from the appropriate drying reagents immediately 

before use. Yields refer to chromatographically and spectroscopically homogeneous materials, 

unless otherwise stated. Reactions were monitored by thin-layer chromatography carried out on 

silica gel aluminium sheets (60F-254) using UV light as a visualizing agent, 15% ethanolic 

phosphomolybdic acid and heat or 0.2% ethanolic ninhydrin and heat as developing agent. 

Column chromatography was performed on silica gel 60, 0.063-0.200 mm. MPLC (medium 

pressure liquid chromatography) was performed on a Flashsmart two apparatus, using C18 silica 

flash column (prepacked column, 4.3g C18 silica, AIT chromato, 40 -60 m). 1H NMR and 13C 

NMR spectra were recorded at room temperature on a BRUCKER Avance 300 or Avance 500 

spectrometers. Chemical shifts were reported in ppm ( units) and residual non deuterated solvent 

was used as internal reference. High-resolution mass spectra were recorded on a Waters Q-TOF 2 

or a Bruker MicrO-TOF Q II apparatus using an electrospray source (ESI). Melting points were 

measured on a Stuart melting point apparatus. Microanalysis and mass spectra were performed by 

the Centre régional des mesures physiques de l’Ouest (CRMPO, Rennes, France). Anhydrous 

hydrogen chloride 3.3 M in anhydrous methanol was generated by reaction of acetyl chloride 

(2.34 mL, 33 mmol) with anhydrous methanol (10 mL). Tripeptides 2a-b were previously 

described.23 Aminohexanoic acid derivatives HCl, H-Ahx-OMe,71 Boc-Ahx-OH72 and Boc-Ahx-

OSu73 were prepared according known procedures. Scheme for the synthesis of compounds 3-6 is 

given in Supporting Information (Figure S3). Purity of building blocks 5a-e and 6a-c was 

checked by elemental analysis. Data for C, H, and N were within 0.4% of the theoretical values. 

Purity of compounds 3-4, was determined by reverse phase HPLC using a C18 column (5 μm, 4.6 
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mm X 250 mm, ACE), detection at 254 nm, a 1 mL per minute flow rate and solvent A (50:50 

MeOH/water) for 2 min then a linear gradient from 100% of solvent to 100% of solvent B (85:15 

MeOH/water) for 20 min then solvent B for 16 min. Purity was higher than 95% for all 

compounds except for compounds 4c (88 %) and 4d (78%). 

 Monovalent inhibitor 3a: Tripeptide hydrochloride 2b (135 mg, 0.197 mmol) was 

dissolved in water (4 mL) and treated with aqueous 4 M NaOH (1 mL). The aqueous solution 

was extracted three times by ethyl acetate. The combined organic phases were dried over sodium 

sulfate and concentrated in vacuo to afford basic tripeptide 2b (121,1 mg, 0.186 mmol). A 

solution of Boc-(Ahx)3-OH (obtained from 0.154 mmol Boc-(Ahx)3-OMe 5a) in anhydrous DMF 

(1 mL) was reacted under Ar overnight at room temperature with HOBt (26.10 mg, 0.17 mmol), 

EDC, HCl (32.05 mg, 0.167 mmol), Et3N (0.026 mL, 0.184 mmol) and a solution of tripeptide 2b 

(0.186 mmol) in anhydrous DMF (2 mL). The mixture was concentrated in vacuo and the 

resulting solid was washed by water, 0.1 M hydrochloric acid and then water. After 

chromatography through silica gel (13 g, eluent 5 % to 10 % MeOH in CH2Cl2) compound 3a 

(90.84 mg, yield 55 %) was afforded as a white solid. Rf = 0.19 (10 % MeOH in CH2Cl2). 
1H 

NMR (300 MHz, DMSO-d6)  1.04-1.46 (m, 30 H), 2.00 (t, J = 7 Hz, 6H), 2.09 (dd, J = 14.5 Hz, 

J = 9 Hz, 1H), 2.38 (m, 1H), 2.62 (m, 1H), 2.82-3.00 (m, 7H), 4.04-4.27 (m, 4H), 4.45 (m, 1H), 

5.02 (s, 2H), 6.01 (s, 1H), 6.75 (d, J = 7.5 Hz, 2H), 6.87-6.95 (m, 3H), 7.08-7.43 (m, 18 H), 7.71 

(m, 2H), 7.76 (d, J = 8 Hz, 1H), 7.91-7.98 (m, 2H), 8.08 (d, J = 6.5 Hz, 1H), 10.12 (s, 1H). 

