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   Abstract:   The 20S proteasome core particle (CP) is the pro-

teolytically active key element of the ubiquitin proteasome 

system that directs the majority of intracellular protein 

degradation in eukaryotic cells. Over the past decade, 

the CP has emerged as an anticancer therapy target after 

approval of the first-in-class drug bortezomib (Velcade  ®  ) 

by the US Food and Drug Administration. However, bor-

tezomib and all second-generation CP inhibitors that are 

currently explored in clinical phase studies react cova-

lently and most often irreversibly with the proteolytic sites 

of the CP, hereby causing permanent CP blockage. Further-

more, reactive head groups result in unspecific binding to 

proteasomal active centers and in substantial enzymatic 

off-target activities that translate to severe side effects. 

Thus, reversible proteasome inhibitors might be a prom-

ising alternative, overcoming these drawbacks, but are 

challenging with respect to their urge for thorough enthal-

pic and entropic optimization. This review describes 

developments in the hitherto neglected field of reversible 

proteasome inhibitors focusing on insights gained from 

crystal structures, which provide valuable knowledge and 

strategies for future directions in drug development.  
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  Introduction 
 Intracellular protein synthesis and degradation rank 

among the most essential events in living organisms. 

While functional analysis and structural data have sig-

nificantly contributed to the recent progress in under-

standing the interplay between the elements of protein 

synthesis machineries (Ben -Shem et al., 2010 ), the 

comprehensive picture of protein degradation remains 

sketchy (Gallastegui and Groll , 2010 ). One of the most 

complex proteolytic pathways represents the ubiqui-

tin proteasome system (UPS), which is strictly regulated 

and directs protein turnover in eukaryotic cells (Hershko 

and Ciechanover , 1998 ). The 20S proteasome core par-

ticle (CP; Figure  1  A), having a molecular mass of about 

720 000 Da, constitutes the central protease of the UPS. 

The cylinder-shaped, multimeric architecture of the CP 

is assembled from four stacked heptameric rings, each 

consisting of either  α - or  β -type subunits, following an 

 α  
7
  β  

7
  β  

7
  α  

7
  stoichiometry (Bochtler et al. , 1999 ). The proteo-

lytically active sites of the CP are located at the  β -subunits 

in the inner cavity of the barrel-like structure. They all bear 

threonine 1 (Thr1), assigning the proteasome to the family 

of N-terminal nucleophilic (Ntn) hydrolases (Brannigan 

et al. , 1995 ; Seem  ü ller et al., 1995 ). Peptide bond breakdown 

in the CP occurs via the hydroxy group of Thr1 (Thr1O  γ  ), 

whereby the Thr1N-terminus serves as the proton acceptor 

( L ö we et al., 1995 ). In addition, a defined cluster of water 

molecules is placed at each active site, which functions 

as the proton shuttle between Thr1O  γ   and Thr1N (Groll 

and Huber , 2003 ). Cleavage of the scissile peptide bond is 

initiated by nucleophilic attack of Thr1O  γ   on the carbonyl 

carbon atom, resulting in an acyl-enzyme complex that is 

stabilized by the oxyanion hole. Subsequently, the ester-

intermediate is hydrolyzed by a water molecule, followed 

by product release and regeneration of the catalytic active 

site. Analysis of the cleavage products at different times 

has revealed a processive degradation mechanism and a 

length distribution of oligopeptides ranging from three to 

25 amino acids, thus classifying the CP as an endoprotease 

(Nussbaum et al. , 1998 ). Interestingly, proteasomal diges-

tion of proteins exhibits a stable pattern formation in the 

products, depending on the primary structure of the intro-

duced substrate. Furthermore, all of the fragments gener-

ated can immediately be identified in the early process of 
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turn-over. This demonstrates that the final degradation 

products are generated without the presence of successive 

large intermediates (Nussbaum et al. , 1998 ). 

 Compared to archaebacterial proteasomes, which 

have 14 identical and 14 proteolytically active sites, eukar-

yotic CPs only contain three active  β  subunits per  β  ring 

(subunits  β 1,  β 2 and  β 5; Figure 1A,B) (Groll et al. , 1997 ). 

Whereas the mechanism of peptide bond cleavage follows 

a universal principle among all CPs, it is the singularity 

of each substrate-binding channel that determines the 

chemical nature of the specificity (S) pockets and accom-

modates the ligand ’ s side chains (P sites) in respect to 

their amino acid progression (Figure 1C). However, an 

individual  β -subunit harboring the Thr1 still does not 

form an active element; it is the contribution of adjacent 

subunits that have a significant impact on substrate stabi-

lization, allowing the completion of peptide bond cleav-

age (Groll and Huber , 2003 ). Although each peptide ligand 

adopts the formation of an antiparallel  β -strand, the 

distinct preferences of the various active subunits were 

shown to be solely determined by the composition of the 

substrate-binding pockets, which are termed non-primed 

(S1, S2, S3,..., Sn) and primed (S1 ′ , S2 ′ , S3 ′ ,..., Sn ′ ) sites, 

depending on their proximity to the active centers (Figure 

1C). Residues in the substrate, which interact with the 

proteasomal specificity pockets, are referred to as P1, P2, 

P3,..., Pn and P1 ′ , P2 ′ , P3 ′ ,..., Pn ′ , accordingly (Borissenko 

and Groll , 2007 ). In agreement with ligand docking experi-

ments, proteasomal cleavage specificities were assigned 

with respect to the preferred P1 amino acid of chromo-

genic screening substrates (Orlowski et al. , 1993 ). Hereby, 

subunit  β 1 cleaves peptide bonds after acidic side chains, 

which equates to caspase-like (CL) activity. Although the 

 β 2-subunit has been attributed to trypsin-like (TL) activity, 

its rather large substrate binding pocket endows it with 

broad substrate specificity. The active sites surroundings 

subunit  β 5 are of non-polar nature and hence its substrate 

specificity was termed chymotrypsin-like (ChTL) activity. 

 The most elaborate versions of eukaryotic CPs are 

found in vertebrates, where three major classes of CPs 

shape the antigenic repertoire: the thymoproteasome (tCP) 

is exclusively found in cortical thymic epithelial cells, 

the immunoproteasome (iCP) is predominantly found in 

mono- and lymphocytes and the constitutive proteasome 

(cCP) is found in most other tissues (Rock and Goldberg , 

1999 ; Murata et al. , 2007 ). In addition, cytokines such as 

 Figure 1    Schematic representations of the topology of the 20S proteasome (CP) and the proteosomal substrate-binding channel. 

