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1 Introduction 

1.1 Bioactive peptides as potential drugs 
Peptides are involved in many of the important biochemical functions of 
life.1 They have been shown to influence essential processes in humans as 
well as in animals, bacteria and viruses. Peptides are therefore of great 
interest for the understanding of physiological functions and pathological 
conditions, and in the development of new therapeutic agents. 

However, the use of peptides as drugs is limited due to their unfavorable 
properties, for example, poor oral bioavailability, rapid metabolism and ex-
cretion, and low selectivity.2 One approach to overcome these difficulties is 
to develop less peptidic molecules with similar functions, often referred to as 
peptidomimetics.3,4 Thus, bioactive peptides are valuable as starting points in 
the development of more “drug-like” molecules.  

1.2 Development of peptidomimetics 
Small peptides are conformationally flexible molecules without a well-
defined 3D structure in solution. More constrained analogues are less ex-
posed to proteolytic cleavage and may be more selective towards the target 
protein.2,5 Furthermore, modification of individual functional groups in a 
peptide can also be of interest. For example, carboxylic acid groups are often 
recognized as key structural elements in biologically active peptides. Re-
placement or modification of carboxylic acids can improve the characteris-
tics of the peptide or peptidomimetic, such as its pharmacokinetic properties 
and potency.6 Thus, the properties of peptides that restrict their use as drugs 
can be changed by various structural modifications. General strategies for 
the development of peptidomimetics have been reviewed and are summa-
rized in Figure 1.5,7-10 Although these strategies often focus on peptidic re-
ceptor ligands, they are usually also applicable to enzyme–peptide systems.  

Peptidomimetic discovery is an iterative process, highly dependent on the 
availability of systems for biological evaluation, and is facilitated by bio-
physical methods such as X-ray crystallography, NMR spectroscopy and 
molecular modeling. Starting from a biologically active peptide with known 
primary structure, the minimal active sequence can be determined by trunca-
tion of the native peptide. Removal of one amino acid at a time provides 
information on the importance of the amino acid residues for molecular re-
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cognition. The importance of the individual side chains can be further ana-
lyzed by different amino acid scans. The side chain requirements for target 
recognition can be identified by systematic replacement of each residue of 
the peptide with specific amino acids, for example alanine. To obtain more 
information on structure–activity relationships (SARs), multivariate ap-
proaches can also be applied to the design and evaluation of peptide librar-
ies.11-13  

The bioactive conformation of the highly flexible peptide can then be in-
vestigated by applying different types of constraints. Incorporation of modi-
fied amino acids, such as N-methyl amino acids or D-amino acids, introduces 
local constraints. Cyclizations can also be utilized to reduce the conforma-
tional freedom locally, whereas more long-range cyclizations results in 
global constraints. The introduction of secondary structure mimetics is an-
other approach used to generate conformational restricted analogues. 

When the pharmacophoric groups and the bioactive conformation of the 
target peptide have been identified, nonpeptide scaffolds can be designed 
and evaluated. The peptidomimetic scaffold should provide appropriately 
positioned key residues in order to exert the same biological response as the 
original peptide.  

 
Figure 1. General strategy employed in peptidomimetic discovery. 

The transformation of peptides into peptidomimetics is a very challenging 
aspect of medicinal chemistry. Although the screening of libraries of com-
pounds has been successful in identifying new peptidomimetics,14,15 the 
stepwise approach to nonpeptidic structures has also proved useful in the 
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discovery of receptor ligands, protease inhibitors and other inhibitors target-
ing protein–protein interactions, as exemplified by the peptidomimetics A-C 
in Figure 2. Peptidomimetic A16 is the protease inhibitor saquinavir, the first 
human immunodeficiency virus (HIV) protease inhibitor to enter the market. 
Inhibitors targeting protein–protein interactions are exemplified by B,17 a 
nonpeptidic ligand of the p56lck SH2 domain, a tyrosine kinase involved in 
the signal transduction that leads to T cell activation. Starting from a phos-
phorylated peptide with five negative charges at physiological pH, the 
monocharged, cell-permeable, nonpeptidic B was developed. The pepti-
domimetic receptor ligand C18 is an analogue of the peptide hormone soma-
tostatin, also resulting from systematic modifications of the original peptide 
sequence. 

 
Figure 2. Examples of peptidomimetics developed by rational design. The peptide 
sequence used as starting point is given for each structure. 
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2 Tuberculosis 

2.1  Mycobacterium tuberculosis 
Tuberculosis (TB) is an infectious disease mainly affecting the lungs, and is 
caused by the pathogen Mycobacterium tuberculosis. According to the 
World Health Organization (WHO), as many as one third of the world’s 
population is currently infected by the bacterium.19 Although the greater part 
of the infected population is not affected by the infection, approximately 1.7 
million people die of tuberculosis every year.20 This makes TB one of the 
most lethal infectious diseases. One of the main challenges associated with 
TB is the growing number of people co-infected with HIV.21 In addition, the 
vaccine available against M. tuberculosis, the Mycobacterium Bovis Bacillus 
Calmette-Guérin (BCG), has been proven to have only limited effect against 
TB, especially in the developing world.22 Another important issue that must 
be addressed is the increase in multi-drug-resistant23 and extensively drug-
resistant bacterial strains.24,25 It is thus clear that there is an urgent need for 
new drugs to combat M. tuberculosis. 

M. tuberculosis is a very slowly dividing bacterium with a cell wall im-
permeable to many compounds.26 The microorganism is spread through in-
halation of droplets containing the bacterium emitted from people with an 
active infection. M. tuberculosis is phagocytosed in the pulmonary alveoli by 
the host’s macrophages. The encapsulated bacteria have the ability to remain 
dormant within the individual for many years. However, if the immune sys-
tem of an infected individual is weakened by factors such as age, immuno-
suppressive therapy or HIV, the infection can become active.27 

Because of the challenging features of M. tuberculosis, extensive chemo-
therapy is needed to eradicate the bacterium. The WHO recommends the 
treatment of new TB cases starting with isoniazid, pyrazinamide, ethambutol 
and rifampicin (Figure 3) for two months, followed by additional four-month 
of treatment with two of the drugs.28 Isoniazid and ethambutol both interfere 
with cell wall synthesis, whereas pyrazinamide kills the bacteria by disturb-
ing the membrane potential.29-31 Rifampicin targets bacterial RNA synthesis 
by inhibiting RNA polymerase activity.32 Adverse effects of the drugs used 
for standard treatment include skin reactions, gastrointestinal problems, liver 
damage and various neurological conditions.33 The long administration peri-
ods and the side-effects associated with the current treatment are further 
evidence of the need for new antitubercular drugs. 
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Figure 3. Drugs used in standard treatment of TB. 

2.2 Ribonucleotide reductase  
Ribonucleotide reductase (RNR) is essential for DNA synthesis and repair, 
as it catalyzes the reduction of ribonucleotides to the corresponding deoxy-
ribonucleotides (Figure 4) through a radical mechanism. There are three 
major classes of RNRs based on the mechanism of radical generation used 
by the enzyme. In M. tuberculosis, the active form of RNR belongs to the 
oxygen-dependent class 1b, and is composed of two larger subunits (R1) and 
two smaller subunits (R2).34 Association of the subunits is crucial for cata-
lytic activity since the substrate binding site is located on R1, whereas the 
radical involved in the reduction is generated on R2.35 In addition to the ac-
tive site, M. tuberculosis RNR also contains a specificity site that allows the 
enzyme to be allosterically regulated.36 

 
Figure 4. Reduction of ribonucleotides catalyzed by RNR (PP, diphosphate).  