HPLC: Rt. 26.1 min, area percent 97% at 254 nm. HRMS (ESI) calcd for C60H80N8O11Na 

[(M+Na)+] 1111.5844, found 1111.5841. 

 Monovalent inhibitor 3b: A solution of Boc-(Ahx)4-OH (115.3 mg, 0.202 mmol, obtained 

from Boc-(Ahx)4-OMe 5b) in anhydrous DMF (2 mL) was reacted overnight under Ar and at 
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room temperature with HOBt (34 mg, 0.22 mmol), EDC, HCl (42 mg, 0.219 mmol), Et3N (0.034 

mL, 0.24 mmol) and basic tripeptide 2b (0.26 mmol) in anhydrous DMF (2 mL). The mixture 

was concentrated in vacuo and the resulting solid was washed by water, 0.1 M hydrochloric acid 

then water. After medium pressure chromatography through C-18 reversed phase silica gel 

(eluent 0.001 M aqueous HCl /MeOH 100/0 to 0/100) compound 3b (82.4 mg, yield 34 %) was 

afforded as a white solid. Rf = 0.20 (10 % MeOH in CH2Cl2). 
1H NMR (500 MHz, CD3OD)  

1.19-1.61 (m, 36H), 2.13-2.25 (m, 8H), 2.46 (dd, J = 9.6 Hz, J = 14 Hz, 1H), 2.59 (dd, J = 3.1 

Hz, J = 14 Hz, 1H), 2.78 (dd, J = 9.5 Hz, J = 14 Hz, 1H), 3,00-3.33 (m, 9H), 4.16 (q, J = 7.3 Hz, 

1H), 4.19 (dd, J = 2.8 Hz, J = 9.5 Hz, 1H), 4.26 and 4.39 (JAB = 15.0 Hz, 2H), 4.47 (dd, J = 5.2 

Hz, J = 9.6 Hz, 1H), 5.06 (s, 2H), 6.85 (d, J = 7.0 Hz, 1H), 6.90 (d, J = 8.5 Hz, 2H), 7.04 (t, J = 

8.0 Hz, 1H), 7.12 (d, J = 8.5 Hz, 2H), 7.18-7.42 (m, 12H). 13C NMR (125.77 MHz, CD3OD)  

17.2 (CH3), 23.4 (CH2), 26.4 (CH2), 26.6 (CH2), 26.7 (CH2), 26.8 (CH2), 27.4 (CH2), 27.5 (CH2), 

27.6 (CH2), 28.8 (CH3), 30.0 (CH2), 30.1 (CH2), 30.7 (CH2), 36.6 (CH2), 37.0 (CH2), 37.8 (CH2), 

37.4 (CH2), 39.7 (CH2), 40.2 (CH2), 40.3 (CH2), 44.1 (CH2), 51.3 (CH), 51.5 (CH), 56.6 (CH), 

71,0 (CH2), 76.4 (C), 79.6 (C), 111.4 (CH), 115.9 (CH), 123.9 (CH), 125.5 (CH), 128.1 (CH), 

128.4 (CH), 128.6 (CH), 128.8 (CH), 129.4 (CH), 129.5 (CH), 130.6 (C), 130.9 (CH), 131.3 

(CH), 131.8 (C), 138.8 (C), 139.7 (C), 142.9 (C), 158.5 (C), 159.1(C), 172.2 (C), 173.5 (C), 

174.8 (C),175.9 (C),176.0 (C),176.1 (C), 176.6 (C),181.5 (C). HPLC: Rt. 25.7 min, area percent 

95% at 254 nm. HRMS (ESI) calcd for C66H91N9O12Na [(M+Na)+] 1224.6685, found 1224.6681. 

 Bivalent inhibitor 4a: (p+q = 3, p=0) A solution of MeO-Adip-Ahx3-OMe 6a (218.8 mg, 

0.426 mmol) in THF (1.5 mL) was reacted for 3.5 h at room temperature with 1 M LiOH (1.5 

mL, 1.5 mmol) and then treated by concentrated HCl. The white precipitate was filtered, washed 

by water, and dried to afford HO-Adip-Ahx3-OH (154.7 mg, yield 75 %) which was used without 
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further purification. A solution of HO-Adip-(Ahx)3-OH (10.89 mg, 0.0224 mmol) in anhydrous 

DMF (0.4 mL) was reacted under Ar for 72 h at room temperature with HOBt (7.62 mg, 0.056 

mmol), EDC, HCl (10.83 mg, 0.0565 mmol), Et3N (0.008 mL, 0.057 mmol) and basic tripeptide 