 (A) Schematic sphere model of the quaternary structure of the CP and subtypes thereof. (B) Classes of CPs and their incorporated subunits: 

yeast CP (yCP), constitutive CP (cCP), immuno CP (iCP) and thymo CP (tCP). (C) General illustration of the substrate-binding channel with a 

peptidic ligand. The non-primed specificity pockets (S) and the interacting ligand ’ s residues (P) are shown in green; whereas S2 is colored 

in gray as the proteasome lacks a prominent pocket. The primed specificity pockets (S ′ ) have so far not been identified experimentally and 

are therefore drawn as gray dashed lines and the corresponding ligand ’ s residues (P ′ ) are in gray. The scissile peptide bond and the active 

site including Thr1 are highlighted in red.    
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interferon- γ  (IFN 
 
γ

 
 ) and tumor-necrosis factor- α  induce 

iCP formation in cells of non-hematopoietic origin during 

inflammatory events (Groettrup et al. , 1996 ). In compari-

son to cCPs, iCPs amplify the production of oligopeptides 

with hydrophobic C-termini, which are N-terminally 

trimmed to eight to ten amino acids, loaded on major 

histocompatibility complex class I (MHC-I) receptors and 

presented to cytotoxic T cells in order to trigger immune 

responses (Cascio et al. , 2002 ). cCPs, iCPs and tCPs perform 

diverse biological functions, as they harbor unique sets of 

catalytic  β -type subunits, leading to individual but over-

lapping peptide repertoires: cCPs incorporate the subu-

nits  β 1c,  β 2c and  β 5c; iCPs the subunits  β 1i,  β 2i and  β 5i; 

and tCPs the subunits  β 1i,  β 2i and  β 5t. Based on their high 

structural similarity, both  β 2c and  β 2i are capable of gen-

erating MHC-I epitopes with neutral or basic C-terminal 

anchor residues (Rammensee et al. , 1995 ). Consequently, 

the rationale for incorporating subunit  β 2i into the iCP 

remains elusive, and  β 2 subunits may play an additional, 

hitherto unknown functional role (Huber et al. , 2012 ). In 

contrast, most residues forming the S1 specificity pocket 

of subunit  β 1c are replaced in  β 1i. The size of the S1 pocket 

is thereby reduced and the CL-activity of  β 1c is changed to 

a branched chain amino acid preferring (BrAAP) activi ty 

in  β 1i (Orlowski et al. , 1993 ). Interestingly, subunits  β 5c 

and  β 5i are both non-polar in nature and hence, their sub-

strate specificities were attributed to ChTL activity. Nev-

ertheless, murine cCP and iCP crystal structures revealed 

that the S1 specificity pocket of  β 5c is significantly 

reduced in size compared to its  β 5i-counterpart (Huber 

et al. , 2012 ). Therefore,  β 5c exerts an elastase-like or small 

neutral amino acid-preferring activity (SnAAP), whereas 

subunit  β 5i displays a classical ChTL activity by preferen-

tially hydrolyzing oligopeptides C-terminally after bulky 

hydrophobic amino acids (Huber et al. , 2012 ). 

 Participation of the proteasome in essential biologi-

cal processes is well established, thus it is not surpris-

ing that academia and the pharmaceutical industry have 

made efforts to develop a range of natural and synthetic 

inhibitors against the CP. However, the immense thera-

peutic potential of CP inhibitors as well as the drawbacks 

of drugs currently applied in cancer therapies and their 

ineffectiveness against autoimmune diseases have proven 

the need for not only second-generation CP inhibitors, but 

also for the discovery of inhibitors with a new mechanism 

of action (Gr  ä wert et al., 2011 ; Gallastegui et al. , 2012 ). 

Irreversible ligand binding causes long-term proteasomal 

blockage in which the activity is only regained upon  de 
novo  synthesis of the CP (Schmidtke et al. , 1996 ). In con-

trast, reversible inhibitors of the CP exhibit reduced side 

effects on healthy cells, though these compounds are 

still cytotoxic on rapidly dividing malignant cells. This 

current review covers advances in the field of reversible 

covalent and hitherto neglected non-covalent inhibitors 

of the proteasome in contrast to their irreversible counter-

parts. The main focus is on the comparison of structure -

 activity relationships (SARs) on the basis of X-ray diffrac-

tion studies of CP:ligand complexes. The mechanisms of 

action of various reversible inhibitors are described in 

detail, focusing predominantly on structural fine-tuning 

for enhanced binding affinity as well as selectivity. Fur-

thermore, the molecular flexibility of distinct specificity 

pockets is reviewed with respect to entropic and enthalpic 

ligand stabilization at distinct active sites.  

  The proteasome as a therapeutic 
target 
 The CP plays an essential role in disease-associated pro-

cesses, such as cell proliferation, apoptosis, the regula-

tion of gene transcription and immune response (Driscoll 

et al. , 1993 ; Voorhees et al. , 2003 ). As a result, CP inhi-

bition leads to the accumulation of misfolded proteins 

and the formation of toxic reactive oxygen species in the 

cell. Blocking proteasome activity, however, also induces 

apoptosis, predominantly in malignant transformed cells 

that lack the ability to enter cell cycle arrest (Nawrocki et 

al. , 2005 ; Bianchi et al. , 2009 ). Furthermore, tumor cells 

display an elevated expression of CP resulting from defec-

tive protein synthesis in accordance with their chromo-

somal instability (Chauhan et al. , 2010 ). Thus, CP inhibi-

tion shows a promising potential for drug development 

that was exploited by the first-in-class drug bortezomib 

(Figure  2  E), a dipeptidyl boronic acid approved for the 

treatment of multiple myeloma as well as relapsed and 

refractory mantle cell lymphoma (Bross et al. , 2003 ; Kane 

et al. , 2007 ). Its severe adverse drug reactions include 

neurodegenerative effects and gastrointestinal disor-

ders, which probably result from off-target effects against 

several serine proteases such as cathepsin A, cathepsin G, 

chymase and dipeptidyl peptidase II (Arastu -Kapur et al., 

2011 ). Therefore, optimized second-generation CP inhibi-

tors such as MLN2238 are currently under evaluation by 

the US Food and Drug Administration (Chauhan et al. , 

2011 ) (Figure 2E). 

 More recently, the focus of drug discovery on the 

CP has broadened, as selective inhibition of the iCP has 

demonstrated therapeutic benefit in autoimmune dis-

orders by the downregulation of multiple proinflamma-

tory mediators (NF- κ B, interleukin-6 and tumor necrosis 
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 Figure 2    Classes of proteasome inhibitors ordered by mode of action and structural characteristics. 

 Interactions with specificity pockets are indicated in red and termed S1, S3 and S4 (according to standard nomenclature) for compounds 

where a CP:inhibitor crystal structure is available. A – E (blue): reversible covalent proteasome inhibitors: aldehydes (A);  α -keto-oxadiazoles 

(B);  β -lactones (C);  α -keto-aldehydes (D); and boronic acids (E). F, G, I (green): non-covalent proteasome inhibitors: cyclic peptides (F); 

capped peptides (G); and non-peptides (I). H (red): selection of irreversible covalent proteasome inhibitors ( α  ′ , β  ′ -epoxyketones).    
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factor  α ; Muchamuel et al. , 2009 ; Basler et al. , 2010 ; 

Ichikawa et al. , 2011 ). For this reason, iCP selective inhibi-

tors such as ONX 0914 (Figure 2H) have already expanded 

the therapeutic spectrum (Ichikawa et al. , 2011 ). Novel 

insights gained from the recently determined crystal 

structure of the iCP are a milestone for new avenues in 

structure - activity-related selective proteasome inhibition 

(Huber et al. , 2012 ).  