In the biologically active form of M. tuberculosis RNR, R1 and R2 are ex-
pressed by the genes nrdE and nrdF2, and these genes have been identified 
as necessary for optimal bacterial growth by transposon site hybridization 
studies.37 Gene knockout studies have also shown that the combination of 
these genes is required for the optimal growth of M. tuberculosis.38,39 
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Several different approaches can be applied for the inhibition of RNR.40,41 
The active and allosteric sites can be targeted by nucleoside analogues. 
Scavengers and chelators can act by destroying the essential radical or by 
preventing its generation, and antisense techniques can be applied to reduce 
enzyme activity. Another potential way of targeting RNR is preventing the 
association of R1 and R2, thereby inhibiting the formation of the active 
complex. The C-terminus of R2 is fundamental for the association of the 
enzyme complex. It was first reported for the herpes simplex virus (HSV) 
RNR42,43 that peptides corresponding to the C-terminal end of R2 can com-
pete for binding to R1, thereby inhibiting the activity of the enzyme. This 
was later shown for the mammalian44 and the Escherichia coli45 RNR sys-
tems as well. It has also been found possible to block the RNR holoenzyme 
formation of M. tuberculosis. An acetylated heptapeptide corresponding to 
the C-terminal residues of M. tuberculosis R2 (Figure 5) was first reported 
by Yang et al. to inhibit the activity of RNR with an IC50 value of 20 �M.46  

 
Figure 5. C-terminal sequence of the M. tuberculosis R2 subunit. 

Crystal structures of the RNR R1 subunit have been reported for E. coli47 
and Saccharomyces cerevisiae48, but the RNRs of these species show low 
sequence identity with M. tuberculosis. However, the first holocomplex 
structure of RNR has been published for Salmonella typhimurium (PDB ID: 
2BQ1).49 The RNR of S. typhimurium has a high sequence identity with M. 
tuberculosis and, although the resolution of this crystal structure is quite 
poor (4.0 Å), it could be useful as a model system for M. tuberculosis RNR. 

2.3 RNR inhibitors targeting subunit association 
As described above, it was first shown for the HSV RNR system that the 
enzymatic activity could be inhibited by blocking the subunit association. 
Based on this discovery, the C-terminal sequence of HSV R2 was used as a 
lead compound in attempts to develop a new therapeutic for the treatment of 
herpes infections. Starting from the nonapeptide D50 (Figure 6), several SAR 
studies were conducted to explore the potential of RNR subunit association 
inhibitors.50-53 
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Figure 6. Structure and potency of the nonapeptide corresponding to the C-terminal 
sequence of the HSV R2 subunit.  

Extensive optimization of each amino acid position of the peptide corre-
sponding to the last five residues of the HSV R2 C-terminus eventually re-
sulted in BILD1263 (Figure 7). The tert-butyl (t-Bu) side chain of the C-
terminal residue, the carboxyl group of the aspartic acid derivative, the 
valine isopropyl group and one of the benzyl groups at the N-terminus of 
BILD1263 were identified as important binding groups. Modifications such 
as the N-methyl group, the introduction of an additional N-terminal benzyl 
group, and the cyclopentyl group of the aspartic acid derivative, were sug-
gested to have favorable influence on the conformation of the inhibitor. As 
the N-terminal group of BILD1263 has little structural similarity with the 
corresponding amino acids of R2 (compare with D), it has been suggested 
that this group finds a binding site not used by the R2 C-terminus. Further-
more, replacing the C-terminal carboxylic acid with the hydroxymethyl 
group found in BILD1263, improved the potency in a cell-based assay, al-
though this modification resulted in reduced ability to bind to R1.54 
BILD1263 was also shown to exert antiviral activity in vivo.55,56  

 
Figure 7. Chemical structure of BILD1263, a potent inhibitor of the HSV RNR 
subunit association. 

Subunit association inhibitors of mammalian RNR are interesting for the 
treatment of cancer. Initially, the N-acetylated peptide E (Figure 8) derived 
from the C-terminal sequence of mammalian R2 was identified as an 
inhibitor.44,57 NMR studies of E suggested that the acetylated heptapeptide 
adopts a turn in the region of Thr-Leu-Asp-Ala when bound to mammalian 
R1.58 Cyclic analogues of E gave further insight into how turn constraints 
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influenced the binding to R1.59,60 Investigations of cyclic peptides further 
inspired the design and evaluation of peptidomimetic turn scaffolds, as in F61 
(Figure 9).  

 
Figure 8. Structure and potency of the acetylated peptide corresponding to the C-
terminal sequence of the mammalian R2 subunit. 

Another approach towards the development of inhibitors of mammalian 
RNR is compounds containing a 9-fluorenylmethyloxycarbonyl (Fmoc) 
group. Fmoc-protected tripeptides, as well as single Fmoc-amino acids, have 
been shown to have binding affinity to mammalian R1.62,63 Also, the Fmoc-
protected peptide G (Figure 9) has been found to inhibit mammalian RNR 
about seven times more effectively than E.48,57  

 
Figure 9. Peptidomimetic inhibitors targeting mammalian RNR subunit association. 
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3 Hepatitis C  

3.1 Hepatitis C virus  
Hepatitis C is a bloodborne viral infection affecting the liver. Although this 
specific type of liver inflammation has been recognized since the 1970’s, it 
was not until 1989 that the pathogen causing the disease was identified.64 
The viral agent was named hepatitis C virus (HCV). It has been estimated 
that the prevalence of HCV infection globally is approximately 2-3%, repre-
senting 120-180 million people.65,66  

A patient suffering from an acute HCV infection can recover spon-
taneously, but the majority develop a chronic infection.67 Without treatment, 
this can result in cirrhosis, i.e. damage to the liver tissue, possibly resulting 
in liver dysfunction and/or cancer. The current treatment of the chronic in-
fection is a combination of immunomodulatory pegylated interferon-� and 
broad-spectrum antiviral therapy with the synthetic nucleoside analogue 
ribavirin (Figure 10). Unfortunately, the virological response of this therapy 
is often low, and the adverse effects associated with the treatment are often 
severe.68 There is currently no vaccine available for HCV. There is thus an 
urgent need for new drugs targeting HCV. 

 
Figure 10. Chemical structure of ribavirin. 

HCV is a single-strand RNA virus, and the viral genome encodes for a poly-
protein that is proteolytically cleaved into a set of structural and nonstruc-
tural (NS) proteins: C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and 
NS5B. The structural proteins are all cleaved by host cell enzymes, whereas 
the nonstructural products are cleaved by viral encoding proteins. The NS2 
protease is responsible for the cleavage of NS2/NS3, while the NS3 protease 
cleaves the NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B junc-
tions.69 Because of its importance in polyprotein cleavage, the NS3 protein 
has been identified as an interesting HCV drug target. The NS3 protein has 
also been shown to interfere with the host’s antiviral response, which makes 
it even more attractive in the development of anti-HCV drugs.70-73 
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3.2 HCV NS3 protease 
The NS3 protein is a bifunctional enzyme harboring a protease domain in the 
N-terminus and a helicase domain in the C-terminus.74 As a serine residue is 
central to the proteolytic mechanism, this part of the enzyme is classified as 
a serine protease. This amino acid residue, Ser139 according to the HCV 
numbering system, together with His57 and Asp81 are recognized as the 
catalytic triad. Ser139 together with Gly137 also constitutes what is 
commonly referred to as the oxyanion hole,75,76 an important binding site for 
the anion formed in natural substrate cleavage. The standard nomenclature 
used for substrates or inhibitors binding to proteases is shown in Figure 11.77 
The amino acids and their corresponding subsites in the enzyme are 
numbered according to their position relative to the cleaved amide bond. 
Moreover, the amino acids in the C-terminal direction of the scissile bond 
constitute the prime side, and the residues in the N-terminal direction the 
nonprime side.  