2b (39.12 mg, 0.0602 mmol). The mixture was concentrated in vacuo and the resulting solid was 

washed by water, 0.1 M hydrochloric acid and then water. After purification by medium pressure 

chromatography through C-18 reversed phase silica gel (eluent 0.001 M aqueous HCl /MeOH, 

gradient from 100/0 to 0/100) dimeric compound 4a (17.56 mg, yield 44 %) was afforded as a 

white solid. Rf = 0.40 (15 % MeOH in CH2Cl2). 
1H NMR (500 MHz, DMSO-d6)  1.08-1.35 (m, 

24H), 1.46 (m, 4H), 2.01 (m, 10H), 2.11 (dd, J = 9 Hz, J = 14.5 Hz, 2H), 2.45 (m, 2H), 2.65 (m, 

2H), 2.98 (m, 8H), 4.07-4.26 (m, 8H), 4.46 (m, 2H), 5.04 (s, 4H), 6.03 (s, 2H), 6.76 (d, J = 7 Hz, 

2H), 6.89 (d, J = 8 Hz, 4H), 6.94 (t, J = 8 Hz, 2H), 7.14-7.44 (m, 28H), 7.68 (m, 3H), 7.76 (dd, J 

= 7 Hz, J = 1.5 Hz, 2H), 7.93 (t, J = 6 Hz, 2H), 7.98 (m, 2H), 8.10 (m, 2H), 10.13 (s, 2H). HPLC: 

Rt. 27.2 min, area percent > 99% at 254 nm. HRMS (ESI) calcd for C98H117N13O17Na [(M+Na)+] 

1770.8588, found 1770.8586. 

 Bivalent inhibitor 4b: (p+q = 4, p=0) Similarly, a solution of HO-Adip-(Ahx)4-OH (12.33 

mg, 0.0206 mmol, prepared from MeO-Adip-(Ahx)4-OMe 6b) in anhydrous DMF (0.5 mL) was 

reacted under Ar for 72 h at room temperature with HOBt (7.74 mg, 0.051 mmol), EDC, HCl 

(13.37 mg, 0.0697 mmol), Et3N (0.008 mL, 0.057 mmol) and basic tripeptide 2b (37.7 mg, 

0.0581 mmol). The mixture was concentrated in vacuo and the resulting solid was washed by 

water, 0.1 M hydrochloric acid and then water. After purification by medium pressure 

chromatography through C-18 reversed phase silica gel (eluent 0.001 M aqueous HCl /MeOH, 

gradient from 100/0 to 0/100) dimeric compound 4b (15.28 mg, yield 40 %) was afforded as a 

white solid.  1H NMR (500 MHz, DMSO-d6)  1.08-1.36 (m, 28H), 1.46 (m, 6H), 2.01 (m, 12H), 
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2.11 (dd, J = 9 Hz, J = 14.5 Hz, 2H), 2.45 (dd, J = 4 Hz, J = 14.5 Hz, 2H), 2.65 (m, 2H), 3.00 (m, 

10H), 4.07-4.26 (m, 8H), 4.46 (m, 2H), 5.04 (s, 4H), 6.04 (s, 2H), 6.77 (d, J = 7 Hz, 2H), 6.89 (d, 

J = 8 Hz, 4H), 6.94 (t, J = 7.5 Hz, 2H), 7.14-7.44 (m, 28H), 7.68-7.72 (m, 4H), 7.76 (dd, J = 9 

Hz, J = 4 Hz, 2H), 7.94 (t, J = 6 Hz, 2H), 7.99 (m, 2H), 8.10 (m, 2H), 10.13 (s, 2H). HPLC: Rt. 

27.1 min, area percent 95% at 254 nm. HRMS (ESI) calcd for C104H128N14O18Na [(M+Na)+] 

1883.9429, found 1883.9453. 

