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By Mi-Sun Kim 

 
 

Part I. Design of a novel class of reversible non-covalent small molecule inhibitors 

for human Granzyme B (hGrB) 
 

 Grazyme B, lymphocyte serine protease, plays a critical role in controlling graft 

versus leukemia and graft-versus-host diseases. A key aim of this study is to design non-

covalent small molecule inhibitors using a computational model and screening approach: 

1) computational solvent mapping to identify “hot spots” in the active site; 2) virtual 

screening with three constraints based on the solvent mapping results; 3) measure enzyme 

activity and selectivity; 4) validate by modeling known covalent blockers. As a result, 

novel classes of hGrB inhibitors have been identified.  To extend the pool of scaffolds, 

‘scaffold hopping’ has been carried out to perform shape-based searching. 
 

Part II. Curcumin and mimics as proteasome inhibitors 
 

 The proteasome is an important target of curcumin, and several groups have 

reported that inhibition of proteasome activity by curcumin and chalcone-based 

derivatives cause apoptosis in human cancer cell lines. In those studies, DFT calculations 

and in silico docking studies were performed to suggest binding poses in the CT-like 

subunit. However, these studies introduce critical and most-likely incorrect assumptions: 

1) the LUMOs were calculated for the unstable diketo form; 2) the LUMO characteristics 

were interpreted to suggest that the carbonyl carbons should be the site of the terminal 

Thr1 nucleophilic attack instead of the -carbon of the enone; 3) an incorrect cis-

structure for the chalcone analogs was employed for the docking. Thus, the specific aim 

of this study is to identify the correct binding poses of curcumin and chalcone-based 

derivatives and to explore the binding pockets of the three active β subunits to explain 

why curcumin potently inhibits the CT-like activity. 
 

Part III. Design of novel coactivator binding inhibitors (CBIs) for the estrogen 

receptor α: break the 1µM barrier 
 

 Novel classes of coactivator binding inhibitors against estrogen receptor α have 

been developed. However, they fail to deliver IC50 values below 1µM in the reporter gene 

assay. To understand these observations and break the 1µM barrier, we performed MD 

simulations to examine solvent-based entropic contributions to the free energy of ligand 

binding. The coactivator is far more effective at expelling water molecules from the 

binding site than the CBIs. These observations strongly suggest that the next generation 

of small molecule CBIs should span more of the peptide space, particularly on the shelf 

adjacent to the binding groove.  
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Part I. Design of a novel class of reversible  

non-covalent small molecule inhibitors  

for human Granzyme B (hGrB) 
 

 

 

Chapter 1. Introduction  

1.1 Graft-versus-leukemia (GVL) vs graft-versus-host disease (GVHD)  

Over the past several decades, allogeneic bone marrow transplantation (BMT) has 

emerged as an important therapeutic option for a number of malignant diseases, 

especially such as acute myeloid leukemia (AML), acute lymphoid leukemia (ALL) and 

chronic myeloid leukemia (CML). The success of BMT relies on the graft-versus-

leukemia (GVL) effect which eradicates remaining malignant cells via immunologic 

mechanisms, however, BMT also faces a major obstacle, namely, acute graft-versus-host 

disease (GVHD) in which functional immune cells in the transplanted marrow recognize 

the recipient as “foreign” and leads to immunologic attack
1
. 

 Cytotoxic T cell (CTL), which belongs to a sub-group of T lymphocytes (a type 

of white blood cell), is capable of recognizing specific infected target cells and inducing 

apoptosis, programmed cell death. Recent work with granzyme B (GrB) deficient mice 

and humans has shown a critical role for GrB, one of the most abundant granzymes in 

CTL granules, in controlling GVL and GVHD: GrB results in GVHD by killing normal 

cells and suppresses GVL by killing useful tumor-specific CTL
2
. Therefore, inhibition of 

GrB has been considered to be an attractive target to promote GVL and prevent GVHD 

(Figure 1).  
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Figure 1. Recent work with granzyme B (GrB) deficient mice and humans has shown a 

critical role for GrB in controlling GVL and GVHD: GrB results in GVHD by killing 

normal cells and suppressing GVL by destroying useful tumor-specific CTL
3
. Therefore, 

inhibition of GrB is considered to be an attractive target to promote GVL and prevent 

GVHD 

 

  

1.2 Specific aims 

Thus, the specific aim of this study is to identify at least one novel class of non-

covalent and reversible small molecule inhibitors for human Granzyme B (hGrB) by 

employing various computational techniques. Since there are no successful noncovalent 

small molecule inhibitors, virtual screening has been carried out initially in the search for 

lead compounds using the X-ray structures of human GrB in complex with a potent 

covalently bound tetrapeptide aldehyde inhibitor.  
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Chapter 2. Background  

2.1 Granzymes (lymphocyte serine proteases) 

 Granzymes are lymphocyte serine proteases that are released by cytoplasmic 

granules within cytotoxic T cells and natural killer cells which defend cells against viral 

infections and the growth of tumors. Exocytosis of lymphocyte granules is one 

mechanism exhibited by infected cells.  The cytotoxic granules consists of perforin, a 

pore-forming protein, and a family of serine proteases called granzymes.
1 

They are 

named because of their location, namely in cytoplasmic granules of CTL and NK cells
4
. 

Other names used for granzymes are cytotoxic cell proteases (CCP), cytotoxic serine 

proteases (CSP), fragmentins, and rat natural killer cell proteases (RNKP)
5
.   

 Granzymes differ in their primary substrate specificities. Four different enzymatic 

activities have been detected in humans: tryptase (cleaving after Arg or Lys), chymase 

(cleaving after Phe, Trp or Tyr), Asp-ase (cleaving after Asp), and Met-ase (cleaving 

after Met, Nle or Leu).
4
 

Table 1. Human granzymes (lymphocyte serine proteases)
1
 

Names Species Enzyme activity 
Predicted P1 

cleavage site 

Granzyme A Human Tryptase Arg/Lys 

Granzyme B Human Asp-ase Asp/Glu 

Granzyme H Human Chymase Phe 

Granzyme K Human Tryptase Arg/Lys 

Granzyme M Human Met-ase Met/Nle/Leu  
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2.2 Granzyme B 

Granzymes A and B are the most abundant granzymes in cytotoxic lymphocyte 

and are expressed earlier than other granzymes
6
. GrB is especially unique among 

mammalian serine proteases resulting from its strong requirement for Asp in the substrate 

P1 position like a number of members of the caspase family, a family of cysteine 

proteases involved in apoptosis. This preference is complemented by Arg226 in the 

enzyme’s S1 pocket.   Please see section 2.2 Substrate for more details.  

According to crystal structure analysis, the Asp-specific S1 subsite of human 

granzyme B is significantly larger and less charged than the caspases, and also larger than 

rat granzyme B
7
.  

 The main player of the catalytic mechanism of GrB is the catalytic triad located in 

the active site of the enzyme, where catalysis occurs, and is conserved in all serine 

proteases. The triad consists of three essential amino acids; Ser195, His57 and Asp102 

residues (Figure 4).  