 
Figure 11. Definition of substrate/inhibitor side chains (P) and corresponding prote-
ase binding sites (S). 

Initially, only the protease domain of the NS3 protein was structurally de-
termined by X-ray crystallography.78 This crystal structure revealed a rela-
tively shallow binding site, exposed to the surrounding solvent. When the 
full-length protein crystal structure was later solved, the C-terminus of the 
helicase was found to occupy the protease substrate binding site (PDB ID: 
1CU1).79 The orientation of the protease active site towards the helicase 
domain results in a less solvent-exposed environment, but the relevance of 
this interaction for protease inhibition is still the subject of debate, since a 
crystal structure of an inhibitor bound to the full-length enzyme has not yet 
been determined.80,81  

3.3 Development of HCV NS3 protease inhibitors 
Although efforts using high-throughput screening (HTS) have generated 
some HCV NS3 protease inhibitors,82,83 the major contribution is from ra-
tional drug design using the natural peptide substrates as starting points. 
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Over the years, two major groups of these peptidomimetics have emerged: 
noncovalent product-based inhibitors and electrophilic inhibitors, the latter 
capable of forming a reversible covalent bond to the enzyme.  

The NS3 protease is subject to significant product inhibition. Conse-
quently, the product-based inhibitors have been developed from the N-
terminal cleavage products of the NS3 substrates, and thus contain a C-
terminal carboxylic acid or a carboxylic acid bioisostere. Hexapeptides H84 
and I85 (Figure 12), derived from the NS4A/4B and NS5A/5B cleavage sites, 
respectively, were the first generation of compounds identified as product-
based inhibitors of the NS3 protease.  

 
Figure 12. Hexapeptides derived from the NS4A/4B and NS5A/5B cleavage sites. 

SAR studies on the hexapeptides H and I revealed a strong preference for a 
cysteine residue in position P1 and showed that the C-terminal carboxylic 
acid was crucial for inhibition.84-87 Moreover, the two N-terminal acidic resi-
dues of the hexapeptides had a considerable influence on inhibition. Interest-
ingly, studies of I revealed that the aspartic acid residues were exposed to 
the solvent when bound to the protease.88 However, N-terminal truncation to 
the tetrapeptide, lacking the aspartic acids, resulted in a drastic loss of po-
tency.89 Further investigation of this phenomenon suggested that the acidic 
residues are important for an initial electrostatic interaction, and thus en-
hance the collision rate between the peptidic ligand and the binding site.90 

Extensive lead optimization eventually yielded BILN2061 (ciluprevir) 
(Figure 13), the first NS3 protease inhibitor to enter clinical trials.89 Al-
though ciluprevir was later withdrawn due to cardiac toxicity,91 it provided 
proof of concept for HCV NS3 inhibitors as therapeutic agents in humans. 
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Figure 13. Chemical structure of BILN2061 (ciluprevir). 

The macrocycle of ciluprevir promotes the inhibitor to bind to the enzyme in 
an extended �-strand conformation, and this feature has been shown to play a 
critical role in strong ligand affinity.92 As a result, macrocyclic analogues 
originating from the development of ciluprevir have served as templates for 
other NS3 protease inhibitors currently undergoing clinical trials, as exem-
plified by ITMN-191 (R7227)93 and TMC435350 (TMC435)94 (Figure 14). 
These inhibitors contain an acyl sulfonamide as C-terminal carboxylic acid 
bioisostere; a functional group that has been extensively studied at our labo-
ratory.95 The clinical candidate TMC435350 includes a characteristic 
cyclopentane ring as a substitute for the P2 proline derivative.96 

 
Figure 14. Clinical candidates ITMN-191 and TMC435350 containing C-terminal 
acyl sulfonamides. 

Another strategy employed for the inhibition of the NS3 protease is the use 
of serine trap inhibitors containing an electrophilic functional group. The 
electrophilic inhibitors are capable of forming a covalent bond with the cata-
lytic serine of the enzyme, an approach commonly used for inhibition of 
other serine proteases.97-100 Inhibitors including C-terminal electrophilic 
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moieties, such as aldehydes, �-keto acids and �-keto amides, can bind re-
versibly to the enzyme. The development of compounds incorporating an �-
keto amide has generated the clinical candidates SCH503034 (boceprevir)101 
and VX-950 (telaprevir),102 depicted in Figure 15. 

 
Figure 15. Chemical structures of the electrophilic inhibitors SCH503034 and VX-
950. 
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4 Aims of the present study 

The overall aim of this study was the design and synthesis of enzyme 
inhibitors targeting M. tuberculosis RNR and HCV NS3 protease. When this 
work was initiated, only a handful of inhibitors targeting M. tuberculosis 
RNR had been identified. The HCV NS3 protease, on the other hand, was 
already a well-established drug target with inhibitors in clinical trials. 
Therefore, early peptidomimetic design strategies were applied to inhibitors 
of M. tuberculosis RNR, whereas the HCV NS3 protease inhibitors were 
subjected to modification in a later stage of development. 
 
The specific objectives of this study were: 

 
• To establish a SAR for peptides derived from the C-terminal end of 

the M. tuberculosis R2 subunit.    
 
• To evaluate the use of a secondary structure turn mimetic in M. 

tuberculosis RNR inhibitors with the aim of making them less 
peptidic. 

 
• To further reduce the peptidic character and investigate the binding 

properties of HCV NS3 protease inhibitors by the introduction of  
�-amino acids. 
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5 Evaluation of peptides targeting                 
M. tuberculosis RNR (Papers I and II) 

5.1 Design and strategy 
As described in the introduction, peptides have inherent properties that make 
them unsuitable as drugs. However, stepwise structural modifications, in 
combination with biological testing and biophysical studies, can provide the 
information required for the transformation of bioactive peptides into pep-
tidomimetics. 

The previously reported acetylated heptapeptide, Ac-Glu-Asp-Asp-Asp-
Trp-Asp-Phe (1), corresponding to the C-terminal end of M. tuberculosis 
R2,46 was chosen as the starting point for new inhibitors targeting M. tuber-
culosis RNR. In addition to the generally challenging features of peptides as 
starting points for drug development, this structure includes as many as six 
negatively charged groups. Hence, to obtain more information concerning 
the SAR of heptapeptide 1 to eventually be able to design inhibitors of less 
peptidic character, the following strategy was applied.  