 Bivalent inhibitor 4c: (p+q = 5, p=0) Similarly, a solution of HO-Adip-(Ahx)5-OH (14.56 

mg, 0.0205 mmol, prepared from MeO-Adip-(Ahx)5-OMe 5c) in anhydrous DMF (0.5 mL) was 

reacted under Ar for 72 h at room temperature with HOBt (7.29 mg, 0.047 mmol), EDC, HCl 

(20.33 mg, 0.106 mmol), Et3N (0.008 mL, 0.057 mmol) and basic tripeptide 2b (37.7 mg, 0.0581 

mmol). The mixture was concentrated in vacuo and the resulting solid was washed by water, 0.1 

M hydrochloric acid and then water. After purification by medium pressure chromatography 

through C-18 reversed phase silica gel (eluent 0.001 M aqueous HCl /MeOH, gradient from 

100/0 to 0/100) dimeric compound 4c (9.02 mg, yield 22 %) was afforded as a white solid. 1H 

NMR (500 MHz, DMSO-d6)  1.17-1.36 (m, 32H), 1.46 (m, 8H), 2.02 (m, 14H), 2.12 (dd, J = 

8.5 Hz, J = 14 Hz, 2H), 2.42 (m, 2H), 2.62 (m, 2H), 3.00 (m, 12H), 4.07-4.26 (m, 8H), 4.46 (m, 

2H), 5.04 (s, 4H), 6.04 (br s, 2H), 6.77 (d, J = 7.5 Hz, 2H), 6.89 (d, J = 7 Hz, 4H), 6.94 (t, J = 7.5 

Hz, 2H), 7.14-7.44 (m, 28H), 7.71-7.72 (m, 5H), 7.76 (m, 2H), 7.94 (t, J = 6 Hz, 2H), 7.99 (m, 

2H), 8.10 (m, 2H), 10.13 (s, 2H). HPLC: Rt. 26,8 min, area percent 88% at 254 nm. HRMS (ESI) 

calcd for C110H139N15O19Na [(M+Na)+] 1997.0264, found 1997.0351. 

 Bivalent inhibitor 4d: (p+q = 6, p = 3) A solution of 3a (86.85 mg, 0.0809 mmol) in 

MeOH (2 mL) at 0 °C was reacted for 6 min with 12 M anhydrous HCl in MeOH (1.8 mL, 25 

mmol) and then concentrated in vacuo without heating. The resulting solid was dissolved in water 
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(3 mL) and reacted with aqueous 4 M NaOH (1 mL). Extraction by ethyl acetate quantitatively 

yielded basic deprotected 3a. This product was dissolved in anhydrous DMF (0.5 mL) and was 

reacted under Ar with Et3N (0.008 mL, 0.057 mmol) and adipoyl dichloride (3.2 L, 0.022 

mmol) for 72 h at room temperature. The mixture was concentrated in vacuo and the resulting 

solid was purified by medium pressure chromatography through C-18 reversed phase silica gel 

(eluent 0.001 M aqueous HCl /MeOH, gradient from 100/0 to 0/100). Dimeric compound 4d 

(12.9 mg, yield 28 %) was afforded as a white solid. 1H NMR (500 MHz, DMSO-d6)  1.09-1.36 

(m, 36H), 1.44 (m, 10H), 2.02 (m, 16H), 2.11 (dd, J = 9 Hz, J = 14 Hz, 2H), 2.45 (m, 2H), 2.64 

(m, 2H), 3.00 (m, 14H), 4.09-4.23 (m, 8H), 4.47 (m, 2H), 5.04 (s, 4H), 6.03 (s, 2H), 6.77 (d, J = 

7.5 Hz, 2H), 6.89 (d, J = 7 Hz, 4H), 6.94 (t, J = 7.5 Hz, 2H), 7.14-7.44 (m, 28H), 7.71-7.72 (m, 

6H), 7.77 (d, J = 7.5 Hz, 2H), 7.94 (t, J = 6 Hz, 2H), 7.98 (d, J = 8 Hz, 2H), 8.10 (d, J = 7 Hz, 

2H), 10.13 (s, 2H). HPLC: Rt. 26,3 min, area percent 78% at 254 nm. HRMS (ESI) calcd for 

C116H150N16O20Na [(M+Na)+] 2110.1100, found 2110.1130. 

 Bivalent inhibitor 4e: (p+q = 8, p = 4) A solution of 3b (66 mg, 0.055 mmol) in MeOH (2 

mL) at 0 °C was reacted for 6 min with 12 M anhydrous HCl in MeOH (0.26 mL, 3.1 mmol) and 

then concentrated in vacuo without heating. The resulting solid was dissolved in anhydrous DMF 

(0.34 mL) and was reacted under Ar with Et3N (0.052 mL, 0.358 mmol) and adipoyl dichloride 

(5.0 L, 0.033 mmol) for 72 h at room temperature. The mixture was concentrated in vacuo and 

the resulting solid was purified by medium pressure chromatography through C-18 reversed 

phase silica gel (eluent 0.001 M aqueous HCl /MeOH, gradient from 100/0 to 0/100) followed by 

a second purification (eluent water/MeOH, gradient from 50/50 to 0/100, fraction analysis by 