  Reversible vs. irreversible 
proteasome inhibition 
 The common design principle of proteasome inhibitors is 

the combination of a peptide scaffold with an electrophilic 

anchor, such as boronates, aldehydes,  α  ′ , β  ′ -epoxyketones, 

vinyl sulfones,  β -lactones, Michael systems,  α -keto-1,3,4-

oxadiazoles and  α -ketoaldehydes (Vinitsky et al. , 1992 ; 

Fenteany et al. , 1995 ; Adams et al. , 1998 ; Lynas et al. , 

1998 ; Nazif and Bogyo , 2001 ; Rydzewski et al. , 2006 ; Groll 

et al. , 2008 ; Gr  ä wert et al., 2011 ). Both pharmacophoric 

elements, the peptide scaffold as well as the reactive head 

group, have an identical mode of action for all proteaso-

mal sites and additionally modulate a plentitude of serine 

and cysteine proteases (Lin et al. , 2009 ). Thus, this rather 

promiscuous inhibitor design is responsible for the lack 

of specificity, low systemic tissue distribution and severe 

off-target effects, as shown for bortezomib (Arastu -Kapur 

et al., 2011 ) (Figures 2E and 3C). In spite of its slowly 

reversible mode of action, the formation of a metastable 

but long-lasting covalent inhibitor - proteasome adduct 

is responsible for the unfavorable pharmacodynamic 

profile: a large fraction of the intravenously applied dose 

is lost due to inhibition of proteasomes in non-tumor 

tissue, i.e., red blood cells, liver and the vascular endothe-

lium. While irreversible proteasome blockage is desirable 

and effective when targeting parasites (Prudhomme et al. , 

2008 ; Lin et al. , 2009 ), it should not be the first choice 

in fighting cancer or immunologically related diseases in 

human because off-target effects and dose-limiting cyto-

toxicity against healthy cells are evident. Furthermore, 

cellular defense mechanisms encompass both mutations 

and the elevated expression of proteasomes upon treat-

ment with irreversible or slowly reversible inhibitors, 

therefore inducing resistance (Franke et al. , 2012 ; Kumar 

et al. , 2012 ). 

 In contrast, reversible and hence time-limited pro-

teasome inhibition without employing a reactive elec-

trophilic anchor is suggested to exhibit increased target 

selectivity and be devoid of the intrinsic drawbacks 

associated with either irreversible or slowly reversible 

adduct formation. Nevertheless, from a thermodynamic 

and chemical point of view, the enthalpic advantage of 

covalent vs. non-covalent inhibitors has to be compen-

sated by the dedicated fine-tuning of specifications such 

as rigidity, hydrogen bond networks, Van der Waals inter-

actions and polarity.  

  Peptide aldehydes  –  a versatile 
tool to evaluate potentials of CP 
inhibition 
 Peptide aldehydes were the first compounds investi-

gated for proteasomal inhibition, with the most  prominent 

example being Calpain Inhibitor I (CAL I, Ac-Leu-Leu-

nLeu-al, Figures 2A and 3A). CAL I is a specific inhibi-

tor for the ChTL activity that bears an aldehyde as the 

electrophilic head group on a tripeptide backbone (Wilk 

and Orlowski , 1983 ). Upon binding of CAL I and peptide 

aldehydes in general, the nucleophilic attack of Thr1O  γ   

at the carbonyl carbon results in the formation of a 

hydrolysable and hence reversible hemiacetal (Scheme 

 1  A), stabilized through the interactions of the newly 

formed tertiary hydroxy group with the oxyanion hole 

( L ö we et al., 1995 ; Groll et al. , 1997 ). Generation of an 

antiparallel  β -sheet of the tripeptide backbone with the 

substrate-binding channel provides a prolonged mean 

residence time of the ligand at the catalytic center and 

thus contributes to adduct formation. As an example, 

Z-Leu-al does not have any inhibitory effect, since at 

least a dipeptide backbone is required for stabilization 

of the head group near the catalytic center and subse-

quent formation of a covalent bond ( L ö we et al., 1995 ). 

However, subunit specificity of proteasome inhibitors is 

not determined by the functional reactive group or the 

peptide backbone, but by the composition of charac-

teristic side-chains. In the case of CAL I, the norleucine 

(nLeu) P1 residue resembles the hydrophobic nature of 

the S1 specificity pocket of  β 5 and additionally displaces 

the flexible Met45 side-chain due to steric interactions. 

This enlargement of the S1 pocket facilitates further 

Van der Waals contacts and predominantly determines 

the CAL I ’ s subunit preference for ChTL activity, as the 

corresponding S1 pockets of the CL and TL activities 

both differ in size and polarity. The P2 residue projects 

towards the solvent and displays no interaction with the 

protein, yet the Leu P3 side chain shows interactions 

with the S3 pocket of subunit  β 6. 
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 As a result of CAL I ’ s P1 side-chain,  K  
i
  values indi-

cate preferential inhibition of  β 5 (630 n m ), whereas  β 1 as 

well as  β 2 are hardly affected ( K  
i
   >  230  μ  m ). In retrospec-

tive, peptide aldehydes largely contributed to the char-

acterization of proteasomal proteolytically active sites. 

Low selectivity of CAL I for the proteasome led to further 

research and resulted in the far more potent and selective 

MG132 (Z-Leu-Leu-Leu-al; Figure 2A) (Palombella et al. , 

1994 ), which is one of the most frequently used reference 

CP inhibitors today. Besides alterations in their N-termi-

nal protection groups, which are not in contact with the 

CP, CAL I and MG132 are constitutional isomers whose 

sole difference is whether the P1 residue is nLeu or Leu. 

However, MG132 presents an approximately eight-fold 

decreased  K  
i
 -value of 75 n m  for the ChTL active site com-

pared to 630 n m  for Cal I (Table  1  ), which is enthalpically 

explained by both the ligand induced characteristic dis-

placement of  β 5-Met45 and the corresponding Van der 

Waals interactions in the S1 pocket (P.B., C.D., M.G. per-

sonal communication). 

 Further examples of peptide aldehydes that have been 

applied as CP inhibitors include PSI (Z-Ile-Glu(O t Bu)-Ala-

Leu-al; Figure 2A) and the dipeptide aldehyde CEP1612 

(phthalimido-(CH 
2
 ) 

8
 -CH-(cyclopentyl)-COArg(NO 

2
 )-Leu-al; 

Figure 2A), which both exhibit similar selectivity (Figue-

iredo -Pereira et al., 1994 ; Harding et al. , 1995 ) (Table 1). 

Interestingly, BSc2118 (Z-Leu-Asp(O t Bu)-Leu-al; Figure 

2A) displays a  K  
i
  of 58 n m  for  β 5, although it is identical 

to MG132 except for the P2 side-chain which is replaced 

by a bulky Asp(O t Bu) residue (Braun et al. , 2005 ). As CPs 

lack a defined S2 pocket, the P2 side-chain can be uti-

lized to prevent unspecific inhibition of proteases with 

 Figure 3    Stereo representation of the electron density (red) of inhibitors (green) bound to the ChTL active site. 

 Hydrogen bonds are indicated by black dashed lines, 2-( N -morpholino)ethanesulfonic acid is cyan. The newly formed covalent bonds are 

shown in magenta. CP side-chains are marked in black. The arrow in the CP:homobelactosin C structure points to the primed sites. To 

provide good comparability, all stereo representations hold the same orientations with a fixed viewing angle. (A) Calpain Inhibitor I (CAL); 

(B) fellutamide B (FEL); (C) bortezomib (BOR); (D) omuralide (OMU); (E) marizomib (MAR); (F) diprotected homobelactosin C (hBEL).    
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 Scheme 1    Mechanism of action of head groups that covalently react with the nucleophilic Thr1O  γ   of proteolytically active subunits. 

 Aldehydes (A), boronic acids (B),  α  ′ , β  ′ -epoxyketones (C),  α -keto-aldehydes (D), and  β -lactones (E) are blue. R 1  indicates variable residues, 

Thr1 is marked in black and R 2  denotes the main protein chain of the active  β -subunit. Newly formed bonds are colored in green. P 1  and P 2  

indicate variable side chains of lactone inhibitors.    

well-defined S2 pockets. The CP:BSc2118 crystal structure 

revealed that the P2-Asp(O t Bu) side-chain does not form 

strong interactions with the protein (Braun et al. , 2005 ). 