 

2.3 Substrate for granzyme B 

 Potential natural substrates for GrB include procaspases (caspases-3, 6, 7, 9 and 

10) and other proteins involved in cell death (PARP, DNA-PKcs and NuMA) which have 

similar peptide sequences
4
.  

 Combinatorial substrate libraries have profiled the GrB substrate interactions 

furnishing a clear-cut profile: Ile or Val at P4, Glu, Met, or Gln at P3, broad preference at 

P2, Asp at P1, an uncharged residue at P1’ and Gly or Ala at P2’
8
. Table 2 shows the 
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preferred substrate sequence based on screening by positional scanning with a 

combinatorial peptide library.     

 

Table 2. Preferred substrate sequence based on screening by positional scanning 

with a combinatorial peptide library  

 

 

 

 

 

2.4 Covalent serine protease inhibitors 

 Small molecule serine inhibitors naturally divide into two classes, covalent and 

non-covalent: the former binds covalently to the nucleophilic serine hydroxyl of the Asp-

His-Ser catalytic triad
9
. In those covalent bound compounds, the electrophilic group is 

referred to as the serine trap.  For example, electrophilic carbonyls can reversibly form a 

hemiacetal with the serine hydroxyl and acylating and alkylating agents, such as β-

lactams and mono-halomethylketones.  These are grouped into the irreversible covalent 

inhibitors class
7
. After finding the reversible inhibitor Leupeptin

10
, a peptide aldehyde 

natural product, various aldehyde analogs were reported
11

. However, since the 

recognition of the inherent chemical and metabolic instability of aldehyde serine traps, a 

number of groups developed alternative electrophilic carbonyl groups; amides, 

trifluoromethyl ketones, α-ketoesters, α-diketones, α-ketoheterocycles and organoboronic 

acids
12

.  

P4 P3 P2 P1 P1’ P2’ 

Ile (I) Glu (E) Pro (P) Asp (D) Xaa Gly 
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2.5 Disadvantages of covalent serine protease inhibitors 

 Why is it difficult to develop covalent inhibitors of mammalian serine proteases?  

First, a ‘serine trap’ possesses a reactive functional group which makes the 

molecule more vulnerable to metabolism and may also lead to chemical instability
7
. 

Furthermore, it can lead to a lack of specificity because of the highly conserved Asp-His-

Ser catalytic triad of all serine proteases
7
.  

Secondly, compounds containing a ‘serine trap’ tend to have slow binding 

kinetics because of slow engagement of the active site of serine
13

. Since the serine must 

react with the keto form, the degree of hydration of an electrophilic carbonyl serine trap 

will affect the rate of binding.  

Thirdly, covalent inhibitors can show undesirable side effects. Generally, they 

bind irreversibly to an enzyme and consequently cause changes to the active site, which 

cannot be reversed.
14

 Then, substrates can no longer bind to the active site, the structure 

of which may be totally changed.  Ultimately the protein is denatured.
15

 As a result, if 

proteins in a living cell are denatured, enzymes lose their activity leading to the 

disruption of cell activity and possibly cell death.
16

  

Therefore, non-covalent inhibitors which may be chemically and metabolically 

less reactive and selective have been developed.  

 

2.6 Strategy for non-covalent inhibitor design 

 According to many intensive reports aimed at the development of thrombin and 

factor Xa inhibitors with good selectivity and pharmacokinetic properties, the best 

strategy has been to remove the electrophilic serine trap and rely solely on ionic 
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interactions and hydrogen bonding at P1 as well as hydrophobic contacts with other parts 

of the binding groove
7
.  

 

Chapter 3. Preliminary study 

3.1 X-ray structure of apo-hGrB (PDB ID: 1FQ3)
17

 

3.1.1 Overall Structure 

 Human granzyme B was crystallized without inhibitor, and its structure was 

determined to 3.1 Å resolution. It crystallizes as a dimer, and each molecule is folded into 

two six-stranded β-barrels resembling an ellipse (Figure 2).   

 

Figure 2. GrB molecules A (blue) and B (purple) 
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3.1.2 Active Site (Figure 3) 

  

Figure 3. Subsites (S4-S2’) and related residues for hexapeptide substrate 

 

The specificity pocket (S1) strongly prefers a P1-Asp due to the Arg226 in the S1 

binding pocket. In addition, Asp194 forms an internal salt bridge with Ile16 to generate 

the S1 pocket and the oxyanion hole.  

The hydrophobic S2 groove formed by Phe99 and His57 is shaped to 

accommodate small to medium sized hydrophobic functional groups with a wide exit 

toward the solvent to expose longer and more polar side chains.  

The side chain of a P3 inhibitor would run along the hydrophobic molecular 

surface (S3), pointing between side chains of Lys192 and Asn218 whose terminal 

ammonium and carboxamide groups can form hydrogen bond interactions with polar side 

chains of P3.  This seems to be one reason why GrB strongly prefers P3-Glu with another 
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factor. Namely the induction of an overall positive electrostatic surface by the underlying 

Arg226 side chain.  

The S4 subsite is quite narrow in the free enzyme, so first it must be opened to 

allow insertion of the P4 side chain. It looks as if rigid β-branched Ile or Val might be 

well suited to displace the Tyr174 phenolic group. In the voluminous hydrophobic cavity 

S1’, positively charged Lys40 provides an explanation for the preference of GrB towards 

Asp and Glu, but not towards Arg and Lys. Since the S2’ site is flat and limited in size by 

the imidazole ring of His151, small P2’ moieties should be acceptable in agreement with 

GrB’s preference for P2’-Gly.   

 

3.2 X-ray structure of hGrB complex with tetrapeptide aldehyde inhibitor 

(PDB ID: 1IAU)
18

 

   The 3D structure of the human granzyme B complex with a potent tetrapeptide 

aldehyde inhibitor (Ac-IEPD-CHO, KihGrB = 80 nM, Figure 4) was determined to 2.0 Å 

resolution.  

 

 

 

 

               

Figure 4. Tetrapeptide aldehyde Ac-IEPD-CH 
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The Asp-specific S1 subsite is significantly larger and less charged than caspases 

because of the presence of two arginines. The side chains at P1 and P4 project into the 

binding groove, whereas the side chains of P2 and P3 point away from the body of the 

protein.  

 

3.3 Comparison between apo- and inhibitor-bound GrB 

3.3.1 S1 subsite / P1-Asp 

 

 

 

 

 

 

 

 

Figure 5. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. S1 subsite; dark blue 

(before inhibitor binding) vs light blue (after inhibitor binding). 

