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ABSTRACT 
 
Proteases are enzymes that cleave peptide bonds. One such protease is the 20S proteasome, a 

ubiquitous complex with a threonine-containing active site. This barrel-shaped proteasome has 

three distinct binding activities, chymotrypsin-like, trypsin-like, and PGPH that are specific for 

certain substrates. Inhibition of these binding sites of the 20S proteasome confers one method of 

cancer therapy. This research explores the synthesis of macrocyclic bimodal inhibitors modeled 

after the natural product TMC-95A, which inhibits the proteasome by a hydrogen-bonding 

network. Our inhibitors additionally contain a functional group that reacts with the catalytic 

nucleophile of the enzyme. The synthetic strategy consists of preparation of a tripeptide by solid 

phase synthesis followed by N-terminal coupling of a non-natural phenylalanine analog, which is 

synthesized starting from a benzene derivative. The first of these inhibitors has been assessed via 

steady-state kinetics. The dissociation constant Ki was determined to be 1.6 nM for the 

chymotrypsin-like activity of the 20S rabbit proteasome, followed by 13 nM and 3.5 nM for the 

trypsin and PGPH activity, respectively. This compound successfully inhibits the proteasome, 

which is promising for the other inhibitors that have been synthesized but not yet evaluated.  



INTRODUCTION 

Ubiquitous Enzymes: Proteases  

Among the natural world’s most ubiquitous structures is the protease, an enzyme whose 

function is to cleave peptide bonds. Proteases, also commonly called peptidases or proteolytic 

enzymes, function to hydrolyze the peptide bond between two amino acid residues to fragment 

the polymer. These enzymes are found in all living organisms and are associated with a variety 

of biological processes, and serve a very important purpose in facilitating protein turnover. 

Proteins must be degraded and reassembled, using recycled amino acids. This separation of a 

polypeptide into its constituent amino acids is a hydrolysis reaction, adding water to the peptide 

bond (Figure 1).1  

 

This hydrolysis reaction, though thermodynamically spontaneous, is slow kinetically and 

thus requires a catalyst for biochemical purposes. Since the peptide bond is stabilized by 

resonance (Figure 2), it is stronger than a typical C-N bond and does not hydrolyze easily. 

Proteases, however, act as catalysts and facilitate faster degradation through alternate 

mechanisms.1 

Figure 1: General hydrolysis of a peptide 
 

 

 

Figure 2: Resonance forms of the peptide bond 
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Mechanisms 

Proteolytic enzymes function by taking advantage of the partial positive charge on the 

carbonyl carbon of an amino acid residue. The electrons are displaced onto the electronegative 

oxygen by nucleophilic attack, forming a tetrahedral intermediate (Figure 3). The tetrahedral 

intermediate quickly collapses, separating the peptide.  When the protease is bound to its target, 

nucleophilic water can hydrolyze the newly formed covalent bond more easily than it does the 

original peptide. The subsequently regenerated, free protease can induce hydrolysis elsewhere. 

This general mechanism is shared across all classes of proteases, but they are classified more 

precisely by the nature of the nucleophile.2 

Protease Classes 

There are five broad groups of proteases: serine proteases, threonine proteases, cysteine 

proteases, aspartate proteases, and metalloproteases.2 The first three classes are named for the 

amino acid residue that comprises the active site of the enzyme, which, upon activation (for 

example, by a histidine residue), acts as the nucleophile that begins the process of catalytic 

hydrolysis. Aspartate proteases function by deprotonation of a water molecule, leaving behind a 

Figure 3: General proteolytic mechanism 
 

 



 

 3 

nucleophilic hydroxide, which goes on to achieve hydrolysis.3 The final category, the 

metalloproteases, contain a metal in the active site, usually zinc,4 which coordinates with a water 

molecule that can go on to act as a nucleophile. Although the mechanisms differ slightly for 

various classes of proteases, their role in catalyzing peptide hydrolysis is universal.1 

The 20S Proteasome: a Eukaryotic Protease 

The proteasome is an enormous complex with six different active sites. The 26S 

proteasome, an enzyme that has been found in eukaryotic cells of all types, is specifically 

involved in ubiquitin-dependent protein degradation.5 Ubiquitin is a 76-amino acid protein that 

covalently binds to proteins, labeling them for degradation.6 The crystal structure of ubiquitin 

was resolved by Vijaykumar et al.7 and shows several secondary structural features necessary for 

the biological function of the peptide: proteins that are “tagged” with ubiquitin are hydrolyzed by 

the proteasome. The proteasome’s 26S designation refers to a previously accepted estimate of the 

enzyme’s sedimentation coefficient, a value that is related to the size of a given macromolecule: 

larger molecules generally have larger sedimentation coefficients. Although currently accepted 

values for the sedimentation coefficient are slightly higher than 26 svedbergs (10-13 s), the 26S 

nomenclature is still in use.2  

The structure of the 26S proteasome is comprised of three smaller subcomplexes: one 

20S core and two 19S caps, which are also known as PA7008 (Figure 4). The whole proteasome 

and its subcomplexes exist in the cytoplasm in an assembly-disassembly equilibrium.9 Although 

crystal structures for the entire 26S proteasome are not available, Groll et al. were able to 

elucidate the crystal structure of the 20S core.10 The 20S core particle accounts for all proteolytic 

activity: it contains each of the active sites for catalysis.2 Regulation of catalysis, however, is 

achieved by the 19S caps, which are covalently bound to the core particles in the assembled 
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form. Substrates for catalysis enter the proteasome by way of the 19S caps before reaching the 

active sites in the core. Moieties on the 19S caps bind to the ubiquitin on the tagged proteins, and 

ATP-mediated channels in the caps then allow for the entry of substrates as well as release of the 

products.11 Once a substrate is allowed to enter the 20S core, it is completely degraded into its 

constituent amino acids before the next molecule is digested.2 

Proteasome Active Sites  

The six active sites of the proteasome are three pairs of identical catalytic domains. These 

pairs vary slightly in their preferred cleavage sites, and are labeled β1, β2, and β5, which are 

designations that refer to the location of the active sites in the β subunits of the catalytic core 

(Figure 5).12 These preferences are referred to as cleavage specificities or activities, and are 

important to consider in the design of protease inhibitors. For the eukaryotic 20S proteasome, the 

main activities are clearly defined and categorized into three groups.13 The first is the trypsin-like 

activity, located at the β2 subunits, where the proteasome generally cleaves following long, 

positively charged side chains, such as arginine and lysine. Another is a chymotrypsin-like 

Figure 4: 26S proteasome, including 20S core and 19S caps. Adopted from Marteljn et 
al.6  
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activity, at the β5 subunits, inducing cleavage after large hydrophobic residues, such as tyrosine. 