First, a series of peptides was synthesized based on the classical approach 
of identifying the minimal active sequence of the peptide (Paper I). The im-
portance of individual amino acids was then investigated using an alanine 
scan (Table 1). A series of peptides was also designed using a novel statisti-
cal molecular design (SMD) approach (Table 2). SMD can be an efficient 
means of providing information-rich data sets from few experiments.103,104 
The new design strategy, focused hierarchical design of experiments105 
(FHDoE), resulted in a library biased towards the lead structure. Thus, the 
original amino acid residues of peptide 1 were substituted with residues of 
similar size and hydrophobic/hydrophilic properties. The aim of the focused 
library was to increase the probability of designing peptides with maintained 
potency. All substitutions included in the FHDoE library are depicted in 
Figure 16. 
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Figure 16.  The amino acid side chains of peptide 1 and the selected residues of the 
focused peptide library. 

Inspired by the use of an N-terminal Fmoc group to improve the potency of 
inhibitors targeting mammalian RNR,62,63 the study described in Paper II was 
focused on Fmoc-protected peptides derived from the C-terminal end of M. 
tuberculosis R2 (Table 3). Again, the minimal active sequence was moni-
tored in order to explore the use of shorter peptide inhibitors. Other N-
terminal groups than Fmoc were also investigated. In addition, single Fmoc-
protected amino acids were evaluated for their potential as inhibitors of M. 
tuberculosis RNR. 

5.2 Peptide synthesis 
The lead peptide 1 and the truncated analogues 2-4, the Ala-substituted pep-
tides 5-11, the FHDoE-derived peptides 12-28, and the Fmoc derivatives 29-
33 and 35-37 (Tables 1-3) were prepared using standard Fmoc/t-Bu solid-
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phase peptide synthesis (SPPS). Starting from Wang or 2-chlorotrityl resin 
preloaded with the first amino acid, or 2-chlorotrityl chloride resin, the de-
sired peptide sequences were generated as depicted in Scheme 1. Attachment 
of the first amino acid to the 2-chlorotrityl chloride resin was conducted in 
dichloromethane (DCM) in the presence of N,N-diisopropylethylamine 
(DIEA).106 The following amino acid couplings were performed in N,N-
dimethylformamide (DMF), using N-[(1H-benzotriazole-1-yl)-(dimethyl-
amino)-methylene]-N-methylmethanaminium hexafluorophosphate N-oxide 
(HBTU) as activating reagent, and N-methylmorpholine (NMM) or DIEA as 
base. The Fmoc-protecting group was removed by treatment with 20% 
piperidine in DMF before coupling of the next amino acid.  

Scheme 1 

  

After completion of the peptide sequences, the N-terminus was subjected to 
various modifications (Scheme 2). The N-acetylation of peptides 1-28 was 
achieved by removal of the Fmoc group, followed by treatment of the resin 
with 20% acetic anhydride. The Fmoc-protected peptides 29-33 were un-
treated after coupling of the last amino acid to retain the Fmoc group. 
Tetrapeptides 35-37 were generated by Fmoc deprotection and a further re-
action with the appropriate carboxylic acid derivative in the presence of 
HBTU and DIEA. When all the synthesis steps had been completed, a mix-
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ture of trifluoroacetic acid (TFA), water and triethylsilane was used to simul-
taneously cleave the peptides from the resin and deprotect the amino acid 
side chains. The crude peptides were precipitated in diethyl ether, and then 
purified by reversed-phase high-performance liquid chromatography (RP-
HPLC) or ion-exchange chromatography.  

Dipeptides 34 and 43 were prepared in solution. The activated penta-
fluorophenyl (Pfp) ester, Fmoc-L-Asp(Ot-Bu)-Pfp, was reacted in DMF with 
L-Asp(Ot-Bu)-Ot-Bu or L-Phe-Ot-Bu in the presence of DIEA. The single 
Fmoc-protected amino acids 38-41 were all used as obtained from the sup-
pliers, whereas Fmoc-Asp (42) was generated from Fmoc-L-Asp(Ot-Bu)-
OH, by treatment with TFA, water and triethylsilane, followed by purifica-
tion using preparative RP-HPLC. 

Scheme 2 
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5.3 Biochemical evaluation of peptide inhibitors 
The peptides generated were evaluated in an RNR activity assay107 in the 
study presented in Paper I. The inhibition of the enzyme activity was deter-
mined by monitoring the reduction of 3H-labeled cytidine 5′-diphosphate 
(CDP), and the inhibitory potencies, presented as IC50 values, are given in 
Tables 1 and 2. The peptides included in the study described in Paper II were 
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tested in a competitive binding assay based on fluorescence polarization 
(FP).108,109 In the binding assay, the peptides competed with a fluorescent 
probe incorporating the R2 C-terminal sequence for binding to M. tuberculo-
sis R1. Binding affinities, expressed as dissociation constants (KD2 values), 
are given in Table 3. 

5.4 SAR of peptides 
As mentioned above, peptides 1-28 were evaluated in an RNR activity assay 
(Paper I). N-terminal truncation resulted in reduced potency for each deleted 
amino acid (peptides 2-4, Table 1). Consequently, the acetylated hepta-
peptide 1 (IC50 = 139 �M) was chosen for an alanine scan. Interestingly, 
systematic replacement revealed that all acidic residues could be replaced by 
Ala (5-8 and 10), without a drastic decrease in potency. This may indicate 
that the charged residues are not involved in any specific electrostatic 
interaction. Substitution of Trp or Phe with Ala (9 and 11) gave inactive 
compounds, indicating that these residues are the most important for the 
interaction with the enzyme. 

Table 1. Inhibition of M. tuberculosis RNR activity by peptides obtained by N-
terminal truncation and alanine scan of the R2 C-terminal sequence. 

Compound Sequence IC50 ± SD 
(�M) 

1 Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe 139 ± 15 

2 Ac-Asp-Asp-Asp-Trp-Asp-Phe 390 ± 53 

3 Ac-Asp-Asp-Trp-Asp-Phe 1110 ± 170 

4 Ac-Asp-Trp-Asp-Phe na 

5 Ac-Ala-Asp-Asp-Asp-Trp-Asp-Phe 200 ± 29 

6 Ac-Glu-Ala-Asp-Asp-Trp-Asp-Phe 430 ± 92 

7 Ac-Glu-Asp-Ala-Asp-Trp-Asp-Phe 200 ± 36 

8 Ac-Glu-Asp-Asp-Ala-Trp-Asp-Phe 220 ± 35 

9 Ac-Glu-Asp-Asp-Asp-Ala-Asp-Phe na 

10 Ac-Glu-Asp-Asp-Asp-Trp-Ala-Phe 310 ± 110 

11 Ac-Glu-Asp-Asp-Asp-Trp-Asp-Ala na 

SD, standard deviation. na, not active. 
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The biochemical test results of the designed focused peptide library are pre-
sented in Table 2. Unfortunately, many of the peptides did not exhibit any 
inhibitory potency. However, a few peptides showed interesting properties. 
The Trp residue, identified as essential for inhibition in the alanine scan, 
could be replaced by amino acids that are larger and more hydrophobic than 
the original residue (peptides 20 and 24). Peptide 24 (IC50 = 170 �M) was of 
particular interest since it had an overall reduced charge and still had a po-
tency comparable to that of 1. Another notable finding was that peptide 27 
(IC50 = 790 �M) had measurable inhibitory potency, although all the original 
amino acids had been substituted. 

Table 2. Inhibition of M. tuberculosis RNR activity by peptides obtained from the 
designed focused library. 