HPLC). Dimeric compound 4e (16 mg, yield 25 %) was afforded as a white solid after 

lyophilisation. 1H NMR (500 MHz, CD3OD)  1.19-1.65 (m, 58H), 2.19-2.25 (m, 20H), 2.48 (dd, 
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J = 9.5 Hz, J = 14 Hz, 2H), 2.61 (dd, J = 3.1 Hz, J = 14 Hz, 2H), 2.80 (dd, J = 9.5 Hz, J = 14 Hz, 

2H), 3.09 (dd, J = 5 Hz, J = 14 Hz, 2H), 3,14-3.21 (m, 16H), 4.16 (q, J = 7.5 Hz, 2H), 4.21 (dd, J 

= 3 Hz, J = 9.5 Hz, 2H), 4.28 and 4.41 (JAB = 15.5 Hz, 4H), 4.48 (dd, J = 5.5 Hz, J = 9.5 Hz, 2H), 

5.06 (s, 4H), 6.87 (d, J = 7.5 Hz, 2H), 6.92 (d, J = 8.5 Hz, 4H), 7.06 (t, J = 8.0 Hz, 2H), 7.14 (d, J 

= 8.5 Hz, 4H), 7.19-7.44 (m, 24H). 13C NMR (125.77 MHz, CD3OD)  17.2 (CH3), 26.3 (CH2), 

26.4 (CH2), 26.6 (CH2), 26.7 (CH2), 27.4 (CH2), 27.5 (CH2), 27.6 (CH2), 30.0 (CH2), 36,5 (CH2), 

36.6 (CH2), 36.7 (CH2), 37.4 (CH2), 39,7 (CH2), 40,3 (CH2), 40,4 (CH2), 40.5 (CH2), 44.1 (CH2), 

51.4 (CH), 51.6 (CH), 56.7 (CH), 71,0 (CH2), 76.4 (C), 111.4 (CH), 115.9 (CH), 123.9 (CH), 

125.5 (CH), 128.1 (CH), 128.4 (CH), 128.6 (CH), 128.8 (CH), 129.4 (CH), 129.5 (CH), 130.6 

(C), 130.9 (CH), 131.3 (CH), 131.8 (C), 138.8 (C), 139.7 (C), 142.9 (C), 159.1(C), 173.2 (C), 

174.5 (C), 174.8 (C),176;0 (C),176.3 (C),176.4 (C), 176.6 (C),181.5 (C). HPLC: Rt. 27.4 min, 

area percent 96% at 254 nm. HRMS (ESI) calcd for C128H172N18O22Na [(M+Na)+] 2336.2791, 

found 2336.2758. 

Enzyme activity and inhibition assays using purified enzymes. Purified human constitutive 

20S proteasome from erythrocyte was obtained from Boston Biochem (Euromedex, France). All 

substrates (Suc-LLVY-AMC, Boc-LRR-AMC and Z-LLE-BNA) were obtained from Bachem 

(Weil am Rhein, Germany). 

Proteasome activities were determined in vitro by monitoring the hydrolysis of the 5 (ChT-L) 

substrate Suc-LLVY-AMC, 1 (PA) substrate Z-LLE-NA, and 2 (T-L) substrate Boc-LRR-

AMC for 45 min 37°C in the presence of untreated proteasome (control) or proteasome that had 

been previously incubated during 15 min in the presence of the applied compound at the chosen 

concentration. The excitation wavelengths were 360 nm (AMC substrates) and 340 nm (NA 

substrate) whereas the emission wavelengths were 460 nm (AMC substrates) and 405 nm (NA 
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substrate), respectively. Substrate and compounds were previously dissolved in DMSO. The final 

DMSO concentration was kept constant at 2% (v/v) in all assays. Buffers were composed of 20 

mM Tris (pH 7.5), 10% (v/v) glycerol, 0.01% (w/v) SDS (ChT-L and PA activities); 20 mM Tris 

(pH 8.0), 10% (v/v) glycerol, 0.01% (w/v) for T-L activity. The final enzyme concentrations were 

0.3 nM (20S proteasome) using 20 µM Suc-LLVY-AMC (ChT-L), 50 µM Z-LLE-NA (PA) and 

20 µM Boc-LRR-AMC (T-L). Initial rates determined in control experiments (V0) were 

considered to be 100% of the peptidase activity while initial rates below 100% were considered 

to be inhibitions. The values of IC50 (compound concentrations resulting in 50% enzyme 

inhibition) were calculated by fitting the experimental data to the equation 1 or equation 2. 