Finally, the third activity is postglutamyl peptide hydrolyzing (PGPH) activity, located at the β1 

subunits, where hydrolysis occurs after acidic residues, such as glutamic acid.2 Other 

specificities have been determined, but they are less important than the first three described 

above since they appear less frequently. As evidenced by the crystal structure, these sites are 

very close to one another though they vary in cleavage specificity. All three sites share the 

common mechanism of N-terminal threonine-dependent nucleophilic attack. 14 

Threonine Proteases 

Threonine proteases such as the 20S proteasome contain other important residues in 

addition to the nucleophilic threonine. The adjacent groups can be important for successful 

catalysis since the nucleophilicity of the hydroxyl group is enhanced by deprotonation. A 

threonine protease is most commonly activated in this way by its own N-terminus, although the 

involvement of a lysine residue has also been suggested to aid in activation.15 In addition, a water 

molecule is also required for successful catalysis; it acts as a “proton shuttle” between the 

threonine residue and N-terminus, and it also acts to fully hydrolyze the peptide (Figure 6). 

Although these residues are not necessarily adjacent in the amino acid sequence of the protein, 

Figure 5:  β  subunits of the 20S Proteasome 

 



 

 6 

upon the formation of tertiary protein structure, the components are brought close together in 

proximity, creating a “pocket” that enables catalysis.15  

Following activation, the threonine alkoxide follows the general proteolytic mechanism, 

forming a tetrahedral intermediate on the peptide substrate. When this intermediate collapses, the 

free amine of the C-terminal peptide is expelled, and the enzyme-substrate complex is 

subsequently hydrolyzed. The threonine side chain is thus restored and continues on to catalyze 

further hydrolysis.  

Proteases as Drug Targets 

As the mechanism of proteases became more fully understood, they quickly became 

potential drug targets for a variety of different ailments. Probably the most prominent example of 

medicinal proteolytic inhibition is the case of HIV protease inhibitors. HIV viral proteases fall 

under the category of aspartate proteases, and are mechanistically analogous to those found in 

eukaryotic cells. These proteases serve the purpose of cleaving viral proteins in order to activate 

Figure 6: Threonine proteolytic mechanism 
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them. Without these proteases, the virus is no longer infectious, making the proteases an 

extremely relevant drug target in the treatment of HIV. In fact, protease inhibitors played a large 

role in dramatically reducing deaths due to HIV/AIDS by preventing the spread of infection.1  

Protease inhibitors also have enormous potential in the treatment of various forms of 

cancer, making their development a crucial facet of biomedical research. However, in cancer, 

unlike in HIV infection, human proteases of malignant cells, rather than foreign proteases, are 

the targets for inhibition. Inhibiting the proteasome has been shown to be an effective approach 

to cancer chemotherapy.16 It has been suggested that the efficacy of proteasome inhibitors for 

this purpose is due to the inhibition of proteases that target p53, a tumor suppressor protein.17 By 

regulating the cell cycle, the proteasome is involved in the prevention of cancer, as it degrades 

p53 and can thus be targeted to discourage tumor growth.18 Cancer therapy by proteasome 

inhibition also has been suggested to operate by alternative mechanisms, including the promotion 

of apoptosis in solid tumor cells.18 

Protease inhibitors also have the potential for severe toxicity. The nucleophiles of the 

active site, the threonine residues, react with a variety of substrates, which is what makes them 

an accessible target for inhibition. However, since inhibitors must be designed such that they are 

more susceptible to attack than the natural substrates of their targets, they are generally highly 

reactive with various nucleophiles.  Because of this lack of specificity for a certain nucleophile, 

the rest of the inhibitor has to be specifically devised to provide specificity for the active site in 

other ways. Electrostatic interactions with surrounding amino acids, hydrogen bonds between 

inhibitor and active site, and stabilization of intermediates can serve this purpose. More 

information about providing specificity for the proteasome is discussed in future sections.   
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Protease Inhibitor Warheads 

In general, any functional group that is highly reactive with nucleophilic amino acid 

residues has the potential to inhibit any protease.  The key to successful inhibition is when the 

“warhead” provides a very favorable interaction with enzyme active site nucleophiles. Thus far, 

successful protease inhibitors have fallen into a general classification by warhead functional 

group. Successful proteasome inhibitors designs include boronic acids, epoxy ketones, vinyl 

sulfones, and aldehydes (Figure 7), all with slightly different modes of action. 

The boronic acid warhead’s empty p-orbital makes it highly susceptible to nucleophilic 

attack as it can accept electron pairs from nucleophilic threonine, cysteine, and serine residues. 

Epoxides are also susceptible toward ring-opening reactions in the presence of a nucleophile 

because of their substantial ring strain. Vinyl sulfones act as Michael acceptors, characterized by 

electron-withdrawing and resonance stabilizing groups that are able to stabilize an anionic 

intermediate in the generic Michael addition.19 Finally, the electron-withdrawing oxygen of the 

aldehyde makes the directly bonded carbon more susceptible to attack. As the nucleophile 

attacks the carbonyl carbon, electrons are displaced, forming a tetrahedral oxyanion intermediate 

(Figure 8). When the tetrahedral intermediate collapses, the nucleophile is released. In this way, 

the equilibrium between bound and unbound proteolytic nucleophile is the basis of inhibition via 

aldehyde warhead.  

Figure 7: Protease inhibitor warheads 
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Aldehyde warheads are of special interest to protease inhibitors. In particular, this 

warhead is very structurally similar to the protease’s natural substrate, which also contains a 

reactive carbonyl functional group. However, generally speaking, aldehydes are more reactive 

than the carbonyl of a peptide bond, due to the reduced steric hindrance of the small hydrogen as 

compared with more bulky groups. In addition, the nitrogen of a peptide bond donates electron 

density to the carbonyl carbon, reducing the effect of the electron-withdrawing oxygen, which 

typically enhances the reactivity of the bonded carbon. This effect is not seen in an aldehyde 

warhead, making it more reactive than the carbonyl of a peptide bond. In this manner, the 

aldehyde warhead of an inhibitor acts as a preferred substrate for protease activity. In addition, 

the aldehyde warhead is a transition state mimic such that the interactions between intermediate 

and active site, electrostatic and otherwise, are the same as those stabilized in natural amino acid 

degradation. However, the aldehyde warhead is not fragmented like a peptide, and so the 

protease just continually binds and dissociates from the aldehyde. All these qualities make 

aldehyde warheads especially good protease inhibitors, and several successful protease inhibitors 

contain aldehyde warheads as the reactive moiety.20,21 For a more comprehensive list of 

important aldehyde protease inhibitors, see Kisselev et al.22 

Reversible Inhibitors  

Aldehyde warheads are classified as reversible inhibitors. Although the aldehyde 

warhead binds covalently to the substrate, the equilibrium between bound and unbound inhibitor 

Figure 8: Inhibition of a threonine nucleophile by an aldehyde warhead 
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allows for the reversible classification. Reversible inhibition is usually preferred in drug design; 

reversible inhibitors do not stay permanently bound and can be metabolized and excreted from 

the body, generally leading to reduced toxicity. Specifically, due to their similarity in structure 

with the enzyme’s natural substrate, aldehyde protease inhibitors are competitive reversible 

inhibitors. Substrate binding is blocked because the inhibitor occupies the protease active site in 

place of the natural substrate. This binding leads to the formation of an enzyme-inhibitor 

complex that cannot be converted to product (Figure 9). 