Thus, the BSc2118 ligand flexibility is restricted and unspe-

cific off-target activities with proteases are repressed. 

 Whereas peptide aldehydes were successfully tailored 

to target different proteolytically active subunits, selec-

tivity against other proteases proved to be problematic. 

Extensive studies on peptides bearing an electrophilic 

 α -keto-1,3,4-oxadiazole head group were conducted to 

find more specific proteasome inhibitors (Rydzewski et 

al. , 2006 ). In a first step, peptide side-chains P1 – P5 were 

probed and optimized for ChTL inhibition using peptide 

vinyl sulfones that were synthetically less challenging 

(Nazif and Bogyo , 2001 ; Groll et al. , 2002 ; Rydzewski 

et al. , 2006 ). In this series, a neopentyl-Asn substituent in 

P3 conveyed high selectivity and affinity for subunit  β 5. 

Subsequently, the neopentyl-Asn-Ala-Leu sequence was 

equipped with the  α -keto-1,3,4-oxadiazole head group to 

generate a selective, potent and slowly reversible protea-

some inhibitor (Figure 2B) with nanomolar activity  in vitro  

( K  
i app

   =  0.72 n m  for  β 5, Table 1) as well as in the human pros-

tate cancer cell line PC3 (IC 
50

   =  200 n m,   K  
i
  not published; 

Rydzewski et al. , 2006 ). Although this class of compounds 

was not further investigated, studies aiming to elucidate 

the exact binding mode remain of interest. 

 Peptide aldehydes have proven to be a valuable tool 

for analyzing the distinct proteolytic activities of the CP 
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but have found no further application regarding thera-

peutic CP inhibition. These compounds are known to have 

fast dissociation rates and are subject to oxidation to car-

boxylic acids (Kisselev and Goldberg , 2001 ). Their inhibi-

tory effects are therefore rapidly reversed upon removal in 

cell culture experiments.  

  Aldehydes and  β -lactones as 
electrophilic head groups in 
natural products 
 In the course of evolution, a variety of natural products 

with a reversible covalent mode of action evolved. Both 

tyropeptin A/B, isolated from  Kitasatospora sp. MK993-
dF2 , as well as the marine fungal metabolite fellutamide 

B from  Penicillium fellutanum , incorporate an aldehyde 

as the electrophilic anchor for CP inhibition (Momose 

et al. , 2001 ; Hines et al. , 2008 ) (Figures 2A and 3B). The 

latter was found to induce nerve growth factor secretion 

in cultured neurons and fibroblasts and has thus been 

investigated for potential neural therapeutic use. Its 

unusual chemical structure and preference for inhibition 

of  β 5 in favor of  β 1 and  β 2 led to X-ray diffraction studies, 

which revealed that the hemiacetal adduct exists in two 

alternative conformations, one stabilized by occupation 

of the oxyanion hole and the other by forming hydrogen 

bonds with Thr1N. Furthermore, the aliphatic fatty acid 

tail exhibited Van der Waals interactions with a hydro-

phobic cavity in  β 6, whereas this is not the case once 

bound to  β 1 and  β 2 (Hines et al. , 2008 ). Here, structural 

rearrangements of the  n -alkyl tail prevent favorable inter-

actions and consequently account for the high affinity 

for subunit  β 5. Both events, hemiacetal formation in two 

distinct stabilized forms and binding via a long aliphatic 

tail to a so far unobserved specificity pocket, are difficult 

to predict in molecular modeling studies and therefore 

experimental data are essential for future guided drug 

development. 

 Lactacystin was the first natural proteasome inhibitor 

discovered to specifically block the ChTL active site and 

was found to undergo  in situ  cyclization to its active form, 

a fused  β -lactone- γ -lactam ring system (clasto-lactacystin-

 β -lactone or omuralide, Figures 2C and 3D; Fenteany et 

al. , 1995 ; Craiu et al. , 1997 ; Dick et al. , 1997 ). In spite of 

the spring-loaded nature of  β -lactone ring systems, omu-

ralide ’ s head group is less reactive than aldehydes and 

cannot be solely responsible for its high potency (IC 
50

   ∼  49 

n m  for  β 5, Table 1). Only the combination of three distinct 

features enables omuralide to undergo covalent bond 

formation with Thr1O  γ   of subunit  β 5. A large number of 

hydrogen bonds with the substrate binding channel and 

P1 stabilization in the  β 5 S1 specificity pocket prolong 

the mean residence time at the active center, which is 

important for the completion of ester bond formation 

with Thr1O  γ   (Scheme 1E). Additionally, the tertiary alcohol 

resulting from the ring-opening reaction is responsible for 

displacement of the nucleophilic water molecule, which 

accomplishes hydrolysis of the enzyme-acyl intermedi-

ate to restore activity of Thr1O  γ  . Deacetylation of bound 

omuralide is hindered since the B ü rgi-Dunitz trajectory of 

water-addition to the carbonyl carbon atom of the ester is 

broken ( B ü rgi et al., 1973 ; Groll et al. , 1997, 2006c,d ; Groll 

and Potts , 2011 ). Thus, reformation of the  β -lactone ring 

can only occur in the case of nucleophilic attack of the 

C3 hydroxy group, to recover the active form of the ligand 

(Scheme 1E). 

 An interesting approach for the conversion of a 

reversible into an irreversible inhibitor is exemplified by 

 marizomib (Salinosporamide A, NPI-0052, Nereus Phar-

maceuticals, Figures 2C and 3E), which is the only non-

peptidic CP inhibitor that is currently evaluated in clinical 

trials (Feling et al. , 2003 ; Chauhan et al. , 2005 ; Maldonado 

et al. , 2005 ). Marizomib exhibits essentially the same 

 γ -lactam- β -lactone scaffold as omuralide, though it dis-

plays improved potency (IC 
50

   =  2.5 n m  for  β 5, Table 1) and 

bears a cyclohexene ring in P1 as well as a chloroethyl 

group in the P2 site. The latter moiety is responsible for 

the irreversible mode of action, since after ester formation 

with Thr1O  γ   a second reaction occurs. Nucleophilic attack 

of the C3 hydroxy group and elimination of the chloride 

results in formation of a tetrahydrofuran ring (Scheme 

1E). Consequently, the nucleophilic water molecule that 

is essential for deacylation is displaced and accounts for 

the irreversible CP inhibition (Macherla et al. , 2005 ; Groll 

et al. , 2006c ; Manam et al. , 2008 ). This mechanism of 

action impressively exhibits an evolutionary development 

from a rather passive P2 side-chain upon ligand binding 

towards active involvement resulting in an irreversible 

mode of action. 

 Surprisingly, the classic CP inhibitor design concept 

is completely inverted in the class of belactosins and 

analogues thereof. The diprotected derivative of homo-

belactosin C (Figures 2C and 3F) was shown to bind to 

the CP in a reversed,  ‘ moon-walk ’  fashion, targeting 

the primed site of the substrate binding channel (Asai 

et al. , 2000 ; Groll et al. , 2006d ; Korotkov et al. , 2011 ). 