 

 Upon ligand binding, the positively charged GrB Arg226 side chain moves away 

to interact optimally with the negatively charged P1-Asp. In addition, Ile16 forms an 

internal salt bridge with Asp194, creating the oxyanion hole and functional S1 pocket 

(Figure 5).  
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3.3.2 Oxyanion Hole 

To stabilize the oxyanion of the reaction intermediates formed during catalysis, an 

‘oxyanion hole’ is created by the Gly193, Asp194 and Ser195 (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Movements of residues in the oxyanion hole upon inhibitor binding; dark blue 

(before inhibitor binding) vs light blue (after inhibitor binding). 
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3.3.3 S2 subsite / P2-Pro   

A hydrophobic wall is generated by Phe99 and the flipping of His57. P2-proline 

points away from the body of the protein and makes no specific interactions with the 

protein. Instead, it induces a slight kink in the inhibitor allowing the P1-Asp to reach its 

optimal conformation in S1 (Figure 7). 

 

 

 

 

 

 

 

 

 

 

Figure 7. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. S2 subsite; dark red 

(before inhibitor binding) vs pink (after inhibitor binding).  
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3.3.4 S3 subsite / P3-Glu 

Side chains of P3-Glu not only point away from the body of the protein but also 

form hydrogen bond interactions with Asn218, Gly216 and Lys192 (Figure 8).  

 

 

 

 

 

 

 

 

 

 

Figure 8. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. (A) S3 subsite; dark 

yellow (before inhibitor binding) vs light yellow (after inhibitor binding).  
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3.3.5 S4 subsite / P4-Ile 

The shallow hydrophobic depression is formed by aromatic rings (Tyr174 and Tyr215) 

and the side chain of Leu171, while the surface edges are composed of two solvent 

exposed Arg (Arg217 and Arg172) which move a great deal upon inhibitor binding 

(Figure 9). The changed shape does not appear to be large enough for a sizeable 

hydrophobic group such as Phe.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. S4 subsite; dark green 

(before inhibitor binding) vs light green (after inhibitor binding).  
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3.3.6 S1’ subsite / P1’-Trp (enough) 

Considerable movements of the Lys40 side chain generated a large hydrophobic 

pocket formed by the disulfide bridge between Cys58 and Cys42, Lys40 and Ile35.  This 

space seems generous enough to fit even a Trp (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. S1’ subsite; dark 

orange (before inhibitor binding) vs light orange (after inhibitor binding).  
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3.3.7 S2’ subsite / P2’-Gly 

In the S2’ subsite, a narrow corridor consistent with the specificity for Gly at P2’ 

is generated by significant movements of side chains at His151, Gln143 and Arg41 

(Figure 11).  

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Movements of residues in the active site upon inhibitor binding. Protein 

residues and inhibitor are marked with tube and CPK, respectively. S2’ subsite; dark 

purple (before inhibitor binding) vs light purple (after inhibitor binding).  

 

It should be emphasized that the comments above and deductions made below 

depend on the X-ray structure of a single covalently bound inhibitor; see Chapter. 10 

below for  discussion.  
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Chapter 4. Computational solvent mapping 

4.1 FTMAP algorithm 

 To identify lead compounds from commercially available libraries, docking 

studies are one of the currently useful approaches. Even though various algorithms and 

scoring functions have been used in attempts to predict realistic binding poses and rank 

them, the following questions are still raised: which poses are real conformations in the 

receptor and which residues are important for the ligand binding.  

According to various studies, it is believed that various residues in the binding 

region do not contribute equally to the binding free energy: smaller regions can provide 

major contributions to the binding free energy
19

.  One calls those smaller regions of high 

or special activity ‘hot spots’. Such regions are more likely to bind small drug-like 

molecules with higher affinity than the rest of the binding site
20

.  

Therefore, their identification is very important for drug design. To address this 

problem, computational solvent mapping had been performed to explore the protein’s 

binding properties and understand interactions between proteins and solvent molecules by 

placing multiple copies of 16 different small organic molecular probes on the protein 

surface using the FTMAP algorithm based on the extremely efficient fast Fourier 

transform (FFT) correlation approach
21

. For each of the 16 probes, the mapping algorithm 

generates 2000 best bound positions through rigid body docking followed by energy 

minimization to refine the positions.  The resulting conformations are clustered, and all 

clusters are ranked on the basis of average free energy. For each probe, six clusters with 

the lowest average free energy are kept and overlapping clusters of different probes are 

defined as consensus sites (CSs). The largest CS is generally located at the most 
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important subsite of the protein binding site, and the nearby smaller CSs identify other 

important subsites (Figure 12).  

 

 

Figure 12. Outline of computational solvent mapping algorithms used by FTMAP. 

 

 Two X-ray structures (apo- (PDB ID: 1FQ3) and covalent inhibitor bound (PDB 

ID: 1IAU) GrB) were mapped to not only identify hot spots, but also compared the two 

for side chain locations in the binding sites. The comparison shows what changes 

occurred after inhibitor binding to the protein. Inhibitor and water molecules were 

removed before the mapping.  
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4.2 Computational solvent mapping results comparison before and after 

inhibitor binding 

4.2.1 S1 subsite / P1-Asp 

As discussed above (Figure 5), changes in both size and the position of S1 subsite 

from the apo form to the bound form increased the volume in the bound form allowing  

three water molecules (red spheres) to be bound along with the inhibitor (Figure 13. (a)).  

Computational solvent mapping results also show a deeper S1 subsite than that 

before inhibitor binding: more probes bind in the deep S1 pocket induced by ligand 

binding, in good agreement with X-ray results (Figure 13. (b)). 
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a 

 

 

 

 

 

 

b 

 

 

 

 

 

 

 

Figure 13. Water molecules in the S1 pocket and alignment of consensus sites for the apo 

and inhibitor bound forms of GrB. (a) Changes in both size and position of the S1 subsite 

from the apo form to the bound form (covalently bound inhibitor shown as four sets of 

colored CPK) is illustrated by the dark blue and light blue sticks, respectively.   The 

volume increase in the bound form allows three water molecules (red spheres) to be 

bound along with the inhibitor; (b) Alignments of the consensus sites resulting from 

computational solvent mapping; blue (apo structure  before inhibitor binding) vs orange 

(bound form after inhibitor binding).  
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4.2.2 S2 subsite / P2-Pro   

The new generated pocket by movements of Phe99 and His57 as well as Pro96, 

Try94 and Asp102 was also found in the mapping results (Figure 14) 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Alignments of consensus sites resulting from computational solvent mapping; 

blue (before inhibitor binding) vs orange (after inhibitor binding).  
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4.2.3 S3 subsite / P3-Glu 

Some changes of the probes binding site from computational solvent mapping 

were observed due to the side chain movements of those three residues, namely Asn218, 

Gly216 and Lys192, to form hydrogen bond interactions with the P3-Glu (Figure 15).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Alignments of consensus sites resulting from computational solvent mapping; 

blue (before inhibitor binding) vs orange (after inhibitor binding). 
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4.2.4 S4 subsite / P4-Ile 

The changes in the S4 subsite were also observed by computational solvent 

mapping due to the side chain movements around this area, especially the two Arg 

(Arg217 and Arg172) (Figure 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Alignments of consensus sites resulting from computational solvent mapping; 

blue (before inhibitor binding) vs orange (after inhibitor binding). 
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4.2.5 S1’ subsite / P1’-Trp (enough) 

During the computational solvent mapping, probes also bind within the large 

hydrophobic S1’ pocket induced by the inhibitor, where no binding occurred in the apo-

GrB (Figure 17) 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Alignments of consensus sites resulting from computational solvent mapping; 

blue (before inhibitor binding) vs orange (after inhibitor binding). 
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4.2.6 S2’ subsite / P2’-Gly 

The  probes bind in this hydrophobic pocket induced by inhibitor binding, where 

no binding was observed in the apo-GrB (Figure 18). 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Alignments of consensus sites resulting from computational solvent mapping; 

blue (before inhibitor binding) vs orange (after inhibitor binding). 
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4.3 Summary of GrB mapping results 

Table 3 lists the eight largest CSs located in the active site for each structure. The 

three largest CSs for apo-GrB are subsites S3-S4, Over S1’ and S1-S2 with 27, 14 and 14 

probe clusters, respectively (Table 3 and Figure 19). There is also one smaller cluster in 

extended S2.  