%inhibition 100  (1Vi /V0) 
100  IC50

IC50  [I]0

                (eq. 1) 

 

%inhibition 
100  [I]0

nH

IC50
nH  [I]0

nH                 (eq. 2) 

 

Reaction rates determined at fixed enzyme concentration and varying substrate and inhibitor 

concentrations were fitted by non-linear regression to the following Michaelis-Menten-type 

equations; equation 3 for competitive and equation 4 for non competitive (Ki = K’i) and mixed 

inhibitions (Ki  K’i):  

 

Vi 
Vmax  [S]0

[S]0  Km (1 [I]/Ki)
  (eq. 3) 

 

 

Page 21 of 45

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 22

Vi 

Vmax  [S]0

(1 [I]/K 'i )

[S]0 
Km (1 [I]/Ki)
(1 [I]/K 'i )

   (eq. 4)  

 

with Km, Michaelis constant; Vmax, maximum initial rate; Ki, dissociation constant of EI; Ki’, 

dissociation constant of ESI. Lineweaver-Burk (1/Vi = f(1/[S]0) and Eadie-Hostee (Vi = f(Vi/[S]0) 

representations were also used in routine to conveniently visualize the mechanism of proteasomal 

blockage and determine the corresponding kinetic constants Ki or K’i. Dixon graphs (V0/Vi = 

f([I]) were also constructed.  

The activity of human calpain I in the absence and in the presence of a tested compound was 

determined by monitoring the hydrolysis of the fluorogenic substrate Suc-LLVY-AMC (50 µM) 

for 30 min in 50 mM Tris HCl, 2 mM CaCl2, 10 mM DTT ([E]0 = 81 nM ; (exc = 360 nm and 

em = 460 nm ; pH 7.2 ; 25°C). Human cathepsin B activity ([E]0 = 0.55 nM) was received by 

monitoring the hydrolysis of the fluorogenic substrate Z-RR-AMC (50 µM ; exc = 360 nm, em = 

460 nm) for 30 min at 37°C in the presence of untreated proteasome (control) or proteasome that 

had been incubated for 5 min with the appropriate compound. The buffer was: 352 mM KH2PO4, 

48 mM Na2HPO4, 1 mM EDTA, 1 mM DTT (pH 6.0). Substrate was previously dissolved in 

water and all compounds in DMSO. Calpain I (or cathepsin B) and the respective inhibitor were 

incubated for 5 min (or 15 min) before the measurement of the remaining enzyme activity. The 

IC50 values were obtained by adjusting the experimental points to eq 1 or 2. 

Cell-based Proteasome-GloTM β1, β2, and β5 assay. The effects of the compounds on ChT-

L, PA and T-L activities of HEK-293 cells were determined using a chemiluminescent assay 

(Proteasome Glo Cell-Based Assay, Promega). HEK-293 cells were dispensed into white opaque 

384-well microtiter plates (2,500 cells/well, 50 µL culture medium per well). 0.5 µL of each 
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compound previously dissolved in DMSO was added. An equivalent volume of DMSO was used 

in controls for a final DMSO concentration of 1% (v/v). After an incubation period of 2 h, 25 µL 

assay buffer containing a recombinant firefly luciferase and the luminogenic proteasome 

substrate Suc-LLVY-GloTM (ChT-L activity), Z-nLPnLD-GloTM (PA activity) or Z-LRR-GloTM 

(T-L activity) was added. After a further incubation at room temperature for 10 min, 

chemiluninescence expressed as RLU (Relative Light Units), was measured on a BMG Labtech 

Fluostar optima plate reader with a measuring time of 12 s for each well. The final concentrations 

of tested compounds varied between 2 - 20 µM.  

Remaining ChT-L, PA or T-L activities were determined according to equation 5: 

%Activity 100  1
Activityi

Activity0









100 

100  [I]0
n

IC50
n  [I]0

n









            (eq. 5) 

Stability. Stock solutions of compounds dissolved in DMSO were prepared (5 mM) and 

diluted in the biological medium RPMI containing 20% fetal serum. The final concentration of 

each sample was 50 µM with 1% DMSO. These samples were left in an incubator at 37°C for 47 

h. Aliquots were withdrawn at various times (0, 17, 23, 41 and 47 h); proteins were precipitated 

by ethanol (final concentration 20%). After centrifugation (10,000 rpm, 10 min), the supernatant 

was analyzed by HPLC (C18-reverse phase column, 5 μm, 4.6 mm x 250 mm, isochratic 

60/40/0.1 CH3CN/H2O/TFA, 1 mL per min, detection at 254 nm) to determine the amount of the 

respective compound present in each aliquot at 0, 17, 23, 41 and 47 hours. Finally, peak areas 

were plotted against the time.  