Similar to omuralide, attack of Thr1O  γ   on the electro-

philic  β -lactone carbonyl carbon opens the constrained 

lactone, but in contrast to the fused  β -lactone- γ -lactam 

 - 10.1515/hsz-2012-0212
Downloaded from De Gruyter Online at 09/27/2016 10:12:16PM

via Technische Universität München



1110   P. Beck et al.: Proteasome inhibition

rings the rearrangement of the resulting C4-OH is 

not restricted and redirects towards Arg 190  to form a 

hydrogen bond (Figure  3  F). Consequently, the exten-

sive 4-aminocarbonyl moiety protrudes towards the 

spacious ChTL-primed binding site and hydrolysis of 

the newly formed Thr1O  γ  -CO ester is prevented by dis-

placement of the nucleophilic water molecule. The 

ChTL subunit specificity of homobelactosin C is medi-

ated by the diprotected side-chain, which is too large 

to fit into the CL and TL primed binding sites. However, 

the binding mode of substrates at the primed substrate-

binding channels still remains unknown, since homo-

belactosin C does not mimic the structural elements of 

proteasomal natural peptide substrates. Nonetheless, 

comparison of primary sequences of cCP and iCP active 

subunits revealed noteworthy alterations (Huber et al. , 

2012 ) and produced a promising perspective for the 

design of selective cCP and iCP inhibitors.  

  Crystallographic knowledge for the 
development of bivalent ligands 
 After determination of the CP crystal structure from 

yeast (Groll et al. , 1997 ), the knowledge of distances and 

subunit architecture enabled new advances in protea-

somal drug design strategies to produce inhibitors with 

higher binding preference as well as better subunit and 

target selectivity. Therefore, a bivalent approach was 

undertaken to tailor a high affinity and  β 2 specific ligand, 

which forms covalent bonds to both, the Thr1O  γ   and the 

distant S3 thiol group of Cys 118  of subunit  β 3, that is 

conserved among vertebrates (Loidl et al. , 1999a ). Initial 

modeling studies with CAL I as a scaffold suggested 

replacing the Leu P3 residue with an electrophilic  β Ala-

maleinimide side chain. The resulting CAL I derivative 

blocked the TL active site with a 10-fold increase in effi-

ciency (IC 
50

   =  13  μ  m ), while inhibition of  β 5 was decreased 

(IC 
50

    >  100  μ  m ). This proved that the bivalent, intermo-

lecular approach is a viable concept. However, the nLeu 

P1 moiety of the inhibitor does not reflect the chemical 

nature of the S1 specificity pocket of subunit  β 2, which 

bears an overall negative charge. Thus, replacing nLeu 

with Arg in P1 resulted in a highly  β 2-selective inhibitor 

with an IC 
50

  of approximately 500 n m  (Table 1). The crystal 

structure analysis of the yeast CP:ligand complex con-

firmed the hemiacetal bond with the Thr1O  γ   of subunit  β 2 

as well as the covalent linkage of maleimide to Cys 118  of 

 β 3 by formation of a thioether (Loidl et al. , 1999a ). These 

results underline the fact that binding of the bivalent 

inhibitor strongly depends on the P1 residue, as hemiac-

etal formation is the first step in inhibitor binding. A pro-

longed local residence time near the proteolytic Thr1O  γ   is 

therefore required to furnish the subsequent reaction of 

maleimide and Cys 118  of subunit  β 3. 

 Consequently, the concept of crystal structure guided 

bivalency was taken to the next level: minute design of 

spacers to connect two ligands to target two distinct active 

sites of the CP was shown to further increase affinity and 

selectivity. Polyethylene glycol linker sequences were 

chosen to connect the N-termini of two CAL I inhibitors 

due to their resistance to proteolysis and inability to form 

secondary structures (Loidl et al. , 1999b ). Remarkably, 

IC 
50

  values for these bivalent versions of CAL I improved 

to 20 n m . In conclusion, the overall concept was success-

fully transferred to homobivalent as well as heterobivalent 

peptide aldehyde inhibitors, which comprise two polyethyl-

ene glycol-linked compounds with different subunit speci-

ficity and thus simultaneously block distinct proteolytically 

active subunits, as shown for ChTL and TL activity. In spite 

of the promising inhibitory profile,  in vivo  potencies of these 

chimeric inhibitors have not yet been evaluated.  

  Bivalent head groups  –  a perfect 
match for Ntn-hydrolases 
 The concept of bivalency to target the CP was also shown 

to be exploited by nature. The microbial metabolite epox-

omicin ( K  
ass

   =  60 n m ; Figures 2H and 4A, Table 1), isolated 

from the actinomycete strain No. Q996-17, has a tetra-

peptide backbone with an  α  ′ , β  ′ -epoxyketone head group 

(Hanada et al. , 1992 ; Meng et al. , 1999 ). Surprisingly, the 

mode of action at the proteasomal active site turned out 

to be unique to Ntn-hydrolases, since the electrophilic 

carbonyl and epoxide carbon atoms are attacked by both 

Thr1O  γ   and Thr1N in a two-step reaction (Scheme 1C; Groll 

et al. , 2000 ; Huber et al. , 2012 ):    first, nucleophilic attack of 

Thr1O  γ   at the  α  ′ , β  ′ -epoxyketone ’ s carbonyl carbon results 

in formation of a hemiketal that is stabilized in the oxy-

anion hole.     Next, attack of Thr1N on the quaternary carbon 

opens the epoxide ring, resulting in a secondary amine, 

thus irreversibly completing the morpholine ring.      Due to 

the strong inhibition profile and the sophisticated mode 

of action, two inhibitors with  α  ′ , β  ′ -epoxyketone head 

groups are currently being evaluated in clinical studies, 

ONX 0912 and carfilzomib (Demo et al. , 2007 ; Kuhn et al. , 

2011 ). Interestingly, the CP:epoxomicin complex structure 

revealed a 2-( N -morpholino)ethanesulfonic acid (MES) 

molecule obtained from the crystallization buffer, that 
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resides in a similar position to the benzyl carbamate pro-

tecting group of the diprotected homobelactosin C deriva-

tive (Figures 3F and 4A). This observation indicates that 

this site can be further exploited for the development of 

ligands targeting the primed site (P.B., C.D., M.G. personal 

communication). 

 The bivalent approach is not limited to irreversible 

inhibition, as was shown in the case of  α -keto-aldehydes, 

which display a similar yet reversible mode of action 

(Scheme 1D, Figures 2D and 4B; Lynas et al. , 1998 ; Gr ä wert 

et al., 2001). Formation and stabilization of the hemiketal 

after attack of Thr1O  γ   proceeds as described above, never-

theless, a second step encompasses nucleophilic attack of 

Thr1N on the aldehyde carbon and intermediate formation 

of a tetrahedral carbinolamine. After condensation, a rigid 

5,6-dihydro-2H-1,4-oxazine ring is formed. Additionally, a 

3.0  Å  hydrogen bond connecting the oxazine nitrogen with 

Tyr168O is observed in the crystal structure, supporting a 

protonated, positively charged imino nitrogen. This charge 

distribution facilitates hydration of the neighboring carbon 

center and hence contributes to reversibility of the reac-

tion in agreement with kinetic measurements (Lynas et 

al. , 1998 ; Gr  ä wert et al., 2011 ). Overall, both steps towards 

ring formation are reversible and so are distinct from 

the related irreversible character of the morpholine ring 

upon binding of  α  ′ , β  ′ -epoxyketone peptides (Scheme 1D). 