After inhibitor binding, the conformation of the protein is changed, especially in 

the binding site.  Similar observations regarding plasticity in the binding site have been 

made in the comparison of covalent and noncovalent inhibitors of elastase.
22

 FTMAP 

also identified all subsites (S4-S2’) that bind organic molecules in the overall active site 

(Table 3 and Figure 19). Note that the prime subsites (S1’-S2’) appear, and new pockets 

deep in S2 were generated after inhibitor binding.  

 

Table 3. Summary of GrB mapping results 

 

No 
1FQ3 1IAU 

Apo-GrB Ac-IEPD-CHO-GrB 

 size pocket size pocket 

1 27 S3 – S4 17 S4 

2 14 Over S1’ 16 Not active site 

3 14 S1 – S2 13 S1 

4 11 Not active site 12 S2 

5 9 Not active site 11 S1’ 

6 9 Extended S2 9 Over S2 & S1’ 

7 7 Not active site 8 S2’ 

8 2 Not active site 8 Not active site 
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a                                                                              b                                                                                    

 

 

Figure 19. Consensus sites in the binding site of (A) apo GrB (PDB code 1FQ3) and (B) 

Ac-IEPD-CHO-GrB (PDB code 1IAU) indicating a reorganization of the binding site 

residues.  

 

4.4 Distribution analysis of non-bonded interactions and hydrogen bonds 

between probes and hGrB residues  

Figure 20 shows the distribution of non-bonded interactions between probes and  

GrB residues in the active site. Before inhibitor binding, major residues participating in 

non-bonded interactions are; Ser195 of S1; His57 and Phe99 of S2; Leu171, Tyr174 and 

Tyr215 of S4. After inhibitor binding, interactions with Arg41 of S2’, Lys40 of S1’, 

Phe191 of S1 and Phe99 of S2 increased. On the other hand, interactions with Leu171 of 

S4 decreased. In both cases, Lys192 extends from S1 to S3 and establishes a barrier 

between these sites and the solvent pool.  This is significant for understanding how this 

important residue develops hydrophobic and hydrophilic interactions with inhibitors as 

illustrated by probe contacts shown in Figures 20 and 21. 
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Figure 20. Intermolecular non-bonded interactions between probes and residues for apo-

GrB (blue) and Ac-IEPD-CHO-bound GrB (red) without the ligand.  

 

Figure 21. Intermolecular hydrogen bond interactions between probes and residues for 

apo-GrB (blue) and Ac-IEPD-CHO-bound GrB (red) without the ligand. 
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 In the same way, Figure 21 shows the distribution of hydrogen bond interactions 

between probes and GrB residues in the active site. Before inhibitor binding, the major 

residues participated in hydrogen bond interactions are; Lys40 of S1’; Arg226, Ser214, 

Gly193, Ser195 of S1; His57 of S2; Gly216 of S3; Leu171 of S4; and Lys192 of the wall 

between S1-S3. After inhibitor binding, dramatic changes occurred: interactions with 

residues of S2’ and S1’increased. on the other hand interactions with Leu171 of S4 

disappeared, possibly increasing the hydrophobicity of S4. Surprisingly, the number of 

probe contacts with Arg226 in the S1 decreased dramatically after inhibitor binding. By 

contrast, interactions with Ser214, Gly193 and Ser195 increased.  

 

4.5 Three constraints 

 Based on the mapping results, three constraints were selected for docking studies 

utilizing the Ac-IEPD-CHO bound protein (PDB ID: 1IAU): first, hydrogen bond with 

Arg226 in S1 to identify molecules with P1-Asp specificity motif; second, S2 pocket that 

should be occupied (Figure 16. A); third, hydrophobic interaction in the S4 pocket 

(Figure 16. B). 
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a                                                        b 

 

 

 

Figure 22. Selected constraints based on mapping results for the docking study: (A) 

deeper S2 pocket generated after inhibitor binding should be occupied and (circle in 

yellow) (B) hydrophobic interactions in the S4 pocket (cubes in pink).  

 

Chapter 5. Virtual screening 

5.1 Libraries  

5.1.1 Maybridge Screening Collection (MSC)
23

    

 The Maybridge Screening Collection consists of over 56,000 organic compounds 

available from Maybridge. The compounds are the most diverse out of 10 commercially 

available libraries and the ACD. Of ~400,000 pharmacophores in the world drug index, 

~87 % are expressed by the MSC. Moreover, they generally obey Lipinski’s ‘rule of 5’ 

and show good ADME (Absorption, Distribution, Metabolism and Excretion) profiles. 

The purity is greater than 90 % and reactive molecules are already excluded to reduce the 

number of false positives.  
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5.1.2 TimTec ActiTarg-P (Protease targeted library)
24

   

 The ActiTarg-P collection produced by TimTec is a screening set of 1,520 

molecules that possess chemical lattices present in compounds reported in the technical 

or patent literature to contain various protease-inhibiting properties. This targeted 

collection was built on the basis of structure and fragment similarity to known protease 

inhibitors in order to probe diverse chemical space.  

 

5.1.3 ChemDiv (Protease targeted library and Asp recognition motif)
25

   

 8,300 compounds from the protease library and 430 compounds with an aspartate 

recognition motif were selected for further screening. They were designed based on 

active ligands/inhibitors as prototypes from the patent and research literature or from a 

compound database, compounds of which were further substituted with various 

bioisosteres.  

 

5.2 Glide Docking 

 All compounds from the three libraries (Maybridge Screening Collection total = 

over 56,000, Timtec ActiTarg-P (protease targeted library) total = 1,520, ChemDiv 

(protease targeted library and compounds with aspartic recognition motif) total = 8.730) 

were screened by Glide standard-precision (SP) docking using three constraints generated 

from computational solvent mapping. As mentioned above, the latter identifies binding 

‘hot spots’ that provide major contributions to the binding free energy following 

placement of 16 diverse organic molecular probes on the protein surface. As a result, a 
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total 4,552 hits (715 from Maybridge Screening Collection, 203 from ActiTarg-P and 

3,634 from ChemDiv) were selected.  