 The equilibrium dissociation constant of this complex is reported as a measure of 

inhibitor potency. The equilibrium constant Ki (koff/kon) should be small (ideally in the 

nanomolar range) for an effective reversible inhibitor, indicative of tight substrate-inhibitor 

binding.23 Another commonly reported value for measurement of inhibitor efficacy is the IC50 

value, which is the inhibitor concentration that produces half-maximal enzyme inhibition in the 

presence of a substrate, and like Ki, is ideally small. This value can be converted to an 

approximate Ki by the following equation: 

 

where [S] and Km are the substrate concentration and the Michaelis  constant for the uninhibited 

reaction, respectively. This equation is useful because measurements of IC50 values are 

Figure 9: Kinetic scheme for competitive enzyme inhibition 
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sometimes obtained more readily than those for Ki. In this manner, an estimate of inhibitor 

binding can be determined easily.  

Inhibitor Drug Design: Peptidomimetics 

 In the history of drug discovery, the development of potent enzyme inhibitors has been a 

continuous challenge. Although some inhibitors are seemingly random in structure, a number of 

them are carefully designed to mimic the natural substrate. One way to achieve this for proteases 

is by mimicking the amino acids through peptide bonds in the inhibitor design. Often the chosen 

amino acid sequences are the same as those found in the natural substrate of the target protease. 

Apart from the warhead, the structure can contain a sequence of peptides that will confer specific 

binding of the inhibitor to the enzyme via hydrogen bonding networks and other covalent 

interactions. Consideration of the size of the amino acid residue side chains is also of 

importance, as they are limited by the depth of the enzyme subsite pockets. Peptides, however, 

are not ideal drug candidates because of their poor in vivo stability as well as low oral 

bioavailability. They cannot reach their cellular targets largely because they are easily 

hydrolyzed by proteases too soon.24 As a result, a new class of inhibitors, called 

peptidomimetics, has been developed. These compounds are similar to natural peptides but show 

some resistance to hydrolysis through a variety of structural modifications. The amide bond in 

peptide primary structure, for example, can be modified by reduction25 or conversion to 

hydroxymethylene.26 The use of non-natural amino acids, that closely mimic but do not exactly 

match natural amino acids, has also been suggested as a technique to avoid the unfavorable 

characteristics typically plaguing the use of peptides as drugs.24 
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Macrocycles 

 Another, more recently applied method of producing molecules with high binding 

affinities involves the design of inhibitors that contain a macrocycle. Macrocycles are defined in 

the recent literature as a molecule containing at least one large ring with 12 or more atoms.27 

Drug candidates that contain a macrocycle also generally have a number of additional traits. 

They are molecules with high molecular weights (500-900 Da), have numerous hydrogen bond 

donors and acceptors, and are often relatively polar. By far, however, their most important 

characteristic is the conformational restriction they impose on the rest of the molecule. With the 

atoms of the macrocycle trapped in a ring structure, the molecule has fewer bonds that can rotate, 

constraining the molecule to a few orientations.27 The use of a macrocycle in synthetic design is 

thus becoming a common way of producing functional inhibitors, because restricting the 

conformation of these molecules can lead to increased binding affinity and selectivity between 

inhibitor and target. In addition, macrocyclic compounds span large surface areas and encompass 

many non-covalent interactions while remaining conformationally restricted, unlike their 

straight-chain counterparts. Large molecules that do not contain a macrocycle often cannot bind 

to their target with high affinities because they twist and bend at the binding site, reducing the 

chance of a favorable interaction. Macrocyclic compounds are thus found in many 

pharmaceutical target classes as effective drug candidates.27 They are, however, not strictly rigid 

compounds; instead, they strike a balance between pre-organization and enough flexibility to 

maximize binding interactions with a given target. Key functional groups can bind without major 

entropic loss during binding, resulting in inhibitors with high potency for their targets.28  

 As with any class of molecules, however, the synthesis of macrocycles has its own 

unique challenges. In particular, the cyclization step is problematic. Because the formation of a 
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macrocycle involves a decrease in entropy, its formation is generally not thermodynamically 

favorable.29 This cyclization step is therefore plagued with what are often the lowest yields in the 

entire synthesis. It is for this reason that the majority of macrocyclic compounds currently being 

used therapeutically are natural compounds, rather than synthetically designed molecules.28 Yet 

the reduction of entropy as the drug candidate binds to its target often outweighs the difficulty in 

its synthesis, and several clinical drugs owe their success to enhanced binding due to a 

macrocycle.28  

 Several notable examples of successful inhibitors that contain a macrocycle are currently 

being optimized for pharmaceutical-strength potency. Renin, for example, is an aspartate 

protease that is an excellent drug target because of its role in the renin-angiotensin pathway, 

which aids in the regulation of blood pressure.27 Inhibition of this enzyme has been achieved by 

peptidic macrocycles. A common feature of these inhibitors is a lactam or lactone ring that is 

formed in the cyclization step. Kinetic testing of these inhibitors resulted in IC50 values in the 

nanomolar range, making them a good starting point for structure-activity relationship studies 

that can produce clinically useful drugs. 30-32 

 Macrocycles besides lactams and lactones have been exploited for their inhibitory 

potential. HIV proteases have also been inhibited by macrocycles that target the aspartyl 

proteases,33,34 and these inhibitors often contain an ether moiety (for example, a biphenyl ether) 

that connects the two ends of the macrocycle. The macrocycles have large, 15-17 membered 

rings that have a high binding affinity for the binding sites of the HIV proteases. Ghosh et al.35 

closely examined the specific effect of macrocyclization by examining structure-binding 

relationships between HIV proteases and both open-chain and closed-chain (macrocyclic) 

inhibitors, finding that the macrocycles conferred significantly higher binding to the target 
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protease. These macrocycles form hydrogen-bonding networks with their targets similar to those 

of commercially available, non-macrocyclic HIV protease inhibitors such as Darunivir.35 This 

work demonstrates that macrocyclic ethers have the potential to be used as successful protease 

inhibitors.  

 A final example that demonstrates the efficacy of macrocyclic compounds as useful 

inhibitors are macrocyclic Hepatitis C (HCV) N53 protease inhibitors. Acyclic inhibitors of this 

protease have been developed and are currently in phase III clinical trials,36 but the possibility of 

use of macrocyclic inhibitors for the same target is also currently being explored.  In this case, 

the rigidity of the functionalized macrocycle has the potential to bring two binding pockets on 

the protease closer together, enhancing binding between inhibitor and target.37 Drug candidates 

that contain macrocycles using this premise have been successful in early phase clinical studies38 

and are good candidates for optimization. In particular, several of the HCV N53 protease 

inhibitors39 with reasonably high binding affinities contain cyclic alkane chains without any 

heteroatoms, again alluding to the versatility that macrocycles may confer along with their 

enhanced binding properties. The only limitation in this case is ease of synthesis: the formation 

of cyclic hydrocarbon has proven difficult due to the limited ways of forming carbon-carbon 

bonds. Despite these setbacks, it is apparent that the high binding affinity afforded by 

macrocycles is complimented by the versatility possible in their eventual structure. 