Due to the two-step reaction with both of the nucleophilic 

moieties of the terminal Thr1,  α  ′ , β  ′ -epoxyketones and 

 α -keto-aldehydes show higher selectivity than peptide 

aldehydes, resulting in lower off-target binding to all 

kinds of proteases, which as a rule lack a free N-terminus 

in the active center. Although  in vivo  data have not been 

elucidated for  α -keto aldehydes, it can be expected that 

this class of inhibitors will be less cytotoxic than peptide 

 Figure 4    Stereo representation of the electron density (red) of inhibitors (green) bound to the ChTL or TL active site. 

 Illustrations of compounds and CP subunits are color-coded according to Figure 3. All inhibitors shown interact with the ChTL active site 

except BIA-1b (BIA), which binds solely to the TL active site. (A) Epoxomicin (EPO); (B)  α -keto-aldehyde (KAL); (C) TMC-95A (TMC); (D) BIA-1b 

(BIA); (E) decarboxylated peptide (PEP); (F)  N- hydroxyurea compound HU-10 (HU).    
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epoxyketones due to a rapidly reversible mode of action 

and a less reactive, hydrated head group in solution.  

  Peptide boronic acids: reversible 
yet not ideal proteasome inhibitors 
 In general, boronic acid head groups are much more potent 

than aldehydes and have slower dissociation rates. Com-

parison of the widely used reference compound MG132 

(Figure 2A) against its boronic acid analogue MG262 (Z-Leu-

Leu-Leu-boronate) revealed that the latter displays a 100-

fold improved  K  
i
  value that is as low as 30 n m  against the 

ChTL activity of rabbit proteasome (Adams et al. , 1998 ). 

Good stability and bioavailability of dipeptide boronates  in 
vivo  led to the development of bortezomib (Figures 2E and 

3C), which under physiological conditions preferentially 

targets the proteasomal  β 5 active site over  β 1, with  β 2 hardly 

being inhibited (Adams et al. , 1999 ; Berkers et al. , 2005 ). 

According to structural studies of the yeast CP:bortezomib 

complex (Groll et al. , 2006a ), the boron atom forms a cova-

lent adduct with Thr1O  γ  , while one acidic boronate hydroxy 

group forms a hydrogen bond with Gly47NH (Scheme 1B). 

To complete the tetrahedral stabilization of the head group, 

the residual boronic acid ’ s hydroxy group forms a hydrogen 

bridge to Thr1NH. In combination with the high affinity of 

boron for hard over soft bases, this explains bortezomib ’ s 

preference towards Ntn-hydrolases compared to cysteine 

proteases. The preference for subunit  β 5 is the result of an 

induced fit on a small scale, as upon antiparallel  β -sheet 

formation the Leu P1 residue protrudes deeply into the S1 

specificity pocket, similar to that observed and described 

for the CP:CAL I complex. Interestingly, the C-terminal pyra-

zine cap shows no defined interaction with the S3 pocket 

and thus bortezomib ’ s overall design fails to discriminate 

between the cCP and iCP subtypes ( β 5c/ β 5i IC 
50

   =  7/4 n m ; 

Table 1; Huber et al. , 2012 ). Therefore, subunit- and target-

specificity as well as pharmacokinetic and pharmacody-

namic parameters have to be tuned by side-chain modifica-

tion, giving rise to the second-generation peptide boronic 

acids that are currently in clinical trials, namely delanzomib 

(CEP-18770; Piva et al. , 2008 ) and MLN2238 (Kupperman 

et al. , 2010 ) (Figure 2E). MLN2238 consists of the same 

dipeptide backbone as bortezomib, but differs in the nature 

of its P2 and P3 sites: the Phe side-chain in P2 is removed in 

favor of Gly, while the N-terminal pyrazyl ring is replaced 

by a 2,5-dichlorobenzene. CEP-18770 consists of the same 

Leu boronic acid head group on a dipeptide scaffold, but in 

contrast bears a polar threonine side-chain in P2 and a sub-

stantially larger N-terminal cap. Both compounds are orally 

active and hence advantageous in their application (Piva 

et al. , 2008 ; Kupperman et al. , 2010 ). Interestingly, com-

pared to bortezomib, MLN2238 and CEP-18770 also show 

enhanced anti-tumor activity rather than improvements in 

potency or subunit selectivity. MLN2238, in particular, dis-

plays enhanced sustained effects in both solid tumor and 

hematologic xenograft models due to better systemic tissue 

distribution. Improved dissociation rates (t 
1/2

  of 18 vs. 110 

min) prevent the predominant inhibition of CPs in off-target 

tissue, such as red blood cells and hepatocytes, and thus 

avoid getting trapped immediately after application. 

 In summary, all compounds currently in clinical 

phase studies employ reactive head groups as electro-

philic anchors to target the N-terminal Thr1O  γ  . Follow-

ing comparison of ONX 0914 and carfilzomib, however, 

it appears that functional reactive groups are not respon-

sible for selectivity of  β 5c or  β 5i. In fact, discrimination 

between the immuno- and constitutive proteasome is only 

mediated by dedicated fine-tuning of P1 – P4 residues to 

complement the different specificity pockets (Huber et al. , 

2012 ).   

  Cyclic peptides with optimized 
entropic and enthalpic properties 
 The natural cyclic peptide TMC-95A (Figures 2F and 

4C) from  Apiospora montagnei  provides an example 

of precisely tuned, reversible protein - ligand interac-

tions (Koguchi et al. , 2000 ; Groll et al. , 2001 ). It displays 

a remarkable inhibitory profile due to a constrained 

structure and sophisticated network of hydrogen bonds 

between the peptide backbone and the substrate-binding 

channel as well as its characteristic side chains: inhibition 

of the ChTL-activity of human cCP with an  K  
i app

  value of 

1.1 n m  (Table 1) demonstrates that strong potency is not 

a matter of employing a reactive head group (Yang et al. , 

2003 ). As revealed by structural superpositions of bound 

and unbound TMC-95A, no conformational alterations 

are observed, suggesting that the entropic penalty due 

to rearrangement upon binding is reduced to a minimum 

(Koguchi et al. , 2000 ; Groll et al. , 2001 ). In addition, 

TMC-95A does not inhibit other proteases such as m-cal-

pain, cathepsin L and trypsin, owing to its overall archi-

tecture and side-chain design that includes a crosslink of 

the oxindole P2 residue with the P4 Tyr, inducing an atro-

pisomeric system (Koguchi et al. , 2000 ). 

 Approaches for a synthetically less demanding struc-

tural design retaining TMC-95A ’ s entropic and enthalpic 

optimized binding mode yielded analogues with only 
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slight structural changes. Interestingly, removal of the 

hydroxy groups at the P2 side-chain and replacement of 

the conformationally restricted P1  Z -propenyl residue 

with a more flexible  n -propyl revealed a 20-fold reduc-

tion of the inhibition rate for ChTL-activity (Lin and 

Danishefsky , 2002 ; Lin et al. , 2004 ). This is explained by 

the enthalpic and entropic penalty, as the synthetic ana-

logues are more flexible and lack two hydrogen-bonding 

hydroxy groups (Kaiser et al. , 2002, 2003 ; Berthelot et al. , 

2003 ; Albrecht and Williams , 2004 ). Surprisingly, exten-

sion of the  n -propyl P1 residue by one methylene group 

to gain  β 5 specificity resulted in a 1000-fold increased  K  
i
  

compared to the natural product (Kaiser et al. , 2004a ). 