 Second, extra-precision (XP) docking, which was developed to weed out false 

positives and provide a better correlation between good poses and good scores, was 

performed with 715 hits of Maybridge SC and 3,634 from ChemDiv to select more 

reasonable poses and reduce the number of purchased compounds for the first bio-assay. 

Finally, a total of 511 available compounds (46 from Maybridge SC, 203 from ActiTarg-

P and 262 from ChemDiv) were ordered for bio-assay.  

 

Chapter 6. Bioassay results 

 First of all, I deeply appreciate Drs. Dean Heathcote and Philip G Ashton-

Rickardt of Imperial College London as collaborators who turned around the bio-data 

quickly and efficiently.  

As a result of screening of 511 selected hits from the virtual screening of 66,250 

compounds from three libraries at 100 µM followed by serial dilution of the compounds 

showing greater than 40 % inhibition of enzyme activity, a total of 28 compounds (21 

compounds from TimTec and 7 compounds from ChemDiv) showed inhibition and 

calculated IC50 values. In addition, any compound showing inhibition under 50 µM was 

selected for selectivity testing against GrA, caspase-3 and caspase-8.  
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6.1 Hits from TimTec ActiTarg-P 

6.1.1 Thiotetrazole series 

 

Table 4. Thiotetrazole series of compounds showing inhibition against GrB and 

selectivity results.  

 

Compound Structure MW GrB GrA 
Casp-

3 

Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

ST053449 

 

338.85 35 95 >100 82 

ST054336 

 

384.45 45 >100 75 62.5 

ST025517 

 

417.48 69 
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Figure 23 shows the predicted binding mode of ST053449 (IC50 = 35 µM). The 

tetrazole ring is located in the P1-Asp recognition position, forming weak H-bond 

interaction with Arg226 (2.45 Å). In addition, in all these series, there is enough room to 

add additional functional groups for both HB and HP interactions in the deep S1 pocket. 

There is also room to improve activity for HP at the P2 and P4 positions.  

 

 

 

 

 

 

 

 

 

 

Figure 23. The predicted binding mode of ST053449.  A hydrogen bond between 

Arg226 and N tetrazole is indicated with the yellow dotted line (2.45 Å).  

ST056810 

 

405.27 80 
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6.1.2 Thiotriazole series.  

 

Table 5. Thiotriazole series showing inhibition against GrB and selectivity results.  
 
  

 

 

 

 

 

 

Compound Structure MW GrB GrA 
Casp-

3 

Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

ST057416 

 

580.06 44 >100 >100 >100 

ST045738 

 

455.49 74 
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Figure 24 shows the predicted binding mode of ST057416 (IC50 = 44 µM). The O 

of benzodioxin forms an HB with Arg226, and chlorophenyl points away from the body 

(2.01 Å). In addition, there is some space to add a small aliphatic group such as methyl to 

phenyl in the S2 to improve activity.                                                        

 

 

 

 

 

 

 

 

 

 

Figure 24. The predicted binding mode of ST057416.  A hydrogen bond between 

Arg226 and the O of benzodioxin is indicated with yellow dotted line (2.01 Å).  
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6.1.3 Thiazolidinedione series 

 

Table 6. Thiazolidinedione series showing inhibition against GrB and selectivity results.  
 
 

Compound Structure MW GrB GrA 
Casp-

3 

Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

ST057924 

 

469.51 25 >100 >100 >100 

ST057833 

 

520.52 28 >100 >100 >100 

ST057890 

 

444.89 33 37.5 82.5 74 
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ST058173 

 

496.92 33 >100 >100 44 

ST057942 

 

490.53 38 
   

ST057871 

 

405.47 38 >100 47 >100 

ST057842 

 

567.01 67 
   



39 

 

 

 

Figure 25 shows the predicted binding mode of ST057924 (IC50 = 25 µM). 

Acetamide is located in the P1-Asp recognition position, forming weak a HB interaction 

between the carbonyl O and the NH of Arg226 (2.47 Å). In addition, there is more space 

to add hydrophobic functional groups in both P2 and P4 positions.     

In addition, Figure 26 shows the predicted binding mode of ST057833 (IC50 = 28 

µM). A nitro-phenyl group is located in the P1-Asp recognition position, forming a 

strong HB interaction between a nitro O and NH of Arg226 (1.76 Å). In addition, there 

are two more HB interactions: between NH of P1-phenyl and Ser195 (1.79 Å) and 

between the amide O and NH of Asn218 (2.02 Å). There is also more space to add 

hydrophobic functional groups in both the P2 and P4 positions.  

ST057992 

 

412.52 68 
   

ST057824 

 

496.92 100 
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Figure 25. The predicted binding mode of ST057924.  A hydrogen bond between 

Arg226 and the carbonyl O is indicated with yellow dotted line (2.47 Å).  

 

 

 

 

 

 

 

 

 

 

Figure 26. The predicted binding mode of ST057833.  A hydrogen bond between 

Arg226 and the nitro O is indicated with yellow dotted line (1.76 Å).  
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Within this series, compounds having carboxylic acid substituents (ST058173, 

ST057942, ST057842, ST057824) show similar conformations in that the carboxylic acid 

groups and form HB interactions with Arg226 in the P1-Asp recognition position within 

2.3 Å.  

 

6.1.4 Diazolidinedione series 

 

Table 7. Diazolidinedione series showing inhibition against GrB and selectivity results.  
 
 

Compound Structure MW GrB GrA 
Casp-

3 

Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

ST058025 

 

459.50 44 >100 >100 >100 

ST058039 

 

457.53 53 >100 >100 67.5 
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ST057786 

 

444.45 87 
   

ST057803 

 

423.42 95 
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Figure 27 shows the predicted binding mode of ST058025 (IC50 = 44 µM). Weak 

H-bond interactions between the methoxy O and Arg226 (2.65 Å) were predicted. There 

is also room to improve activity for HP in the P2 and P4 positions.  

 

 

 

 

 

 

 

 

 

 

Figure 27. The predicted binding mode of ST058025.  A hydrogen bond between 

Arg226 and the methoxy O is indicated with yellow dotted line (2.65 Å).  

 

Note that both the thiazolidinedione and diazolidinedione series possess Michael 

acceptors, which could make covalent bonds with Ser195. However, they don’t seem to 

bind in the same fashion as the covalent inhibitor, Ac-IEPD-CHO, based on docking 

studies.  
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6.1.5 Others 

Table 8. Other compounds showing inhibition against GrB and selectivity results.  

 

 

Figure 28 shows the predicted binding mode of ST014575 (IC50 = 54 µM). Although 

there are three constraints during docking including HB with Arg226, this compound 

doesn’t have any functional group for the latter HB interaction. However, the NH and N 

of the aza group form strong HB interactions with O and NH of Gly216 within 1.59 Å 

and 2.27 Å, respectively. And to improve activity, it seems that modification of HB in P1 

phenyl, HP in P2 benzyl and P4 phenyl would be effective. 