20S Proteasome Inhibitors: Bortezomib 

One successful inhibitor of the 20S proteasome is bortezomib (Figure 10), a promising 

course of treatment for patients with multiple myeloma, a cancer of the bone marrow. 

Bortezomib is a selective inhibitor of the 20S proteasome responsible for the degradation of p53 

and other regulatory proteins. Along with its peptide-like backbone, the compound contains a 
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highly reactive boronic acid functional group, the molecule’s “warhead,” that is attacked by the 

catalytic threonine of the 20S proteasome.40 This boronic acid functional group is highly prone to 

nucleophilic attack since the absence of electrons in boron’s 2p orbital makes it a strong Lewis 

acid with a tendency to accept electron pairs. This feature enables atoms that donate electron 

pairs, such as nucleophilic serine or threonine residues, to attack the boron atom of the 

inhibitor.41 In this manner, bortezomib acts as an inhibitor of the 20S proteasome; instead of 

hydrolyzing p53 and other important proteins, the proteasome reversibly binds to bortezomib, 

rendering p53 safe from degradation.40 Because bortezomib binds to the active site in the same 

place a natural substrate would, it is a competitive inhibitor. In addition, the dissociation of 

bortezomib from the proteasome active site can be described as slow-tight binding.42 The 

enzyme-inhibitor complex isomerizes to form an even more tightly bound complex, although the 

overall process is still reversible.43 The kinetics for slow-tight binding are more complex than 

other conventional descriptions of inhibition, and have been explored in more detail by 

Morrison.43 This nearly irreversible binding capacity of the compound contributed significantly 

to its success as an inhibitor. 

Other important features of bortezomib include its specificity for the catalytic threonine 

as well as the surrounding active site residues. According to the hard-soft acid-base theory, the 

boronic acid moiety ensures higher affinity for “hard” oxygen nucleophiles as compared to 

“soft” cysteine nucleophiles. In addition, the compound has binding capabilities with each of the 

Figure 10: Bortezomib, a boronic acid protease inhibitor 
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catalytic sites, and in vivo experiments have shown that the compound has the highest affinity for 

the β5 (CL) site.44 Crystal structures of bortezomib complexed with the 20S proteasome45 

confirm these findings. Highly conserved threonine and alanine residues in each of the 

proteasome active sites form an antiparallel β sheet with the peptide backbone of bortezomib via 

hydrogen bonds. The lysine side chain in the compound is involved in expansion of the active 

site pocket of the β5 site, creating an “induced fit” upon binding of bortezomib. An additional 

hydrogen bond between an aspartate residue located nearest the β5 site and the pyrazine ring of 

bortezomib provides an explanation for the high binding affinity of bortezomib to this particular 

active site. It is important to note that successful inhibition of the chymotrypsin-like site is 

sufficient for inhibition of the proteasome as a whole.45 

Bortezomib sets a precedent for proteasome inhibition as a means of cancer 

chemotherapy. In a clinical trial with 193 patients, 10% the individuals responded completely to 

the drug, with an additional 25% showing a partial response.46 Due to the drug’s demonstrated 

efficacy in this and other clinical trials, bortezomib became the first proteasome inhibitor 

approved by the FDA in 2003.  Bortezomib is now used for individuals with multiple myleoma 

who have failed two or more other lines of treatment. 47 

Although bortezomib has good specificity for the 20S proteasome, a variety of other 

nucleophiles can react with the boronic acid moiety, causing some drug toxicity as other cellular 

pathways are inhibited. In particular, bortezomib, though successful in cancer therapy, has also 

been shown to cause renal failure. Renal ischemia-perfusion injury (IRI) was seen in mice 

administered with bortezomib, as the compound promoted the apoptosis of susceptible ischemic 

tubular cells of the kidney.40 Due to this clinical toxicity, new proteasome inhibitors are required 

that do not exhibit these side effects.   
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TMC-95A 
 

The use of macrocycles to inhibit the 20S proteasome has been previously explored. One 

example of a macrocyclic proteasome inhibitor is the natural product TMC-95, which was 

isolated48 from the fermentation of Apiospora montagnei, a fungus that commonly attacks 

various marine plant species. There are four diastereomers (chiral centers at C-7 and C-36) of 

TMC-95 with molecular formula C33H38N6O10, and they were designated as TMC-95A-D 

(Figure 11). These macrocycles were subsequently shown to be planar molecules with a tri-

peptide-like backbone in addition to the 17-membered ring. All four natural products showed 

inhibitory potential against the three activities of the 20S proteasome.49 

 In particular, TMC-95A and TMC-95B provided good starting points for the synthesis of 

protease inhibitors of similar structure.48 The synthetic production of the natural product TMC-

95A itself has been achieved by Albrecht et al., using a modified stereoselective Julia olefination 

followed by selective dihydroxylation and macrocylization via Suzuki coupling.50 Other groups 

have also successfully synthesized the compound using various synthetic strategies.51-53 

Figure 11: TMC-95A-D, isolated from Apiospora montagnei. Adopted from Kohno et. 
al.49 
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However, each of the methods involve long, multi-step syntheses that often result in low yields 

due to the difficulty of joining the two phenyl rings with a carbon-carbon bond (shown in Figure 

11 as carbons C-1 and C-20). 

 Kaiser et al., however, have proposed a simplification to this synthesis by the junction of 

the two phenyl rings via a biaryl ether.54 The replacement of the TMC-95A biphenyl group with 

the substituted ether poses a valid alternative to TMC-95A, more amenable to large-scale 

synthesis. These compounds are produced via nucleophilic aromatic substitution reactions 

between a substituted phenol and a deactivated benzene analog, a method utilized successfully 

by several authors.55,56 Most notably, the use of the biphenyl ether has allowed the TMC-95 

analogs to retain inhibitory potency.54 As such, the use of this synthetic method as well as the 

structure of TMC-95A provides an excellent starting point for the synthesis of effective protease 

inhibitors for the 20S proteasome.  

Crystal Structure of TMC-95A 

 Although molecular modeling has been shown to be a useful method for determining 

TMC-95A’s binding interactions with the proteolytic active site, Groll et al. have additionally 

crystallized TMC-95A in the active site of the proteasome, further elucidating the molecule’s 

interactions with the active site pocket.14 The crystal structure obtained by these authors shows 

binding interactions between TMC-95A and each of the three catalytic sites. Although other 

proteasome inhibitors covalently modify the catalytic threonine residue, TMC-95A does not 

display this property. Instead, three binding pockets called “S1,” “S2,” and “S3” correspond to 

each of the catalytic sites in the proteasome, and these binding sites facilitate entirely non-

covalent interactions with TMC-95A.  
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 The S1 pocket interacts with the propylene group on TMC-95A via a hydrophobic 

interaction with a lysine residue. The S2 pocket is too shallow to provide much of a binding 

interaction, but the S3 pocket, which corresponds to the β2 (trypsin-like) catalytic site, provides a 

key aspartate residue that is able to interact with the asparagine residue on TMC-95A. In 

addition, the interactions of TMC-95A moieties with the amino acid residues in the binding 

pockets matches those seen in crystallographic studies epoxomicin, another successful 

proteasome inhibitor, in the proteolytic active site. The interactions observed for TMC-95A 

(Figure 12) show very good agreement with those predicted by the molecular modeling studies, 

giving confirmatory evidence that these are the interactions to mimic in the design of TMC-95A 

analogs.14 

TMC-95A Analogs 

 Kaiser et al.’s54 method of synthesizing TMC-95A analogs with biaryl ether rings has 

produced proteasome inhibitors with binding affinities in the micromolar range, which is 

indicative of successful binding to the proteasome. Binding affinities of the analogs were also 

reported (Figure 13). 