This effect is caused by a steric clash of the elongated P1 

nLeu side-chain with  β 5-Met45 and consequent disrup-

tion of the antiparallel  β -sheet of the ligand and protein in 

the active site cleft. Displacement of the flexible  β 5-Met45 

residue upon ligand binding is frequently observed with 

covalently bound inhibitors, although this plasticity of the 

 β 5 S1 pocket cannot be transferred to working hypotheses 

of non-covalent inhibitors. Covalently reacting inhibitors 

provide an additional leverage for major structural rear-

rangements of the  β 5 S1 specificity pocket by forming a 

protein - ligand-adduct. However, since the S1 pockets of 

 β 5c and  β 5i significantly vary in size (Huber et al. , 2012 ), 

even slight modifications of the P1 residue promote pro-

teasome specificity. 

 Further synthetic approaches have centered on more 

easily synthesizable derivatives of TMC-95A. Replace-

ment of the atropisomeric oxindole-phenyl moiety lead 

to cyclic peptides composed of a Tyr-Asn-Tyr backbone 

with an endocyclic biaryl ether (BIA) clamp between the 

two Tyr P2/P4 side-chains (Kaiser et al. , 2004b ; Groll 

et al. , 2006b ) (Figure 2F). Although the  K  
i
 -values of the 

BIA-compounds were shown to be 1000-fold higher com-

pared to TMC-95A, crystallographic data revealed that the 

natural product ’ s rotationally constrained oxindole-aryl 

side-chain crosslink is substantial for proper binding into 

the proteasomal substrate-binding channel. 

 Other examples of natural peptidic, cyclic CP inhibi-

tors include argyrin A and scytonemide A (Ley et al. , 2002 ; 

Nickeleit et al. , 2008 ) (Figure 2F). The former exhibits 

inhibition potencies comparable to bortezomib and was 

shown to possess anti-tumor activity, however, its mode 

of action on the CP still has to be elucidated. The cyclic 

heptapeptide scytonemide A illustrates  in vitro  IC 
50

  values 

in the nanomolar range, but lacks activity in cell-based 

assays due to its chemical instability (Krunic et al. , 2010 ). 

To date, there are no CP:argyrin A and CP:scytonemide A 

crystal structures available that can provide insights into 

their binding mode.  

  Synthetic noncyclic peptides and 
peptide isosteres without reactive 
head groups 
 A second option, besides derivatization of natural pro d-

ucts such as TMC-95A, is the  de novo  design of noncyc-

lic peptides and isosteres thereof, which predominantly 

mimic the binding mode of conventional substrates. 

In 1998, 5-methoxy-1-indanone-dipeptide benzamides 

(CVT-659; Figure 2G) were identified as potent, competi-

tive inhibitors of ChTL activity, with IC 
50

  values as low as 

160 n m  (Lum et al. , 1998 ). In the same year, the peptide 

isostere and HIV protease inhibitor ritonavir was found 

to selectively inhibit the ChTL activity (Andr  é  et al., 1998 ; 

Schmidtke et al. , 1999 ) (Figure 2G; Table 1). Inspired by 

the observation of a reversible mode of action, ben-

zylstatine peptides were further investigated with the 

support of computational modeling studies, ultimately 

yielding ChTL-specific N- and C-terminally capped di-

peptides with IC 
50

  values in the nanomolar range (Furet 

et al. , 2004 ). Recently, capped tripeptides comprising 

the unnatural amino acid  S -homo-phenylalanine were 

 presented as a result of a high-throughput screening 

(HTS) with comparable potency and specificity, including 

structural evidence from X-ray crystallography (Blackburn 

et al. , 2010 ). Reiterated optimization of the identified hits 

resulted in compounds with single-digit nanomolar IC 
50

  

values (Figure 2G; Table 1). The high affinity is primarily 

achieved by the neopentyl-Asn P3 residue, which exhi b-

its proper shape complementary with the S3 specificity 

pocket, as previously discovered in a study of  α -keto-1,3,4-

oxadiazoles (Rydzewski et al. , 2006 ). The S4 binding site 

does not resemble a pocket-like structure and thus cannot 

be categorized by the general S1 – S3 specificity pocket 

scheme. As a result, a variety of spacious P4 residues can 

be employed in CP inhibitors, but they hardly contribute 

to affinity and maintain only unspecific interactions. Nev-

ertheless, evolutionarily optimized natural products such 

as TMC-95A, epoxomicin, fellutamide B and glidobactin 

successfully interact with distant CP pockets, employing 

structures that are certainly not in a medicinal chemists ’  

usual toolbox (Huber and Groll , 2012 ). 

 Furthermore, the functional and structural charac-

terization of linear decarboxylated TMC-95A analogues 

suggested a common principle of peptide ligand binding 

to proteases (Basse et al. , 2007 ; Groll et al. , 2010 ). As a 

rule, once the peptide bond is hydrolyzed at a proteo-

lytic center of any kind of protease, product release takes 

place through repulsion between the nucleophile at the 

active site and the newly generated carboxyl terminus of 
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the peptide fragment. TMC-95A and its derivatives lack 

this repulsive element and therefore might be a prom-

ising lead in the development of target-oriented non-

covalent protease inhibitors. Thus, optimized decarboxy-

lated peptide fragments can be simply designed to act 

as subunit-specific CP inhibitors based on the unique 

cleavage preference of the distinct active sites (Groll 

et al. , 2010 ). Additionally, most CP:ligand complex struc-

tures display a MES molecule in the electron density map 

derived from the crystallization buffer, which populates 

the oxyanion hole that is typically occupied by the head 

groups of covalent inhibitors (Figure  4  E). Here, MES sta-

bilizes the linear peptide via Van der Waals interactions 

and forms a network of hydrogen bonds with the active 

site Thr1. 

 Blackburn et al. point out that in contrast to bor-

tezomib, non-covalently acting tripeptides are unable to 

achieve complete proteasomal inhibition in cancer cells, 

even at maximum compound concentrations, although 

the degree of blockage is sufficient to cause antiprolifera-

tive effects (Blackburn et al. , 2010 ). Cytotoxicity against 

healthy cells is therefore unlikely. Interestingly, a cor-

relation of large P1 caps combined with sterically less 

demanding moieties in P3 was reported regarding selec-

tive  β 5i inhibition. In comparison,  β 5c-selective peptides 

bear smaller P1 residues as well as bulkier P3 moieties. 

This correlation was recently deemed to be in accordance 

with crystal structure studies of cCP and iCP in complexes 

with selective inhibitors (Huber et al. , 2012 ).  

  Non-peptides targeting previously 
unobserved binding pockets 
 The application of biologically active peptides leads to 

considerable drawbacks, such as chemical and biological 

instability, poor membrane permeability, rapid plasma 

clearance and immunogenicity. The overwhelming major-

ity of inhibitors, however, contain peptidic and peptido-

mimetic structures. Small, non-peptide structures are very 

desirable, yet few inhibitors feature a completely non-

peptidic scaffold. 

 PI-083, a chloronaphthoquinone that is attached to 

a pyridinyl benzenesulfonamide (Figure 2I), was discov-

ered by HTS against the CP (Kazi et al. , 2009 ). Molecular 

modeling studies suggest a non-covalent binding mode, 

although the authors note that a covalent interaction 

with Thr1O  γ   cannot be excluded (Lawrence et al. , 2010 ). 