 

Compound Structure MW GrB GrA 
Casp-

3 
Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

ST014575 

 

429.52 54 >100 >100 67.5 

ST066636 

 

455.46 63 
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Figure 28. The predicted binding mode of ST014575.   Hydrogen bonds between Gly216 

and the NH-N(=) moiety is indicated with yellow dotted line (1.59 and 2.27 Å, 

respectively).  
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6.2 Hits from ChemDiv  

6.2.1 Sulfonamide series 

 

Table 9. Sulfonamide series showing inhibition against GrB and selectivity results. 

 

 

 

 

 

 

Compound Structure MW GrB GrA 
Casp-

3 
Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

L581-0227 

 

457.54 45 >100 >100 >100 

L582-0183 

 

457.54 50 
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Figure 29 shows the predicted binding mode of L581-0227 (IC50 = 45 µM). The 

methoxyphenyl goes into the S1 pocket, forming a HB interaction between the methoxy 

O and the NH of Gly216 (2.01 Å), terminal N and O of Gly216 (1.90 Å).  Sulfonamide 

group form strong HB interactions with Gly193 and Ser195 (2.07 Å and 2.03 Å, 

respectively) of S1 pocket. The benzyl group in the middle of the structure occupies the 

S2 pocket, and the cyclopropyl group makes HP interactions in the S4 pocket.  

 

 

 

 

 

 

 

 

 

 

Figure 29. The predicted binding mode of L581-0227. Hydrogen bonds between the 

methoxy O and the NH of Gly216 (2.01 Å), terminal N and O of Gly216 (1.90 Å), 

sulfonamide group with Gly193 and Ser195 (2.07 Å and 2.03 Å, respectively) of the S1 

pocket are indicated.  
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6.2.2 Tricyclic series 

Table 10. Tricyclic series showing inhibition against GrB and selectivity results. 
 

Compound Structure MW GrB GrA 
Casp-

3 
Casp-

8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

G202-0454 

 

500.05 53    

G202-0149 

 

465.61 30 50 >100 >100 

E627-0402 

 

462.59 80    
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Figure 30 shows binding mode of (a) G202-0149 (IC50 = 30 µM) and (b) E627-

0664 (IC50 = 30 µM). Methoxyphenyl group of G202-0149 and pyridine ring of E627-

0664 are predicted to occupy the S1 pocket; tricyclic groups go into the S2 pocket. 

 

a                                                                      b 

 

 

 

Figure 30. The predicted binding modes of (a) G202-0149 and (b) E627-0664. The 

methoxyphenyl of G202-0149 forms hydrogen bonds with Arg226 (2.09 Å) and Gly216 

(2.48 Å). The terminal NH of amide forms a hydrogen bond with Gly216 (2.06 Å).  

E627-0664 

 

495.62 30 67.5 >100 >100 
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6.2.3 Other 

 

Table 11. 5782-5949 showing weak inhibition against GrB 

 

 

6. 3 Summary of the characteristics of the various classes of compounds 

 Of 18 compounds showing IC50 values below 50 µM, triazole ST057416 (44 µM), 

thiazolidinediones ST057924 (25 µM) and ST057833 (28 µM), diazolidinedione 

ST058025 (44 µM), and sulfonamide L581-0227 (45 µM) show good selectivity against 

GrA as well as Caspase-3 and 8.  

Thiazolidinedione and diaaolidinedione series possess Michael acceptors which 

could form covalent bond with Ser195, however, the possibility seems to be low based on 

docking studies since the conformations of the protein side chains reorganize 

significantly upon ligand binding.  

 All active compounds bind in the same way in the active site as the tetrapeptide 

aldehyde inhibitor, Ac-IEPD-CHO, occupying all subsites.  

Compound Structure MW GrB GrA 
Casp-

3 
Casp-8 

   
IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

IC50 

(µM) 

5782-5949 

 

463.92 94    
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The smallest compound in the thiotetrazole series, ST053449 (MW 338.85), has 

been modified to improve activity and selectivity by chemists (Lauriane Buisson, Chris 

Braddock, and Anthony G M Barrett at Imperial College London).  

In addition, the tricyclic series from ChemDiv has been used to supply query 

molecules for scaffold hopping because the location of the tricyclic groups accord with 

those of the Merck compounds based on docking poses.  

 

Chapter 7. Selectivity 

 Several crystal structures of tetrapeptide inhibitors bound to GrB and Caspase-3 

and 8 were analyzed and compared to improve selectivity between them.   

 GrB (serine protease) and the caspase (cysteine protease) family members are the 

only proteases that are involved in cell death. Even though they show distinct catalytic 

mechanisms from other classes of enzymes, and are unrelated in sequence, they share 

both substrate specificity for P1-Asp and a biological role in promoting apoptosis. 

Therefore, it is important for inhibitors of GrB to be selective against the caspases, 

especially caspase-3 (apoptosis effectors) and 8 (apoptosis signaling).     

 

7.1 Caspase-3 vs Caspase-8 

 In terms of both substrate specificity and inhibitor selectivity, the P4 position 

offers the most variability between all members of the caspase family
26

. Especially, Casp-

3 strongly prefers Asp for P4. Casp-8 can also bind a P4-Asp inhibitor, however, it shows 

a 4-fold less preference than Casp-3. In contrast, Casp-8 prefers hydrophobic residues 

such as Leu or Val for P4. This might explain why our compounds with hydrophobic P4 
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show better selectivity against Casp-3 than Casp-8: of 14 compounds in the selectivity 

test, 11 are inactive to Casp-3, whereas 8 are inactive to Casp-8 (Table 4 – 10). Table 12 

lists amino acid preferences for each subsite in addition to HB and hydrophobic 

interactions for Casp-3 and 8. 

 

7.2 GrB vs Caspase-3 and 8 

 In addition, according to various studies,
7, 25, 27

   common features of the three 

enzymes (GrB and Casp-3 and 8) are: First they strongly require P1- Asp, and second 

they also prefer P3-Glu. Different features are: First, the S1 of GrB is larger and less 

charged than caspases because GrB has only one Arg whereas caspases have two such 

residues near S1. Second, S4 of GrB is more hydrophobic so it prefers P4-Ile. On the 

other hand, casp-3 strongly prefers P4-Asp and casp-8 prefers more hydrophobic residues 

for P4 than casp-3 such as Ile, Val, or Leu like GrB. Table 13 summarizes more details.  

In this study, from a total of 28 active compounds (21 compounds from TimTec 

and 7 compounds from ChemDiv), any compound showing inhibition under 50 µM was 

selected for selectivity evaluation against GrA, Caspase-3 and 8 (Table 4-11) . 
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Table 12. Caspase-3 and Caspase-8 preferences, HBs and hydrophobic interactions for 

each subsite. 