Figure 12: Schematic overview of TMC-95A bound to the proteasome active site (from 
crystallographic data). Adapted from Groll et. al.9 
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However, the analogs do not display exceptionally high potency, especially in the case of 

proteasome PGPH activity. Inhibition of PGPH activity is minimal, and inhibition of 

chymotrypsin-like and trypsin-like activities is also lower than that of the natural product     

TMC-95A.  

These analogs provide a good starting point for design of clinically effective proteasome 

inhibitors, but must be further modified by the addition of groups that will confer better binding 

affinities. The design and synthesis of inhibitors with high potency for each of the activities of 

the 20S proteasome is the focus of this research. 

Figure 13: TMC-95 analogs and binding affinities. Adopted from Kaiser et al.54 
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RESULTS AND DISCUSSION 

Bimodal Inhibitor Design 

Design of proteasome inhibitors more potent than the TMC-95A analogs begins with an 

investigation of the binding interactions between the analogs and the proteasome active site. 

Groll et al. have elucidated these interactions through the crystal structure of a biaryl ether 

inhibitor that features a C-terminal amide bound to the proteasome.57 In addition to the hydrogen 

bonding array between the peptide backbone and the proteolytic active site, an additional 

covalent bond between the threonine residue in the active site and the amide carbonyl at the C-

terminus of the peptide was observed (Figure 14). As previously stated, this bond was not 

observed in the crystal structure with TMC-95A placed in the same proteolytic active site. The 

binding of the active site threonine to the inhibitor at this location allowed us to speculate that 

the introduction of a warhead into the inhibitor design at the C-terminus of the peptidyl biaryl 

ether studied by Groll et al.would improve the potency of inhibition of the original biaryl ether 

Figure 14: Crystal Structures of TMC-95A and an analog in the proteolytic active site. 
Adapted from Groll et al.57 
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design. By placing a reactive functional group at the C-terminus of the peptidic backbone, 

bimodal inhibition will be achieved, through hydrogen bonding between the peptide backbone 

and by covalent interaction of the warhead with the catalytic residue. This twofold inhibition can 

be achieved by any of the warheads described in the introduction. The aldehyde warhead was 

chosen as the first reactive group to be studied. 

Structure of Bimodal Proteasome Inhibitors 

 The general structure of each of these inhibitors was thus designed (Figure 15). As a 

starting point we chose the structure of TMC-95A. As discussed, the biaryl ether ring is used to 

replace the biaryl ring system of TMC-95 that includes a hydroxylated oxo-indole. This 

replacement will simplify the synthesis of the inhibitors without significant loss of potency. The 

aldehyde warhead has been placed at the C-terminus of the peptide backbone, which has been 

extended by one amino acid residue as compared to TMC-95 such that the aldehyde warhead can 

successfully covalently bind to the threonine in the active site. The N-terminus is protected with 

a carboxybenzyl (Cbz) group in order to prevent unfavorable interactions between the charged 

amine group and the proteasome’s active site. The essential active site pockets of the 

Figure 15: General structure of our proteasome inhibitors 
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proteasome, S1 and S3, are not suited for interaction with charged groups. The S1 pocket has 

favorable interactions with hydrophobic residues that weakly interact with a lysine residue in the 

active site. Similarly, the S3 pocket has been shown to interact with polar, but uncharged, 

residues in the inhibitor. These binding pockets make the protection of the N-terminal amine 

essential for successful inhibitor design.14 

 Careful selection of R1 and R2 can be implemented to target the various proteolytic 

active sites in the 20S proteasome. The first inhibitor most resembles TMC-95A, and contains an 

asparagine side chain at R1 and an alanine side chain at R2, extending the reach of the aldehyde 

warhead all the way to the threonine active site residue. Additionally, trypsin-like activity, which 

selectively cleaves after basic residues, is targeted by the placement of arginine side chains in 

positions R1 and R2. Finally, chymotrypsin-like activity, which is selective for large hydrophobic 

residues, is targeted with leucine side chains in both variable positions (Figures 16-18). 

 

 

 

 

Figure 16: TMC-95A based analog 
 
 

 

Figure 17: Inhibitor for trypsin-like activity 
 

 

Figure 18: Inhibitor for chymotrypsin-like activity 
 

 

1   2 
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Synthetic Strategy 

 Through retro-synthetic analysis, we aimed to prepare a linear peptide precursor prior to 

formation of the macrocycle. The synthesis of the peptide precursor was achieved by dividing 

the inhibitor structure into a “West End” and “East End” (Figure 19).  

 West End Synthesis  
 
The “West End” of all target compounds is a protected non-natural amino acid. Its side chain 

most resembles a non-natural phenylalanine residue. As a starting material for this synthesis we 

chose 3-flouro-4-nitrotoluene (4), a commercially available benzene derivative, and the West 

End is synthesized in six steps as proposed by Groll et al.57 (Figure 20). The starting material is 

subjected to a free-radical bromination at the benzyllic position to yield 5. This synthetic 

intermediate can also be prepared through the use of CH2Cl2 as the reaction solvent, although the 

reflux conditions must be extended to three times the usual time of reaction. 

Diethylacetamidomalonate is then added to 5, yielding alkylated intermediate 6, a synthesis 

originally proposed by Vergne et al.58 (Figure 21). 

 

 

Figure 19: Synthetic division of inhibitors 
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In this reaction, the most acidic proton of diethylacetamidomalonate is removed by the 

addition of sodium hydride, a strong base. The anion then reacts in an SN2-like fashion with the 

brominated starting material, yielding 6. In the process, NaBr salt is formed, giving the reaction 

its distinctive red color.  

Figure 21: Reaction mechanism of West End 5 to 6. 
 

 

Figure 20: Total “West End” synthesis 
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Next, reflux in concentrated hydrochloric acid yields a racemic mixture of the non-

natural phenylalanine analog 7. Hydrochloric acid is used to hydrolyze the ethyl esters, followed 

by decarboxylation, and deprotection of the amine (Figure 22). Carbon dioxide formation is the 

driving force of the reaction. In order to obtain the enantiomerically pure L-isomer of this 

analog, enzymatic resolution is required.  

 To prepare 7 for enzymatic resolution, the free amine group is acetylated through the 

addition of acetic anhydride to give 8. The subsequent step, deprotection to the amine, is 

achieved by the enzyme acylase I, which selectively deprotects the L-isomer to yield 

enantiomerically pure 9. This selectivity is important for the biological activity of the inhibitors. 