Crystallization and structure determination. Crystals of the 20S proteasome from S. 

Cerevisiae were grown in hanging drops at 24 °C as previously described74,75 and incubated for at 

least 48 h with their respective 1 derivatives. 40 mg/mL protein concentration was used for 

crystallization in Tris-HCl (10 mM, pH 7.5) and EDTA (1 mM). The drops contained 3 µL of 
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protein and 2 µL of the reservoir solution, consisting of 30 mM of Magnesium Acetate (MgAc2), 

100 mM of morpholino-ethane-sulphonic acid (MES) (pH 6.8) and 10% of 2-methyl-2,4-

pentandiol (MPD). Crystals were soaked in a cryoprotecting buffer (30% MPD, 20 mM MgAc2, 

100 mM MES pH 6.8), frozen in a stream of liquid nitrogen gas at 100 K (Oxford Cryo Systems) 

for data collection. The space group of CP: 1 derivative complexes is P21 with unit cell 

parameters of approximately a=136 Å, b=301 Å, c= 145 Å and b=113 (Table S3 in Supporting 

Information). Datasets were collected using synchrotron radiation at the X06SA-beamline in 

SLS/Villingen/Switzerland at =1.0 Å. X-ray intensities and data reduction were evaluated by 

using the program package XDS.76 The anisotropy of diffraction was corrected by comparing 

observed and calculated structure amplitudes by the program CNS (including a bulk solvent 

correction).77 Electron density maps were improved by averaging and back transforming the 

reflections 10 times over the two fold non-crystallographic symmetry axis using the program 

package MAIN.78 Conventional crystallographic rigid body and positional refinements were 

carried out with CNS using coordinates of the yeast 20S proteasome structure (RCSB; 1RYP) as 

a starting model.45 Model building including the distinct ligands was performed with the program 

COOT and final TLS refinement was carried out in REFMAC5. Apart from the bound inhibitor 

molecules, structural changes were only noted in the specificity pockets. Temperature factor 

refinement indicates full occupancies of all inhibitor binding sites. All models were completed 

with final Rfree values below 22.7% and root-mean-square deviation (rmsd) bond and angle 

values of lower than 0.005 Å and 0.9°, respectively (Table S3). 

ASSOCIATED CONTENT 

Supporting Information Available: Supplementary figures S1-S2, supplementary tables S1-S4, 

scheme for the synthesis of compounds 3-6, experimental procedures for the synthesis of 
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compounds 5a-d and 6a-c, copies of NMR spectra. This material is available free of charge via 

the Internet at http://pubs.acs.org. 

PDB ID Codes: yeast proteasome:3a (4JSU); yeast proteasome:4a (4JT0); yeast proteasome:4e 

(4JSQ) 
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Ahx, aminohexanoic; AMC, 7-amino-4-methylcoumarin; ChT-L, chymotrypsin-like; EDC, 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide, IFN-, interferon gamma; HOBt, 

hydroxybenzotriazole; MES, morpholinoethane sulfonate; NA, beta-naphthylamine; PA, post-

acid; Su, succinimydyl; Suc, succinyl; RPMI, Roswell Park Memorial Institute medium; T-L, 

trypsin-like 
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Figure 1. (A). Structure of 1. (B) Schematic representation of the yeast 20S proteasome, showing 

the dimer symmetry of  and ’ stacked rings. The catalytic subunits are colored in grey. The 

distances between the catalytic Thr1 O are derived from the X-ray structure.45,61 (C) Structures 

of studied inhibitors 2-4; in the case of the dimeric compounds 4a-e, the estimated length of the 

spacer in extended conformation is indicated. (D) Structures of the Ahx oligomers 5 and 6 used in 

the chemical synthesis of the studied inhibitors. 
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Figure 2. Double reciprocal Lineweaver-Burk plots for the inhibition of the ChT-L activity of 

human 20S proteasome by compound 2a (A), 4b (B) and 4e (C) at pH 7.5 and 37 °C. [20S 

proteasome]0 = 0.3 nM. Experimental points were fitted to equations 4 (A) and 3 (B, C). The 

inhibitor concentrations were:  0,X 10 µM,  25 µM,  60 µM (2a, A);  0,X 0.01 µM, 

 0.03 µM,  0.05 µM (4b, B);  0,X 0.01 µM,  0.02 µM,  0.04 µM (4e, C); F. U., 

fluorescence arbitrary units. 
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Figure 3. Crystal structures of the yeast 20S proteasome in complex with 3a (A), 4a (B) and 4e 