 

 Caspase-3 Caspase-8 

P1-Asp 

 

Covalently bound to the nucleophilic Cys  

/ HBs between thiohemiacetal O and His and Gly  

/ Salt bridge between P1-Asp and two Arg as well as conserved Gln 

P2-Val Hydrophobic interactions 

P3-Glu Salt bridge between Glu and Arg Salt bridge between Glu and two Arg 

P4-Asp HBs with Phe and Asn  

/ Water mediated HBs  

with Trp and Phe 

HBs with Asn and Trp  

/ Water mediated HBs with Asp 

N-Acetyl Two HBs with Ser  

/  Less hydrophobic interactions 

HBs with Asn 

 / Hydrophobic interactions with Pro 

 

Table 13. Common and different features for GrB and Caspase3-8 

2 

 Granzyme B Caspase-3 Caspase-8 

Common Absolute requirement of P1-Asp / Preferred P3-Glu 

Different S1 is larger  

and less charged 

because only one Arg 

Two Arg 

Less constricted and  

more hydrophobic S4 

(Preferred P4-Ile,  

not enough for Phe) 

Strong preference  

P4-Asp 

Preferred  

P4-Ile / Leu / Val 

Preferred IEPD 

(Ile-Glu-Pro-Asp) 

DEXD 

(Asp-Glu-Any-Asp) 

LEXD 

(Leu/Val-Glu-Any-Asp) 

Ki Ac-IEPD-CHO = 80 nM Ac-DEVD-CHO 

= 0.23 nM 

Ac-YVAD-CHO  

= 10 µM 

Ac-DEVD-CHO 

= 0.92 nM 
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Chapter 8. Scaffold hopping  

 Above, we describe various scaffolds grouped into several categories by 

screening.  In addition to these efforts, a shape-based, ligand-centric approach has been 

carried out to identify novel scaffolds.  We sought structurally dissimilar molecules with 

a high probability of biological activity as well as synthetic opportunities to further 

optimize affinity and overcome issues such as poor ADME/Tox and established patent 

coverage. According to various studies, this approach is often superior to the protein-

centric approach taken by docking
28

.  

 To do this, the ROCS (Rapid Overlay of Chemical Structures)
29

 method from 

OpenEye Scientific Software was used, an approach designed to perform large scale 3D 

database searches by using shape-based superposition. Molecules are aligned by a solid-

body optimization process that maximizes the overlap volume between them. In addition 

to a shape component, ROCS uses a “color force field” score based on defined atom 

types (cations, anions, hydrogen bond donors, hydrogen bond acceptors, hydrophobes, 

and rings) and “TanimotoCombo (shape + color) score. Therefore, one can identify 

compounds which are similar in shape, charge properties and chemistry.  

 

8.1 Merck compounds modeling  

To select query molecules from hit compounds discovered by previous virtual 

screening, a noncovalent class of Merck compounds were extensively studied
30

. Since 

their crystal structures complexed with granzyme B are not known, binding poses were 

predicted by docking studies.  
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8.1.1 Binding pose of Merck 15 (KiGrB = 38 nM / IC50_apoptosis = 30 µM) 

 

 

 

 

 

Figure 31. The structure of Merck 15 

 

A rigid tricyclic group in the P2-P3 position and 1,2,3 triazole substitution at P1 

(modification of the serine trap, Figure 31) give about 2-fold improvement (KiGrB = 38 

nM) over the IEPD-CHO (KiGrB = 80 nM). According to docking evaluation in the 

present work, Merck 15 shows good alignment with IEPD-CHO (Figure 32. (a)) and 

retains key HB interactions with Arg226 (2.13 Å), Ser214 (1.79 Å), Gly216 (1.88 / 2.36 

Å), and Asn218 (1.79 Å) (Figure 32. (b)).  

 

Figure 32. Merck 15 at the active site of GrB. (a) Alignment of 15 with IEPD-CHO 

(yellow) in a binding pose conformation, and (b) the predicted binding pose of Merck 15.   
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In spite of loss of a HB by P3-Glu, the increased hydrophobicity of Merck 15, 

presumably as a result of its tricyclic group, seems to improve the activity. 

 

8.1.2 Binding pose of Merck 19 (KiGrB = 13 nM / IC50_apoptosis = 6.3 µM) 

 

 

 

 

 

Figure 33. The structure of Merck 19 

 

By adding a hydrophobic phenyl group at the P5 position (Figure 33), enzyme 

and cellular activity were improved 3- and 5-fold, respectively, over Merck 15 

presumably due to a cation-π interaction between the phenyl ring and Arg217 (Figure 37. 

(b)).  A cation-π interaction is a strong, noncovalent binding interaction, in which side 

chains of the aromatic (Phe, Tyr, Trp) provides a surface of negative electrostatic 

potential that can bind to a wide range of cations through electrostatic interaction. Since, 

cation-π interactions contribute significantly to stabilizing protein secondary structure as 

well as drug-receptor interactions, these interactions along with the hydrogen bonding, 

ion pairing (salt bridges), and hydrophobic effect are considered as the 4th key force that 

contribute to macromolecular structure and molecular recognition in biology.
31

 

According to the docking studies employing final scoring with MM-GBSA, 

Merck 19 shows good alignment with IEPD-CHO (Figure 34. (a))  and keeps key HB 
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interactions with Arg226 (2.13 Å), Ser214 (1.79 Å), Gly216 (1.86 / 2.34 Å), and Asn218 

(1.84 Å) (Figure 34. (b)). 

 

 

Figure 34. (a) Alignment with IEPD-CHO (yellow) and (b) the predicted binding pose of 

Merck 19.   

 

8.1.3 Binding pose of Merck 20 (KiGrB = 7 nM / IC50_apoptosis = 3.1 µM) 

 

 

 

 

 

Figure 35. The structure of Merck 20 

 

By adding a hydrophobic benzothiophene group in the P5 position, enzyme and 

cellular activity were further improved 5- and 10-fold, respectively, over Merck 15 due 
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to cation-π interaction between benzothiophene ring and Arg217 (Figure 37. (b)). 

According to the docking studies, Merck 20 shows good alignment with IEPD-CHO 

(Figure 36. (a))  and keeps key HB interactions with Arg226 (2.14 Å), Ser214 (1.79 Å), 

and Gly216 (1.89 / 2.36 Å (Figure 36. (b)).  

 

Figure 36. (a) Alignment with IEPD-CHO (yellow) and (b) the predicted binding pose of 

Merck 20.   
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Figure 37. (a) Alignment with Merck 19 (blue) and Merck 20 (margenta) and (b) the 

cation-π interaction between Arg217 and P5-phenyl and benzothiophene rings of Merck 

19 and Merck 20, respectively. 

 

 

Figure 38. Alignment of (a) G202-0149 and (b) E627-0664 with Merck 20 (light blue).  
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Of the hit compounds from virtual screening, there are several tricyclic 

compounds from ChemDiv libraries (Table 10).  The predicted binding poses of G202-

0149 (IC50_GrB = 30 µM) and E627-0664 (IC50_GrB = 30 µM) showing IC50 under 50 µM 

were superimposed on Merck 20 to compare the position of tricyclic rings (Figure 38). 

Since the position of tricyclic rings of G202-0149 and E627-0664 were aligned well with 

one of Merck 20, the two compounds were added to the query molecules.   