Because the L-isomers of amino acids are the ones found in nature, enzymes often operate on 

these substrates with a much higher catalytic efficiency. Since the polarity of the unprotected and 

protected isomers varies so dramatically, the separation of the two isomers is easily achieved in 

Figure 22: Mechanistic conversion of West End 6 to 7 
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the workup. After this separation, protection by a Cbz group is achieved by addition of Cbz-O-

Succinimide to yield Cbz-protected phenylalanine analog 10 (Figure 23). 

East End Synthesis 
 
 The “East End” of each of the inhibitors is a specific amino acid sequence that is 

constructed using solid-phase peptide synthetic methods. Solid-phase peptide synthesis is 

achieved through the sequential addition of Fmoc-protected amino acid residues to a solid-phase 

“resin” bead.59 The resin bead is coupled to the first amino acid through an organic linker, which 

is chosen based on its reactivity with a cleaving agent. Linking agents may be cleaved to yield 

peptidic acids, amides, aldehydes, or other useful functional groups.  The Weinreb AM resin (11) 

is one such resin (Figure 24). This nomenclature refers to a specific functional group, the 

Weinreb amide, coupled to a resin bead (shown in blue). The reduction of these N-methoxy-N-

methylamides with LiAlH4 (or DIBAL-H) is often used to yield a C-terminal aldehyde on the 

Figure 24: The Weinreb AM resin, loaded with Fmoc protecting group 
 

 

Figure 23: Reaction mechanism of West End 9 to 10. 
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peptide.60 This resin thus acts as the starting material for the East End synthesis of our 20S 

proteasome inhibitors, although it is originally protected by an “Fmoc” protecting group. This 

protecting group is removed easily with piperdine, allowing the first amino acid to be loaded. 

The desired amino acid sequence is generated using a repetitive process. The resin bead is 

deprotected (with piperdine) and the first amino acid to be coupled is added under basic 

conditions. This amino acid must be protected at the N-terminus (also with Fmoc) so coupling 

only occurs at the opposite terminus. The side chains of the amino acid may also be reactive, and 

must be protected by appropriate functional groups. For the synthesis of our inhibitors, arginine 

side chains are protected by 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sufonyl (Pbf) groups, 

while asparagine side chains must be protected with trimethylphenyl (Trt) groups (Figure 25). 

We found that tyrosine coupling did not require protection.  

One amino acid is thus coupled to the Weinreb AM resin. Successful coupling is assessed by the 

addition of specific reagents, such as ninhydrin, designed to react with free amine groups, which 

should not exist in solution following effectual coupling. This completes the synthesis of the East 

End of the proteasome inhibitors, yielding a tripeptide still bound to the resin bead via a Weinreb 

amide.  A complete example scheme for this process is shown for the synthesis of the trypsin-

like inhibitor in Figure 26. 

Figure 25: Amino acid side chain protecting groups 
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The East end synthetic products (12-14) are shown in Figure 27 for the TMC-95A analog, 

trypsin-like activity, and chymotrypsin-like activity inhibitors, respectively. 

Final Synthetic Steps 
 
 The remaining synthetic steps involve combining the East and West ends of the molecule, 

creating the macrocycle, and cleaving the linker to obtain the aldehyde warhead. The first of 

these processes is simply a peptide coupling reaction; since the West End product is a protected 

amino acid-like residue, compounds 12-14 are deprotected and coupled to the West End final 

product to yield the linear peptide precursors. 

 The subsequent cyclization step is achieved via nucleophilic aromatic substitution 

between the two aryl rings to form the biaryl ether moiety, a method that was developed in 

Figure 26: Total “East End” synthesis 
 

 

Figure 27: East end final products 
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Boger’s lab61 (Figure 28). The West End product contains a deactivated phenyl ring, which 

allows substitution to occur at the position ortho to the nitro group, displacing the fluorine 

substituent. Nucleophilic attack is accomplished by the hydroxyl group on the neighboring 

tyrosine side chain. The basic salts included in the reaction vessel serve to deprotonate the –OH 

group, making the tyrosine residue an even better nucleophile. Compounds 15-17 are synthesized 

in this manner.  

 

Figure 28: Mechanism of cyclization of biaryl ether moieties 
 

 

 R1 R2 

15 Asn(Trt) Ala 

16 Arg(Pbf) Arg(Pbf) 

17 Leu Leu 
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Finally, cleavage of the linker to yield the aldehyde warhead is accomplished with 

lithium aluminum hydride. The final deprotection of side chain protecting groups is achieved 

with trifluoroacetic acid  (Figure 29). These steps yield the final inhibitor compounds for each of 

the activities of the 20S proteasome. 

Enzyme Assays 
 
 The biological activity of the inhibitors is tested by enzyme kinetic assays that screen for 

fluorescence. Each well is loaded with an appropriate buffer, a fluorescent substrate, inhibitor, 

and 20S rabbit proteasome. The fluorescent substrates were chosen to assay each of the three 

catalytic activities of the proteasome. Chymotrypsin-like activity is tested using Suc-Leu-Leu-

Val-Tyr-AMC as the fluorogenic substrate. Trypsin-like activity is tested with Cbz-Ala-Arg-

Arg-AMC. Finally, PGPH activity is tested using Cbz-Leu-Leu-Glu-AMC as the fluorogenic 

substrate. Detection of proteolytic activity is based on the release of the free AMC fluorophore; 

inhibition prevents hydrolysis of substrate, resulting in a reduced increase in fluorescence over 

time. The initial velocity of each sample (in mRFU/s) is the slope of the linear phase region of 

Figure 29: Final synthetic steps 
 

 

 R1 R2 

15/18 Asn(Trt) Ala 

16/19 Arg(Pbf) Arg(Pbf) 

17/20 Leu Leu 
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the plot of product formation over time, over eight minutes beginning 20 seconds after initial 

readings. 

Inhibitor potency is determined by plotting rates of vi/v0 versus inhibitor concentration, 

where vi is the rate of enzyme hydrolysis with inhibitor present and v0 is the rate of hydrolysis of  

the control. The PGPH activity of inhibitor 1 is determined in this manner (Figure 30).  Since the 

inhibitors contain aldehyde warheads, it is reasonable to analyze their kinetic data using a model 

for reversible competitive inhibition. Ki  values are obtained by non-linear regression analysis. 

Data is fit to the following equation:  

 

 

 

Figure 30: Kinetics data for inhibitor 1: PGPH activity 
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Fitting the plot for PGPH activity with these parameters yields a Ki of 31±9 nM for the PGPH 

activity of inhibitor 1. Similar measurements can be made for each of the proteolytic activities of 

the three inhibitors.  

Results  

 Preliminary data was complied for the racemic mixture of inhibitor 2. Although the 

racemic mixture of this inhibitor is not likely to show maximum inhibitory potency, activity 

against the trypsin-like activity of the proteasome was measured and determined to be 40 µM. 

Even though this value for Ki is not considered excellent, this result shows that the design of the 

inhibitors does show promise for improved inhibition once the L-isomer is isolated.  This success 

can be attributed to the ingenuity of the bimodal inhibitor design.  