(C). Subunits β5 (beige) and β6 (grey) are both shown in cartoon representations; the H-bonding 

network observed in this set of compounds are depicted in black dotted lines, whereas amino 

acids involved in complex formation are shown in stick forms. (D) Structural superposition of the 

compounds 2a, 3a, 4a and 4e (depicted in yellow, green, purple and blue respectively) bound to 

the ChT-L active site. 
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Figure 4. Inhibition profile for compounds 3a (A), 4a (B), 4b (C) and 4d (D) for the ChT-L  

activity of cell-based proteasome-GloTM β1and β5 assays after treatment of HEK-293 cells with 

the inhibitor for 2 h at 37°C. The experimental points were fitted to equation 4. 
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Scheme 1a 
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aReagents and conditions: (a) i. LiOH, H2O, THF, rt then HCl, ii. EDC, HOBt, Et3N, 2b (1.2 
eq.); (b) i. LiOH, H2O, THF, rt then HCl, ii. EDC, HOBt, Et3N, 2b (2.5 eq.); (c) i. anhydrous 
HCl, MeOH, ii. ClCO(CH2)4COCl (0.5 eq.), Et3N. 
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Table 1. Inhibition profile of the human constitutive 20S proteasome at pH 7.5 and 37°C.a 

Cpd IC50 (nM)b  
Mechanism 
of 
inhibitionc 

Ki (nM)d K'i (nM)d 

 ChT-L PA T-L ChT-L 

2a 
3,190 ± 
130 

11,520 ± 
470 

7,160 ± 
160 

M 2,430 ±260 5,030 ± 540 

2b 
11,600 ± 
400 

51,200 ± 
500 

ni NC 
24,500 ± 
1900 

24,500 ± 
1900 

3a 460 ± 14 4577 ± 50 867 ± 11 M 101 ± 10 316 ± 42 

3b 707 ± 14 2560 ± 57 700 ± 23 M 67 ± 3 200 ± 37 

4a 25.8 ± 1.1 590 ± 17 20.2 ± 1.0 C 10.3 ± 0.6 - 

4b 25.9 ± 1.6 370 ± 8 12.4 ± 0.9 C 10.8 ± 0.7 - 

4c 22.7 ± 1.6 448 ± 24 16.4 ±1.2  C 11.4 ± 0.8 - 

4d 19.1 ± 0.9 346 ± 18 14.8 ± 1.1 C 10.6 ± 1.1 - 

4e 20.0 ± 0.1  336 ± 219 14.4 ± 2.5  C 6.0 ± 0.6 - 

1e 5.4 60 200 C 2.3 - 

 

a The inhibition was evaluated after 15 min incubation of the enzyme with the respective 
compounds before adding the appropriate fluorogenic substrate to evaluate the remaining activity 
(Suc-LLVY-AMC for ChT-L activity, Z-LLE-NA for PA activity, and Boc-LRR-AMC for T-L 
activity).b The IC50 values were calculated by fitting the experimental data to the equations 1 or 2. 
c M, mixed; NC, non competitive; C, competitive. d Ki, inhibition constant for the dissociation of 
an EI complex; K’i, inhibition constant for the dissociation of an ESI complex. e Human 
constitutive 20S proteasome.18 
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Table 2. Effects of different concentrations of compounds 3a, 4a, 4b and 4d on ChT-L activity of 

HEK-293 cells treated during 2 h by the inhibitors.a 

 
IC50 (M) 

ChT-L  

IC50 (M) or % inhibition  

PA 

Epoxomicin 0.026 ± 0.003 0.30 ± 0.05 

MG132 0.009 ± 0.002 0.6 ± 0.1 

2a 7.97 ± 0.15 16 ± 2 

3a 0.252 ± 0.012 17.3 ± 0.5 

4a 0.541 ± 0.169 40% (20 M) 

4b 0.756 ± 0.072 37% (10 M) 

4c 0.472 ± 0.028 25% (10 M) 

4d 0.476 ± 0.015 30% (10 M) 

a The proteasomal activity was detected using the cell-based proteasome-GloTM β5 assay. 
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