Compound Sequence IC50 ± SD 
(�M) 

12 Ac-Glu-Asp-Asp-Asp-Trp-Asp-Thi 250 ± 70 

13 Ac-Glu-Asn-Asp-Asp-Omt-Glu-Phe na 

14 Ac-Glu-Thr-Asn-Asp-Trp-Asp-3Fp 1310 ± 470 

15 Ac-Glu-Asp-Asp-Glu-Trp-Met-Phe 290 ± 58 

16 Ac-Asn-Asp-Met-Ser-Trp-Asp-Phe na 

17 Ac-Met-Dap-Asp-Asp-Trp-Thr-2Mp na 

18 Ac-Asn-Asp-Glu-Asp-Trp-Orn-Phg na 

19 Ac-Thr-Asp-Asp-Orn-Omt-Dab-3Fp na 

20a Ac-Glu-Gln-Asp-Dap-Nal-Asp-Phg 757 ± 240 

21a Ac-Glu-Gln-Asp-Dap-Nal-Asp-Phg na 

22 Ac-Met-Orn-Asn-Dap-Trp-Asp-Phe na 

23 Ac-Glu-Ile-Ser-Orn-Trp-Ser-Phe na 

24 Ac-Dab-Asp-Asp-Asp-Bth-Asp-Phe 170 ± 30 

25 Ac-Glu-Asp-Asn-Asn-Pfa-Asp-Thi na 

26 Ac-Glu-Asp-Dap-Asp-Oet-Asn-Phe na 

27 Ac-Cit-Gln-Gln-Glu-Oet-Glu-2Mp 790 ± 170 

28 Ac-Gln-Dab-Met-Asp-Pfa-Asp-Phe na 
a Two isomers (20 and 21) were isolated and tested separately. SD, standard 
 deviation. na, not active. 



 33

A multivariate model was developed by combining the biochemical results 
from the alanine scan and the focused library (Paper I). The model illustrated 
the importance of the individual amino acid positions in peptide 1, and indi-
cated that larger side chains could be beneficial in the Trp position. 

As described in Paper II, the acetylated heptapeptide 1 was reanalyzed us-
ing the competitive FP assay, and the KD2 value was determined to be 8.3 �M 
(Table 3). Replacement of the N-acetyl group with Fmoc gave peptide 29, 
which exhibited a 10-fold improvement in binding affinity (KD2 = 0.7 �M). 
Truncation down to the tripeptide 33 resulted in a 3-5 fold reduction in affin-
ity for each deleted amino acid, but the dipeptide 34 had surprisingly good 
binding affinity, with a KD2 value of 60 �M.  

Table 3. Binding affinity of peptide analogues targeting M. tuberculosis RNR. 

Compound Sequence KD2 ± SD 
(�M) 

1 Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe 8.3 ± 0.3 

29 Fmoc-Glu-Asp-Asp-Asp-Trp-Asp-Phe 0.7 ± 0.1 

30 Fmoc-Asp-Asp-Asp-Trp-Asp-Phe 2.3 ± 0.1 

31 Fmoc-Asp-Asp-Trp-Asp-Phe 7.6 ± 0.1 

32 Fmoc-Asp-Trp-Asp-Phe 19 ± 3 

33 Fmoc-Trp-Asp-Phe 102 ± 10 

34 Fmoc-Asp-Phe 60 ± 1 

35 9-Fluoreneacetyl-Asp-Trp-Asp-Phe 29 ± 2 

36        3,3-Diphenylpropanoyl-Asp-Trp-Asp-Phe 84 ± 9 

37 3-Phenylpropanoyl-Asp-Trp-Asp-Phe >150 

38 Fmoc-Phe >150 

39 Fmoc-Dif 51 ± 3 

40 Fmoc-Trp 12.4 ± 1 

41 Fmoc-Gly >150 

42 Fmoc-Asp >150 

43 Fmoc-Asp-Asp >150 

SD, standard deviation. 
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The tetrapeptide 32 (KD2 = 19 �M) was chosen as the reference compound to 
investigate whether the improved binding affinity was associated only with 
the Fmoc group. Consequently, three peptides were acylated with other N-
terminal groups to give peptides 35-37. Peptide 35 (KD2 = 29 �M), derivat-
ized with 9-fluoreneacetic acid, was the best binder of the acylated tetrapep-
tides, and had only slightly less affinity than the corresponding Fmoc-
protected tetrapeptide 32. Thus, the Fmoc group could be replaced by other 
N-terminal groups.  

Single Fmoc-protected amino acids were also investigated. Interestingly, 
Fmoc-Phe (38, KD2 = >150 �M) was not able to compete for binding to R1. 
However, the protected single amino acids Fmoc-3,3-diphenylalanine (Dif) 
(39, KD2 = 51 �M) and Fmoc-Trp (40, KD2 = 12.4 �M) were identified as 
competitive binders to the M. tuberculosis R2 binding site. Notably, Fmoc-
Trp had an affinity comparable to that of the heptapeptide 1, and is thus an 
interesting structure for further RNR inhibitor development. Fmoc-Gly (41) 
and Fmoc-Asp (42), chosen because of their less hydrophobic character, did 
not show any affinity for R1. The Fmoc-protected dipeptide 43 was also 
tested to ascertain whether the additional charge might be favorable for bind-
ing, but the affinity was too low for a dissociation constant to be determined. 
It is very difficult to hypothesize how the protected single amino acid Fmoc-
Trp binds to the R1 protein. An X-ray structure of the protein-ligand com-
plex would therefore be very valuable to address this matter. 

In summary, different series of peptides have been designed and synthe-
sized. The results of the alanine scan and the focused library described in 
Paper I revealed that the acidic residues of peptide 1, corresponding to the 
M. tuberculosis R2 C-terminus, are beneficial for potency. Moreover, the 
Trp and Phe residues of 1 are especially important for inhibition. It was also 
found that larger residues than Trp are tolerated in that position. It was also 
demonstrated that the introduction of an N-terminal Fmoc group in 1 gives 
improved binding affinity to the R2 binding site (Paper II), and this effect 
was also observed for shorter peptides. The identification of the protected 
single amino acid Fmoc-Trp as a potential inhibitor with an affinity compa-
rable to that of the heptapeptide 1 was particularly encouraging. This struc-
ture is an interesting starting point for the discovery of nonpeptide inhibitors 
of M. tuberculosis RNR. 
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6 Incorporation of a turn mimetic into 
peptides targeting M. tuberculosis RNR 
(Paper III) 

6.1 Design of a benzodiazepine-based turn mimetic 
Peptides and proteins have the tendency to organize themselves in general 
secondary structures, usually defined as �-helices, �-sheets, �-strands, hair-
pins and reverse turns. The location of these foldamers on the surface of 
proteins indicates that they play an essential role in molecular recognition in 
biological processes.110-112 As described in the introduction, the incorporation 
of secondary structure mimetics is an established method for the transforma-
tion of biologically active peptides into peptidomimetics, since more con-
strained peptide analogues can provide important information concerning the 
bioactive conformation of a peptide.  