 In addition, racemically pure inhibitor 1 was tested against each of the proteolytic 

activities. The resulting Ki values were determined to be 1.3 nM against chymotrypsin-like 

activity, 45 nM against trypsin-like activity, and 31 nM against PGPH activity. These values are 

reported in Table 1 alongside the corresponding values for TMC-95A62 and its original Kaiser et 

al. biaryl ether analog.54 

 

Discussion   

Although the other inhibitors have not yet been tested against proteolytic activity, the 

results generated from inhibitor 1 are extremely promising for the success of this class of 

Table 1: Ki values for TMC-95A and its analogs (µM) 
 
Inhibitor CL Activity TL Activity PGPH Activity 
TMC-95A 0.0016  0.133 0.0346 
Biaryl Ether 1.33 31.6 60.0 

1 0.0013 0.045 0.031 
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inhibitors against the activities of the 20S proteasome. The potencies against chymotrypsin-like 

and trypsin-like activities are comparable to that of the natural product TMC-95A, and 1 is 

therefore a much more effective inhibitor than the TMC-95A analogs developed by Kaiser et 

al.54 It is also noteworthy that the order of potency for the inhibitor matches the order for the 

natural product: it is most potent against CL-activity, then against PGPH activity, and then 

finally against TL-activity. This observation is important because it supports the claim that 

inhibitor 1 binds to the active site of the proteasome in the same way that the natural product 

does.   

 Finally, the nanomolar range Ki for inhibitor 1 against PGPH activity is lower than that of 

TMC-95A, making this inhibitor as good as the natural product. Although this inhibitor was not 

designed to target PGPH activity, it is encouraging that high potency is observed. To date, this 

compound shows one of the lowest Ki values against PGPH activity of the proteasome reported. 

Kisselev et al.22 have compiled a list of different classes of proteasome inhibitors and selective 

representatives (Table 2), and inhibitor 1 compares favorably to even the best of previously 

designed and isolated reversible proteasome inhibitors. Among the peptide aldehydes, inhibitor 1 

is the best for overall inhibitory potency of all three proteolytic active sites. 

Table 2: Reversible inhibitors and their dissociation constants. Adapted from Kisselev et 
al.53 

 
Inhibition of active sites: Ki (nM) 

Class Compound CL-like TL-like PGPH 

Peptide aldehydes MG132 2-4 2760 900 

 PSI IC50 = 250nM -- -- 

 CEP1612 <2 >1000 -- 

Peptide boronates MG262 0.03 -- -- 

 PS273 0.62 -- -- 

 Lactacystin 0.15 -- -- 
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CONCLUSION AND FUTURE WORK  
 
 The success of inhibitor 1 against the proteolytic activities of the 20S proteasome is 

promising because it indicates that the bimodal design of warhead and peptidomimetic 

macrocycle is an effective means of proteasome inhibition. It is reasonable to expect that the 

success of this design will translate to similarly low Ki values for the other inhibitors that have 

not yet been tested. This is an exciting result since the proteolytic activities of this enzyme are 

such essential drug targets for the prospect of chemotherapy.  

 Future work on this project involves, firstly, purifying and testing the inhibitors targeting 

the trypsin-like (2) and chymotrypsin-like (3) catalytic sites against each of the three proteolytic 

activities. The open-chain versions of all three inhibitors should also be synthesized and tested 

for comparison with the macrocyclic versions. Synthesis of these open-chain inhibitors would be 

largely identical with the exception of the cyclization step (with CaCO3 and K2CO3), which 

would be omitted. Although these linear inhibitors may not be useful therapeutically (due to 

lower potencies), their kinetic data would allow quantification of the benefits of macrocycles in 

synthetic design.  

 These compounds are not the only TMC-95 analogs that may be successful in proteasome 

inhibition. It is possible that other warheads, such as epoxy ketone or vinyl sulfone warheads, 

may be better suited for the bimodal design of these analogs. Synthesis of similar peptidic 

macrocycles with other warheads may allow the production of inhibitors with even higher 

potencies for each of the proteolytic activities.   
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MATERIALS AND METHODS 

Starting materials were supplied by VWR International. Materials for column chromatography 

were purchased from Sigma-Aldrich. TLC silica plates were purchased from EMD chemicals, 

and peptides and coupling reagents were supplied by Aroz Technologies. NMR spectra were 

collected on a 400 MHz Bruker Avance II spectrometer. Kinetics data was collected on a BioTek 

Flx800 Plate Reader (8 minute runs, 1 scan/20 seconds). Fluorescence units were reported in 

mRFU/s. The 20S rabbit proteasome was purchased from Aldrich, while the substrates used in 

the kinetic assay were purchased from Calbiochem. Analytical HPLC was performed by using 

Agilent equipment with the use of Discovery HS C18 column (SUPELCO); linear gradient from 

100% solvent A (0.1%TFA/AcCN) to solvent B (0.1%TFA/H2O) in 30 min, followed by 10 min 

isocratic elution; flow rate: 0.7 mLmin-1. 

3-Fluoro-4-nitrobenzylbromide (5): Commercially available 3-flouro-4-nitrotoluene (4.25 g, 

27.4 mmol) was dissolved in 150 mL CCl4. Reagents AIBN (0.496 g, 27.4 mmol) and NBS (4.87 

g, 27.4 mmol) were added, and the solution was refluxed at 85°C for 24 hours. Yellow 

precipitate formed during the reaction and was filtered off and discarded. The solvent was 

removed by rotary evaporation to yield crude yellow oil. Purification by column chromatography 

(7:1 pet ether/EtOAc) was performed, yielding 2.37 g of 5, a yellow oil, in a 44.4% yield. 1H 

NMR (CDCl3): δ 8.09 (d, 1H), 7.35 (d, 1H), 7.25 (d, 1H), 4.47 (s, 2H). 13C NMR (CDCl3): 171, 

157, 154, 126, 124, 118. 

Ethyl 2-(acetylamino)-2-(ethoxycarbonyl)-3-(3’-fluoro-4’-nitrophenyl)propanoate (6): 

Acetamidomalonate (1.32 g, 6.09 mmol) was dissolved in 10 mL DMF. Sodium hydride (0.152 

g, 6.33 mmol) was washed with pentane, suspended in 10 mL DMF, and subsequently combined 

with the dissolved acetamidomalonate. A solution of 5 (1.42 g, 6.09 mmol) in 10 mL DMF was 
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then added and the reaction mixture turned dark red. The reaction was stirred for four hours at 

room temperature, during which the color slowly faded. The solvent was removed under reduced 

pressure, and the remaining solid was dissolved in EtOAc. Compound 6 was subsequently 

precipitated with hexanes to yield 1.35 g white solid (60% yield). 1H NMR (CDCl3): δ 8.01 (t, 

1H), 7.55 (s, 1H), 7.02 (d, 1H), 6.97 (s, 1H), 4.30 (m, 4H), 3.78 (s, 2H), 2.10 (s, 3H), 1.31 (m, 

6H). 13C NMR (CDCl3): 162, 161, 146, 144, 140, 131, 121, 115, 62, 59, 36, 18, 9. 