Subsequent efforts to improve the affinity (IC
50

  =  1000 

n m ) by derivatization of the chloronaphthoquinone and 

sulfonamide moieties were not successful. In a further 

screening effort, Ge et al. identified hydronaphtoquinones 

to be novel proteasome inhibitors, which were optimized 

via extensive SAR-guided development to exhibit IC 
50

  

values of 150 n m  (Ge et al. , 2012 ). Interestingly, a derivative 

with a three times worse  in vitro  IC 
50

  value (440 n m ; Figure 

2I) was the most active inhibitor for the ChTL activity in 

intact breast cancer cells, which again demonstrates that 

results from  in vitro  experiments do not proportionally 

transfer to effects  in vivo . Dialysis experiments revealed 

that the optimized derivative irreversibly inhibits the 20S 

proteasome, but investigations into the binding mode 

using computational or crystal structure studies have not 

been undertaken to date. 

 Recently, a HTS was performed with a library    con-

taining (i) close derivatives of compounds that passed 

clinical trials and     (ii) only non-peptidic structures.      As a 

result,  N -hydroxyurea-derived compounds were found 

to be potent, reversible inhibitors of the  β 5-active site of 

the CP (Gallastegui et al. , 2012 ) (Figure 2I). Even at 200 

 μ  m  inhibitor concentration, there was no inhibition of 

CL and TL active sites observed. X-ray diffraction studies 

displayed an unexpected novel binding mode, reveal-

ing these compounds to be a new class of CP inhibitors 

and confirming a non-covalent mode of action. While the 

 N -hydroxyurea functionality is stabilized by hydrogen 

bonds to Thr21NH and Thr21O and Gly47O, in analogy 

to peptide-based inhibitors, the rigid propynylbenzene 

residue projects towards a hydrophobic S1 subpocket 

and establishes multiple Van der Waals interactions with 

it. Furthermore, molecular modeling studies were per-

formed to target an as yet unobserved hydrophobic S3 

subpocket formed by amino acids from the adjacent  β 6 

subunit. It was found that this pocket perfectly accom-

modates an adamantyl moiety, since this residue repre-

sents a promising fit with the S3 subpocket. Although the 

adamantyloxy-equipped inhibitor displayed an IC 
50

  value 

of 780 n m , there is space for additional improvements in 

the complementary of charged moieties for polar interac-

tions. In the course of hit optimization, small halogen-

ated and extended aliphatic residues at the  meta -position 

of the aromatic ring proved to be unfavorable with IC 
50

  

values in the millimolar range. Removal of the  meta -sub-

stituent results in a complete loss of potency, underlin-

ing that the oxygen of the ether group also significantly 

contributes to stabilization of the ligand (Gallastegui et 

al. , 2012 ). As expected from the structural results, optimi-

zation of the residue at the stereogenic center and enantio-

selective synthesis further improved the IC 
50

  value from 

780 n m  to 340 n m  (HU-10, Figure 2I; Table 1). In contrast, 

derivatives without the methyl or with ethyl or isopropyl 
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moieties at the stereocenter displayed a 15-fold decrease 

in IC 
50

 , indicating that even small hydrophobic interac-

tions contribute to inhibitor stabilization, although steric 

clashes with the protein backbone cannot be counter-

vailed. This underlines the urge for precise chemical fine-

tuning of non-covalent inhibitors, whereas their covalent 

counterparts are able to compensate for clashes with 

protein amino acid side-chains due to strong unspecific 

binding to the active site nucleophile Thr1. 

 Interestingly, the  N -hydroxyurea compounds dis-

played remarkable rigidity and a tight binding mode, 

as shown in crystal soaking experiments (Gallastegui 

et al. , 2012 ). When treated with a racemic mixture, pro-

teasomes in the crystals selected for the  R -enantiomer. 

Nevertheless, structural elucidation of the CP with the 

 S -conformer revealed that the bound inhibitor structur-

ally superimposes with the 150-fold more potent  R -enan-

tiomer, except for the methyl group. In view of the non-

covalent binding mode, this observation demonstrates 

that the pharmacophore is bound tightly to the ChTL 

subunit, though slight changes in the overall structure of 

the ligand have already resulted in prominent alterations 

in the IC 
50

  values. 

 Surprisingly, the electron density maps of all CP: N -

hydroxyurea crystal structures display a MES molecule 

from the crystallization buffer that occupies the oxy-

anion hole. This is similar to that observed for the linear 

decarboxylated TMC-95A derivatives, but in the case of 

the  N -hydroxyurea compounds the MES molecule does 

not show any mutual stabilization. The regularity of the 

appearance of MES (Figures 3F,4E and 4F) points to the 

fact that it is a promising fragment that should be further 

exploited in proteasomal drug development. Due to the 

plentitude of the covalent and non-covalent binding 

modes of CP:ligand complex structures, computational 

modeling approaches might now allow a directed evolu-

tionary approach in the optimization of existing and the 

design of novel proteasome inhibitors.  

  Conclusions 
 Revisiting the plethora of CP inhibitors, it is obvious 

that the design of novel compounds from known sets of 

pharmacophoric elements must be feasible. However, the 

application of crystallographic information in computa-

tional methods remains difficult, as the model of a rigid 

CP does not reflect structural rearrangements in the pro-

teasomal specificity pockets upon ligand binding. Specifi-

city pockets unexpectedly alter their conformation and 

even apo- and holo-structures do not serve as a blueprint 

for the computational prediction of IC 
50

  values or binding 

modes. In addition, the popular assumptions of drug 

design and methods of modeling/docking studies need to 

be reiteratively refined so that they resemble the complex 

chemical processes during peptide degradation (Klebe , 

2011 ). Advances to support  in silico  techniques with solid 

thermodynamic data from isothermal titration calorim-

etry remain difficult due to batch size limitations, and 

methods for the determination of  k  
on

 / k  
off

  rates of ligands 

are also in dispute. 

 Dismissal of reactive head groups is a radical but nec-

essary approach for the improvement of the pharmacoki-

netic and pharmacodynamic profiles of inhibitors. The 

substantial loss of enthalpic stabilization must then be 

compensated by exhaustive optimization via non-cova-

lent interactions with the substrate binding channel and 

structurally constrained molecules that are, nevertheless, 

difficult to synthesize as demonstrated with synthetic 

analogues of TMC-95A. The discovery of  N -hydroxyurea 

compounds as CP inhibitors with a previously unobserved 

binding mode proved that opportunities in this field are 

far from being exhausted. For example, fragment-based 

drug design approaches have yet to be undertaken as a 

further source of innovation. 

 In comparison to other enzymes, the CP is an easy 

target for initial drug discovery as it has a central role in 

many metabolic pathways and belongs to the small family 

of Ntn-hydrolases. Accordingly, CP blockage by irrevers-

ible or slowly reversible inhibitors shows immediate 

responses  in vitro  as well as  in vivo ; nonetheless, persis-

tent shutdown of proteasomal peptide degradation repre-

sents serious metabolic interference affecting the viability 

of both malignant and healthy cells. In contrast, time-lim-

ited CP inhibition via non-covalently binding inhibitors is 

suggested to induce less cytotoxic effects due to a more 

adequate degree of CP blockage, while still retaining ther-

apeutic effects. To our knowledge, no non-covalent CP 

inhibitors have been evaluated in clinical phase studies to 

date, suggesting that promising inhibition profiles  in vitro  

could not be transferred to satisfactory effects  in vivo . The 

 status quo  reported here therefore demonstrates that in 

spite of extensive efforts in the field of CP inhibition, there 

is still room for innovation, for example through fragment-

based drug design, to discover new chemical entities. 

Therefore, academic as well as industrial research faces 

a formidable, but highly rewarding challenge that will be 

interesting to follow over the next decade.    

 Received May 25, 2012; accepted August 12, 2012 
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