Benzodiazepines are considered to be privileged structures in drug dis-
covery.113 Although they have commonly been used as drugs with effects on 
the central nervous system,114 benzodiazepine derivatives with for example 
antitumor and antiviral properties have also been reported.115,116 Further-
more, benzodiazepine-based turn mimetics have been employed towards a 
wide range of potential drug targets.117-122  

The primary objective of the study presented in Paper III was to evaluate 
the use of nonpeptidic secondary structure mimetics in M. tuberculosis RNR 
inhibitors. As the 3D structure of the R1/R2 complex from S. typhimurium 
has been solved (PDB ID: 2BQ1), and it has been suggested that the binding 
of the last residues of the R2 C-terminus to R1 is very similar in S. typhi-
murium and M. tuberculosis,49 this crystal structure was used as a model 
system. Unfortunately, many of the side chains and the oxygens of the R2 C-
terminal carboxyl group could not be assigned from the electron density due 
to limited resolution. However, the Trp and Phe side chains of the R2 C-
terminal peptide were identified, and since it had previously shown that both 
Trp and Phe are important for the inhibition of M. tuberculosis RNR, this 
was a promising starting point for further peptidomimetic design efforts.  

Overlaying the R2 C-terminal region of the S. typhimurium X-ray struc-
ture with different turn scaffolds previously investigated by our group, iden-
tified a benzodiazepine-based scaffold, originally developed as a �-turn 
mimic (Figure 17).123 This scaffold allows the introduction of a variety of 
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amino acid equivalents. Another advantage of this type of turn mimetic is 
that it can be incorporated into a peptide sequence using standard SPPS. 

 
Figure 17. Benzodiazepine-based turn mimetic developed to allow the preparation 
of scaffolds with many different side chains. 

To investigate whether it was possible to substitute part of the C-terminal 
region of lead peptide 1 with the turn mimetic, the C-terminal fragment of 
R2 from the crystal structure of S. typhimurium RNR was used (1m, Figure 
18). Compound 1m was compared with model compound 53m (Figure 18), 
representing the same fragment with the benzodiazepine scaffold incorpo-
rated. According to an atom-to-atom comparison of the backbone atoms of 
1m with the corresponding atoms in 53m, there is good correspondence be-
tween these structures. 

 
Figure 18. Structures used in molecular modeling and conformational analysis. 
Compound 1m represents the C-terminal fragment of R2, whereas 53m is a model 
compound incorporating the benzodiazepine scaffold. 

The conformation of peptide fragment 1m, from the crystal structure of S. 
typhimurium RNR, is depicted in Figure 19A. In order to investigate whether 
the model compound 53m could adopt a 3D shape similar to 1m, a confor-
mational analysis was performed. Based on the results of this analysis of 
53m, the identified conformations were evaluated with respect to shape simi-
larity to 1m. The conformation with the best similarity score, overlaid on 
1m, is shown in Figure 19B. The overall overlap between the two structures 
was very good, although the direction of the N-terminal amino acid entering 
the turn mimetic is oriented somewhat differently compared to the peptide. 
In addition, when the R1 protein is included it can be seen that 53m fits 
nicely into the binding site (Figure 19C). 
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Figure 19. Comparison of the C-terminal fragment of S. typhimurium R2 (1m) and 
the model compound 53m incorporating the benzodiazepine scaffold. A) Conforma-
tion of peptide fragment 1m, in the crystal structure of S. typhimurium RNR. B) The 
shape-aligned conformer of 53m that gave the highest similarity. C) As in B, but 
with the surface of the protein included (color coding according to cavity depth). 
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The identified turn scaffold was further prepared and incorporated into pep-
tide 1 to give pseudopeptide 53 (Table 4). For synthetic reasons, the side 
chain corresponding to the Asp residue on the C-terminal side of Trp (R′ in 
Figure 17), was omitted. This change can be motivated by the results of the 
alanine scan of 1, which showed that exclusion of the carboxylic acid func-
tionality in this position only resulted in a 2-fold reduction in potency. Fur-
thermore, as the modeling indicated that the direction of the N-terminal 
amino acid entering the turn mimetic was slightly different from that in the 
corresponding residue in 1m, compound 54 with an additional Asp residue, 
was also synthesized. Moreover, the benzodiazepine scaffold was introduced 
into a shorter analogue of 1 with either an N-acetyl or an Fmoc-protecting 
group (compounds 55 and 56), since it had been shown that the Fmoc group 
had a beneficial effect on binding. As it had also been demonstrated that 
Fmoc-Trp had a binding affinity comparable to that of peptide 1, compound 
57 and the corresponding alcohol 59 were prepared.  

6.2 Synthesis of a benzodiazepine-based turn mimetic 
Preparation of the benzodiazepine-based turn mimetic 52 is described in 
Scheme 3. Starting from 2-chloro-3-nitrobenzoic acid (44), reduction to the 
corresponding alcohol followed by a Swern oxidation124 gave the aldehyde 
45123,125,126. Reductive amination with 2-aminoethanol and subsequent pro-
tection with tert-butyldimethylchlorosilane generated the tert-butyldimethyl-
silyl (TBDMS)-protected alcohol 46. In the following step, compound 46 
was coupled with Fmoc-L-Trp-OH using N-[(dimethylamino)-1H-1,2,3-tri-
azolo-[4,5-b]pyridin-1-yl-methylene]-N-methylmethanaminium hexafluoro-
phosphate N-oxide (HATU) as the activating reagent, in the presence of 
DIEA. The Fmoc group was then cleaved by treatment with 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (DBU) to give the free amine 47. An intramolecu-
lar nucleophilic aromatic substitution in Et3N and dimethylsulfoxide 
(DMSO) resulted in product 48 when heated to 100 °C. To synthesize the 
benzodiazepine 49, the tryptophan indole was protected with tert-
butoxycarbonyl (Boc)-anhydride. Incorporation of already Boc-protected 
Trp in an earlier step was not successful. At the high temperature used in the 
cyclization reaction, the Boc-protecting group was cleaved off to some ex-
tent. The free alcohol 50 was generated by cleavage of the TBDMS-
protecting group by tetrabutylammonium fluoride (TBAF). In the next step, 
starting with Swern oxidation to the aldehyde, followed by additional oxida-
tion using sodium chlorite,127 the carboxylic acid 51 was synthesized. Fi-
nally, the nitro group was reduced under hydrogen atmosphere, and the re-
sulting amine was protected with FmocCl to give the scaffold 52. 
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Scheme 3 

 

6.3 Synthesis of pseudopeptides 
Pseudopeptides 53-56 were prepared manually from L-Phe-2-chlorotrityl 
resin. In the first coupling step, scaffold 52 was attached to the solid phase. 
The coupling was performed in DMF, using (benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) in the pres-
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ence of DIEA. The same conditions were used for the introduction of the 
additional amino acids. After completion of the peptide sequences, the Fmoc 
group of pseudopeptides, 53-55, was removed and the N-terminal amino 
groups were acetylated by acetic anhydride, whereas the Fmoc group of 56 
was retained. The target peptides were cleaved from the solid support by 
TFA in the presence of water and triethylsilane, at the same time removing 
the side-chain-protecting groups. Thereafter, the crude pseudopeptides were 
purified by preparative RP-HPLC; the overall yields ranging from 14-45%. 

The Fmoc-protected turn mimetic 57, was achieved by treatment of 52 
with TFA (Scheme 4). Furthermore, the corresponding C-terminal alcohol of 
57 was produced by catalytic hydrogenation of 49 followed by coupling with 
FmocCl to give 58 (Scheme 5). The Boc group of the indole, and the 
TBDMS group on the alcohol were both removed by TFA to render the 
Fmoc-protected compound 59. 

Scheme 4 

 

Scheme 5 
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6.4 Biochemical evaluation of pseudopeptides 
Compounds 53-57 and 59 were evaluated in the competitive FP assay. 
Structures and biochemical test results, given as KD2 values, are presented in 
Table 4. 