(R,S)-3-Fluoro-4-nitrophenylalanine Hydrochloride (7): Compound 6 (6.49 g, 17.8 mmol) 

was suspended in 30 mL concentrated HCl and refluxed for 24 hours. Solvent was removed 

under reduced pressure and the crude product was co-rotovapped three times with toluene and 

once with t-butyl-methyl ether. Compound 7 (3.95 g, 14.9 mmol) was collected as a flaky yellow 

solid in an 85% yield. 1H NMR (DMSO): δ 8.50 (s, 2H), 8.28 (d, 1H), 7.76 (d, 1H), 7.35 (d, 1H), 

4.32 (m, 2H), 3.47 (d, 2H). 13C NMR (DMSO): 58.1, 29.3, 28.0, 27.9, 24.6, 23.9, 23.6, 20.5, 

14.5.  

(R, S)-N-Acetyl-3-fluoro-4-nitrophenylalanine (8): Compound 7 (0.917 g, 4.02 mmol) was 

dissolved in 10 mL H2O/dioxane (1:1). The pH was raised to 8-9 with the addition of solid 

sodium bicarbonate. Acetic anhydride (1.12 g, 11.3 mmol) was added and the reaction stirred at 

room temperature overnight. The solvent was removed under reduced pressure and the crude 

product was redissolved in EtOAc. Three washes with KHSO4 (10 mL), three washes with brine 

(10 mL), and drying over MgSO4 were followed by evaporation to yield 0.55 g of a yellow 

powder 8 (56% yield). 1H NMR (DMSO): δ 12.84 (s, 1H), 8.22 (d, 1H), 8.10 (d, 1H), 7.48 (d, 

1H), 7.31 (s, 1H), 4.52 (m, 2H), 3.10 (d, 2H), 1.79 (s, 3H). 13C NMR (DMSO): 173, 170, 156, 

154, 148, 136, 126, 119.  
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(S)-3-Fluoro-4-nitrophenylalanine (9): Compound 8 (956 mg, 3.57 mmol) was suspended in 

phosphate buffer (0.1M, pH 7.5, 50 mL) and dissolved by the addition of one equivalent of 0.1M 

KOH (35.7 mL). The solution was diluted with additional buffer (200 mL). Acylase I of 

Asperigillus melleus (0.55 U/mg, 917 mg) was added, and the solution was incubated for 20 

hours at 37°C. After incubation, the solution was filtered with an Amicon filter (cut off > 

10kDa). The filtrate was acidified with 0.5N HCl (20 mL) to pH 2-3, and the R-isomer was 

removed by extraction into ethyl acetate. The aqueous layer was collected and the pH was raised 

to 7.0 by the addition of 1N NaOH. The solvent was evaporated under reduced pressure, a small 

volume of water was added, and the S-isomer crystallized out of solution over 2 days at 4°C, 

yielding 184 mg of 9 (45.4% yield). 1H NMR (DMSO): δ 8.08 (t, 1H), 7.48 (dd, 1H), 7.32 (d, 

1H), 3.00 (m, 2H).  

(S)-N-Benzylcarboxycarbonyl-3-fluoro-4-nitrophenylalanine (10): Compound 9 (592 mg, 

2.59 mmol) was dissolved in a 1:1 mixture of H2O/dioxane, and the pH was adjusted to 8-9 by 

the addition of solid sodium bicarbonate. Cbz-succinimide was added (1.29 g, 5.19 mmol) in 

excess and the reaction was allowed to stir at room temperature overnight. The solvent was 

removed under reduced pressure and repeatedly triterated with diethyl ether and t-butyl methyl 

ether to yield a yellow solid 10 (932 mg, 100% yield). 1H NMR (DMSO): δ 7.98 (t, 1H), 7.48 (t, 

1H), 7.45 (m, 5H), 7.13 (d, 2H), 3.06 (s, 3H). 

Solid Phase Synthesis of Peptides (12-14): Compounds 12, 13, and 14, were synthesized 

manually on a Weinreb amide resin. The synthesis of the peptide was performed by repeated 

amino acid addition according to the method developed by Dinh et al,63 improved upon by 

Fehrentz et al.60 and marketed by Novabiochem. The general procedure was to swell the 

Weinreb amine resin in DMF (15 mL DMF per g resin) while shaking for an hour. This was 
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followed by deprotection of the resin with a solution of 20% piperdine in DMF (3x, 20 mL). The 

resin was then washed with DMF (3X, 20 mL). A portion of the beads were removed and tested 

to determine whether deprotection was successful. If the coupling was directly to the N-methoxy 

amine of the resin, as in the synthesis of 12, then the chloranil test was used. Otherwise the 

TNBS or Kaiser test was used to determine if a primary amine was present. If the beads were 

successfully deprotected, then four equivalents of the Fmoc protected amino acid were added 

along with HATU (4 eq) and DIPEA (10 eq) to catalyze the coupling reaction. The beads were 

then shaken in the solution for six hours and the appropriate test repeated to determine if the 

coupling was successful. The beads were washed with DMF (3X, 20 mL) and dichloromethane 

(3X, 20 mL) and stored at 4°C. Using this process the amino acid sequence Arg-Tyr-Arg-Phe(3-

fluoro-4-nitro) was synthesized using the phenylalanine analog 10 as the amino acid in the final 

coupling step. 

Macromolecular Cyclization (15-17): The cyclization of the macromolecule was carried out 

while the previous intermediates were still coupled to the resin following the procedure of Boger 

et al.61 K2CO3 (10 eq) and CaCO3 (10 eq) were dissolved in DMF (50 mL) and added to (15-17). 

Molecular sieves (3 Å, 500 mg) were added and the reaction was stirred at 45°C for 4 days. The 

liquid was filtered off and the beads were washed with CH2Cl2 (5x, 20 mL), dried under argon 

and stored at 4°C. 

Synthesis of the Aldehyde by Weinreb Amide Decoupling (18-20): The decoupling was 

preformed according to the method developed by Chen et al.64 The resin was swelled with neat 

THF (40 mL) under argon for 1 hour. The flask was cooled to 0°C and LiAlH4 (10.8 mL, 1 M, 5 

eq) was added and the reaction stirred for 40 minutes. KHSO4 (10.8 mL, saturated solution) and 

potassium sodium tartrate (6.5 mL, saturated solution) were added and the solution was stirred 
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for 30 minutes. The flask was warmed to room temperature and the liquid collected. The organic 

layer was separated and dried with MgSO4. The resulting organic solvent was removed under 

reduced pressure to yield 96 mg (0.788 mmol) of a yellow powder in 18.2% overall yield from 

the first coupling reaction. 

Deprotection of Asparagine Residues (1): Compound 17 (82 mg, 0.12 mmol) was dissolved in 

a solution of CH2Cl2 and trifluoroacetic acid (10 ml, 1:1) and stirred for 1 hour. The product was 

precipitated in a solution of t-butyl methyl ether and hexane (2:1) as a yellow precipitate. The 

solid was blown dry with argon to yield 18 mg (0.027 mmol) of a yellow powder in 23% yield. 

The product was characterized by electron spray ionization MS. MS (ESI): calcd for 

C33H34N6O10 [M+H]+ found 674.2 corresponding to the product. 
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