Table 4. Binding affinity of benzodiazepine-based compounds targeting M. tubercu-
losis RNR. 

 

Compound Sequence KD2 ± SD 
(�M) 

53 Ac-Glu-Asp-Asp-I-Phe 81± 13 

54 Ac-Glu-Asp-Asp-Asp-I-Phe 27 ± 2 

55 Ac-Asp-I-Phe >150 

56 Fmoc-Asp-I-Phe 1.6 ± 0.2 

57 Fmoc-I 8.1 ± 0.1 

59 Fmoc-II 26 ± 1 

SD, standard deviation. 

Incorporation of the benzodiazepine-based scaffold into the sequence of 
peptide 1 gave pseudopeptide 53 with a KD2 value of 81 �M (compare with 
1, KD2 = 8.3 �M). Introduction of the additional Asp residue of 54 (KD2 = 27 
�M) resulted in improved binding affinity. Thus, introduction of the turn 
mimetic into peptide 1 led to a 10-fold decrease in potency for 53, but only a 
3-fold reduction in potency for 54. One possible reason for the lower KD2 
value of 54 could be that it has an overall better fit to the binding site. For 
example, extra interactions of the additional amino acid of 54 could improve 
the binding affinity compared to 53. Alternatively, the match between the 
native peptide and the turn scaffold was perhaps not as good as that sug-
gested by molecular modeling. In this case, the extra amino acid residue of 
54 could be needed to place the N-terminal amino acid sequence in a more 
favorable position for binding. 
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The N-acetylated pseudopeptide 55 (KD2 = >150 �M) exhibited very poor 
binding properties. This was supported by the results obtained from the 
series of the truncated acetylated peptide analogues of 1, showing that at 
least a hexapeptide was needed to achieve inhibition of �M potency. Most 
interestingly, when an Fmoc-protecting group was introduced in the same 
sequence (56), the KD2 value was improved to 1.6 �M. Hence, the beneficial 
effect of introducing an N-terminal Fmoc group was also seen for a 
compound incorporating the benzodiazepine turn mimetic. 

As Fmoc-Trp previously had been identified as a competitive binder to 
the R2 binding site, compound 57 was also included in the study. The bio-
chemical evaluation of 57 (KD2 = 8.1 �M) revealed that the Fmoc-protected 
benzodiazepine scaffold had a binding affinity comparable to that of the 
heptapeptide 1. The corresponding alcohol (59, KD2 = 26 �M), lacking the C-
terminal carboxylic acid, showed a 3-fold lower ability to compete for the 
R2 binding site than 57. However, since no X-ray structure is available, as 
was also the case for Fmoc-Trp, it is very difficult to speculate how com-
pounds 57 and 59 bind to the protein. 

In a continuation of this project, it would be interesting to test some of the 
compounds identified by the binding assay regarding their ability to inhibit 
the activity of M. tuberculosis RNR. As the compounds become less peptidic 
it will also be more relevant to test them on bacteria to evaluate their anti-
tubercular properties. 

In summary, a benzodiazepine turn mimetic has been designed, synthe-
sized and incorporated into the acetylated heptapeptide corresponding to the 
R2 C-terminus of M. tuberculosis RNR. The benzodiazepine scaffold could 
replace amino acids in the original peptide sequence to generate pseudopep-
tides with ability to compete for the R2 binding site. Smaller benzodiazepine 
analogues also showed binding affinity to R1. The introduction of the ben-
zodiazepine scaffold makes the compounds considerably less peptidic. 
Hence, these compounds could serve as new starting points for the future 
development of nonpeptide inhibitors of M. tuberculosis RNR. 
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7 �-Amino acid replacement in HCV NS3 
protease inhibitors (Paper IV) 

7.1 �-Amino acids as building blocks 
�-Amino acids are similar to �-amino acids in that they contain an N-
terminus and a C-terminus. However, two carbons separate these functional 
groups from each other instead of one. As the side chain may be attached to 
either of these carbons, there are two types of �-amino acids, the �2- and �3-
variants (Figure 20). The insertion of an extra methylene group into the pep-
tide backbone increases conformational freedom128 but, at the same time, 
opens the possibility of different substitution patterns.129  

 
Figure 20. Structural comparison of �-, �2- and �3-amino acids. 

Incorporation of �-amino acids into peptidase/protease inhibitors has been 
successful in attempts to develop inhibitors with retained potency but in-
creased resistance to proteolysis.130-133 �-Amino acids have also been used to 
improve the selectivity of serine protease inhibitors.134  

The majority of the HCV NS3 inhibitors have been developed from the 
natural substrates using peptidomimetic design strategies such as peptide 
truncation, non-natural amino acids, side-chain extension and cyclization. 
These techniques are exemplified in the development of BILN2061. How-
ever, the inhibitors consist only of �-amino acids. In an attempt to further 
reduce the peptidic character of HCV NS3 protease inhibitors, the effect of 
�3-amino acid replacements in this type of compound was probed. 

The tripeptides J135,136 and K136 (Figure 21), potent inhibitors of the HCV 
NS3 protease with different C-terminal residues, were selected for modifica-
tion since suitable �-amino acid building blocks were commercially avail-
able or synthetically accessible.  
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Figure 21. Structures of the reference compounds used for the study of �-amino acid 
replacements. 

7.2 Synthesis of �-amino-acid-containing inhibitors 
Preparation of the �-amino-acid-containing tripeptides was performed by P1-
P3 assembly followed by C-terminal modifications. The P1 building blocks 
63 and 64 were generated essentially following the procedure described by 
Mertin et al.137 (Scheme 6). The hemiaminal 60137, prepared from 1-ethoxy-
1-trimethylsiloxycyclopropane138, was allowed to react with the appropriate 
ketene silyl acetals in the presence of TiCl4. These reactions afforded the 
benzyl- (Bzl) protected derivatives 61 and 62137 at reasonable yields. Depro-
tection of the benzyl groups was performed by catalytic hydrogenation, and 
the methyl esters 63 and 64 were isolated as the hydrochloride salts. Build-
ing block 64 was quantitatively deprotected in 3 h, while 63 required a con-
siderably longer reaction time, 40 h, to be fully deprotected. 

Scheme 6 
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Generation of the P2 building block 69, outlined in Scheme 7, started from 
commercially available L-�-homohydroxyproline hydrochloride (65). The 
procedure followed a synthetic route described for the corresponding �-
amino acid building block.135 Boc protection of the starting material, 65, was 
performed with Boc-anhydride under basic conditions. A subsequent nu-
cleophilic aromatic substitution with 4-chloro-7-methoxy-2-phenylquinoline 
transformed the Boc-protected 66 into the ether 67. Esterification using me-
thyl iodide provided compound 68, which was Boc-deprotected to give the 
dihydrochloride 69. 

Scheme 7 
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The synthesis of the tripeptide inhibitors included in the study, 83-89, is 
shown in Schemes 8-10. Methyl ester 71135 (Scheme 8) and Boc-L-Val-OH 
were coupled using HBTU and DIEA to give dipeptide 72. The same condi-
tions were applied to couple the �-amino acid building block 70 with Boc-L-
Val-OH to obtain dipeptide 73. Also, the corresponding �-amino acid build-
ing block, 71, was employed together with commercially available Boc-L-�-
homovaline-OH to provide 74. Methyl esters 72-74 were further hydrolyzed 
with LiOH to the carboxylic acids 75-77. Building blocks 63 and 64 were 
coupled with dipeptide 75 to provide the methyl ester-protected tripeptides 
78 and 79. Dipeptides 76 and 77 were also further reacted to provide 80 and 
81. Subsequent deprotection of methyl esters 78-81 gave the carboxylic ac-
ids 82-85.  
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Scheme 9 describes the preparation of the benzene-sulfonamide-containing 
compounds 86-88. To introduce this functionality, the corresponding car-
boxylic acids were preactivated with HATU and DIEA. Preactivation was 
followed by the addition of benzene sulfonamide, N,N-dimethyl-4-amino-
pyridine (DMAP) and DBU.139  

Scheme 9 
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Finally, the �-hydroxy group of compound 82 was oxidized using Dess-
Martin reagent140 to give the �-keto acid 89, as described in Scheme 10. 

Scheme 10 
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7.3 Biochemical evaluation of inhibitors 
Compounds 83-89 were evaluated in an enzymatic assay using the full-
length NS3 protein, a peptide corresponding to the central part of the NS4A 
cofactor, and a fluorescent peptide substrate.141 Structures and biochemical 
test results, expressed as inhibition constants (Ki values), are presented in 
Table 5. 

Table 5. Inhibition constants of HCV NS3 protease inhibitors containing �-amino 
acids. 

Compound Scaffold R Ki ± SD  
(�M) 
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1.2 ± 0.4 

  

SD, standard deviation. 
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7.4 SAR of �-amino-acid-containing inhibitors 
Biochemical evaluation revealed that all the �-amino-acid-containing inhibi-
tors were less potent than their �-amino acid counterparts, J and K (Figure 
21). The inhibitors containing an acyl sulfonamide C-terminal group were 
more potent than the corresponding carboxylic acid derivatives, as seen in 
previous studies.136,142,143 To help understand how the structural changes 
introduced by the �-amino acid replacement affected the inhibitor’s ability to 
interact with the enzyme, docking studies, using the structure of the full-
length protein (PDB ID: 1CU1),79 were performed.  

Substitution with a �-amino acid in position P3 generated moderate inhibi-
tors with both carboxylic acid (85, Ki = 17 �M) and acyl sulfonamide (88, Ki 
= 1.2 �M) as the C-terminal group. According to docking studies, these in-
hibitors showed binding modes similar to the corresponding reference com-
pound. Replacement with a �-amino acid may, however, have introduced 
more ligand strain, which reduced the potency of the inhibitors. As substitu-
tion in the P3 position resulted in inhibitors with �M potency using both C-
terminal groups, this position shows potential for future structural optimiza-
tion. 

Insertion of a �-amino acid in position P2 resulted in inhibitor 87 (Ki = 1.8 
�M), furnished with a C-terminal acyl sulfonamide, and the carboxylic acid 
84, with considerably lower potency (Ki = 61 �M). Docking studies of 84 
indicated that this may be the consequence of the loss of interaction with the 
oxyanion hole, which was not seen in the case of 87. 

The biochemical test results of �-amino acid replacement in position P1 
revealed that 86 (Ki = 14 �M) showed the greatest loss in potency, compared 
to K. Also in this case, molecular modeling suggested that this compound 
was unable to form the important interactions with the oxyanion hole. The 
loss of potency of the carboxylic acid analogue 83 (Ki = 18 �M) inspired to 
carry out a more extensive investigation of the oxyanion hole interactions.  

In order to further explore this interaction, the �-keto analogue 89 was de-
signed and synthesized. Biochemical testing showed 89 (Ki = 1.0 �M) to be 
almost 20-fold more potent than 83. The proposed binding mode of 89, ob-
tained from docking studies, is depicted in Figure 22. The docking studies 
suggests that the �-keto group is positioned for an appropriate interaction 
with the oxyanion hole, and the improvement in potency once again supports 
the importance of a good oxyanion hole interaction. It has previously been 
suggested that compounds with an electrophilic C-terminal �-keto acid in 
combination with a bulky �,�-disubstituted side chain may not bind cova-
lently to the enzyme.95,142,144 Therefore, because of the steric hindrance of the 
neighboring cyclopropyl P1 side chain, inhibitors like 89 may work as prod-
uct-based inhibitors, despite the fact that they contain an electrophilic �-keto 
acid. 

The docking studies also indicated that the position of the �-amino acid 
replacement may affect the hydrogen bonding network of the inhibitors and 
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the protease. Thus, the loss in potency of the �-amino-acid-containing inhib-
itors compared to the reference compounds could also be explained by un-
favorable conditions for the formation of hydrogen bonds between the 
backbone of the inhibitors and the enzyme. 

The results obtained from these compounds and other inhibitors previ-
ously investigated136,145,146 were also used to develop a comparative molecu-
lar field analysis147,148 (CoMFA) model (Paper IV). This model can be used 
to predict the potency and binding mode of future compounds. 

  
Figure 22. Depiction of the hydrogen bonding network observed in docking studies 
of 89. The P3 valine residue is seen lying anti-parallel to the protease, forming hy-
drogen bonds with Ala157. The P1 NH is located in close proximity to the Arg155 
carbonyl, while the �-keto C-terminal group is seen hydrogen bonding with the NHs 
of Gly137 and Ser139. The terminal carboxylic acid moiety may participate in hy-
drogen bonding interactions with Gly137. Hydrogen bond distances varied between 
2.8 Å and 3.4 Å. 

In summary, a set of protease inhibitors has been designed, synthesized and 
evaluated in an HCV NS3 assay. The study provided information regarding 
the structural requirements of HCV NS3 protease inhibitors. The hydrogen 
bonding properties of inhibitors were investigated, and the importance of 
good oxyanion hole interactions was confirmed. Moreover, the results sug-
gest that inhibitors were least affected by �-amino acid replacement in posi-
tion P3. 
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8 Concluding remarks 

This thesis describes the design, synthesis and evaluation of enzyme 
inhibitors targeting M. tuberculosis RNR and HCV NS3 protease. The 
results are summarized below. 
 
M. tuberculosis RNR inhibitors: 
 

• SAR studies of the peptide Ac-Glu-Asp-Asp-Asp-Trp-Asp-Phe 
showed that the Trp and Phe residues of are particularly important 
for inhibition, but larger residues than Trp are tolerated in this 
position. Moreover, the acidic residues of the inhibitor are beneficial 
for potency, although the net charge can be reduced.  

 
• The introduction of an N-terminal Fmoc group in peptides 

corresponding to the M. tuberculosis R2 C-terminus leads to 
improved binding affinity. Furthermore, the protected single amino 
acid Fmoc-Trp was identified as a potential inhibitor that shows 
binding properties comparable to those of larger peptides. 

 
• A benzodiazepine-based scaffold, identified by molecular modeling, 

could replace amino acids in the original peptide sequence to 
generate pseudopeptides with retained ability to compete for the R2 
binding site. Smaller Fmoc-protected analogues also exhibited 
binding affinity comparable to that of the acetylated heptapeptide. 

 
HCV NS3 protease inhibitors: 
 

• The evaluation of �-amino acid replacement in HCV NS3 inhibitors 
highlighted the importance of preserving the hydrogen bonding 
network and retaining electrostatic interactions in the oxyanion hole. 
It was also suggested that the P3 position is least affected by this 
backbone modification. 
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