 

8.2 Search Queries  

 As inhibitors of hGrB, a tetrapeptide inhibitor, IEPD-CHO, and several Merck 

compounds have been published. And, from our current virtual screening based on 

computational solvent mapping, various scaffolds which show moderate activity were 

identified. Of them, the tricyclic compounds G202-0149 and E627-0664, which align 

well with the Merck compounds and the tetrazole compound ST053449 (current starting 

compound) were selected as search molecules for the ROCS procedure along with IEPD-

CHO and Merck-20.  Two types of templates (“Full” which used a whole structure, and 

“Part” which is a substructure) were used as ROCS queries (Table 14). 
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Table 14. Structures used as ROCS queries. Two types of templates were used: “Full” 

query where all heavy atoms were used, and “Part” query where substructures were used. 

Since ST053449 is small, the entire molecular structure was employed. 

 “Full” query “Part” query 

IEPD-CHO 

(Ki = 80 nM) 

 

 

Merck 20 

(Ki = 7nM) 

 

 

G202-0149 

(IC50 = 30 µM) 

 

 

E627-0664 

(IC50 = 30 µM) 

 

 

ST053449 

(IC50 = 35 µM) 
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8.3 Library: protease-targeted libraries  

 The Table 15 shows the screening libraries.  

 

Table 15. The protease-targeted libraries for scaffold hopping.  

Company Library Total # of Molecules 

TimTec ActiTarg-P 1,520 

ChemDiv 

Aspartic Recognition Motif 430 

Serine / Cysteine  

Proteases Inhibitors Lib 
8,300 

Enamine 

Protease Targeted Lib 3,927 

Caspase-3 Targeted Lib 226 
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8.4 Computational procedures 

8.4.1 Create a query 

 Each molecule generated a corresponding query (Figure 39).  Figure 39 is a 

query from G202-0149 generated by ROCS where the molecular structure of the hit is 

displayed as green sticks with associated shape and color atoms.  

 

 

 

 

 

 

 

 

Figure 39. All three portions (molecule, shape and color) are generated by ROCS. The 

aligned hit molecule is shown as green sticks colored by atom type. In addition to shape, 

color atoms are displayed: rings (green), hydrophobe (yellow), and acceptor / donor (red  

/ blue).  

 

8.4.2 Perform a ROCS run 

 Pre-computed conformers for each compound in each library were aligned to 

each query to find and quantify the maximal overlap of the volume and color atoms. The 

most common score, TanimotoCombo (shape + color) is generally used when the query 

and library molecules are of similar size. 



64 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. A hit molecule (gray stick by atom type) is aligned to the query molecule 

(green stick by atom type.  

 

In the Figure 40, an aligned hit molecule is shown as a gray stick by atom type. 

As a result, the top 500 hits from each search were saved: 500 hits × 9 queries × 5 

libraries = total 22,500 compounds (including duplicates). 

 

8.4.3 Docking using Glide 

 The high score (high similarity) from ROCS searching doesn’t definitely 

guarantee a real activity.  Following removal of the covalent aldehyde inhibitor, all 

22,500 compounds were docked into the active site of GrB using Glide to introduce 

structural information of the enzyme with same three constraints based on computational 

solvent mapping to explore more promising hits (Figure 41).  
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Figure 41. Screening procedure: (1) ROCS search of the prepared libraries with each 

query, and (2) top 500 hits from each library were docked into the active site of GrB 

using Glide where enzyme was kept rigid and ligand was allowed to be flexible.   

 

8.4.4 Induced fit docking using Glide and Prime  

As mentioned above, ligand-based approaches often outperform docking 

algorithms at averaged multiple targets. However, in this study, of the top 500 hits 

derived by ROCS similarity searching from each query and each library, about 10 % 

survived through the subsequent receptor based rigid docking study. Interestingly, from 

the top 20 compounds of the 500 hits, only a few pass both ROCS and docking 

evaluations.  Nonetheless, many structures from the 500 not in the top 20 survive both 

filters.  In order to reevaluate rejected structures from the top 20, induced fit docking was 

introduced as described below. 
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Figure 42. 2
nd

 round screening with top 20 compounds per each calculation was carried 

out using Induced Fit Docking (IFD), and final hits (1
st
 docking with ROCS top 500 hits 

+ 2
nd

 Induced Fit docking with ROCS top 20 hits per each calculation with each query 

and library) were selected as assay candidates. 

 

 

So, to rescue false negatives, Induced Fit Docking (IFD) was performed, in which 

the enzyme is allowed to alter its binding site so that it more closely conforms to the 

shape and binding mode of the ligand. The assumption of a rigid receptor can give 

misleading results, since in reality many proteins undergo side-chain or back-bond 

movements, or both, upon ligand binding. Therefore, IFD is often applied to generate an 

accurate binding mode.  
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Thus, the top 20 compounds from each top 500 hits were selected for a 2
nd

 

screening, IFD, and some promising compounds were selected by visual inspection 

(Figure 42). Too small molecules, bad binding poses, docked molecules not in the active 

site were discarded. Finally, hits through 1
st
 docking performed with 22,500 compounds 

and 2
nd

 IFD with top 20 compounds per each calculation from each library were selected 

as assay candidates.   

 

8.5 Results 

 

Table 16. Summary of the calculations carried out using ROCS and subsequent docking 

studies. 
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The above table summarizes the calculations carried out using ROCS and docking 

methods. Five protease targeted libraries were searched with two types of queries 

(“q_Full” and “q_Part”) and five molecular templates (Merck 20, IEPD-CHO, G202-

0149, E627-0664, and ST053449). Three rounds of calculations were performed with 

each query against each library: (1) ROCS search, (2) Glide (G) SP docking with top 500 

molecules from ROCS search, and (3) Induced Fit Docking (I) with top 20 from ROCS 

search to rescue false negatives due to limitations of rigid docking.  

 

8.5.1 Example: Enamine Casp-3 Target Library Results 

 

 
Table 17. Some results from the Enamine Casp-3 Target Library search 
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The above table shows some results from the Enamine Casp-3 Target Library 

search. On the left side, IDs of hit molecules which survived docking are shown, while 

the right columns show from which calculations they were selected as hits. For example, 

initially T0511-8093 proved to be a hit from all 9 queries and bound to the GrB well. 

Moreover, it was one of the ROCS top 20 hits when “q_Part” of IEPD-CHO and E627-

0664 and “q_Full” of G202-0149 and ST053449 were used as queries.  

However, in another related case, even though T0504-8930 was one of ROCS top 

20 hits several times, it was discarded (Table 9, “d”) by both rigid and flexible docking 

and, thus, was not purchased for examination in the GrB inhibition assay.   

In addition, this library was added as a protease targeted library after our previous 

VS with TimTec and ChemDiv libraries. So, the last column for VS which was carried 

out by the same procedures used for previous VS was added. As a result, both the 2
nd

 and 

5
th

 molecules were also selected by VS for further assay.  

Finally, the yellow-marked molecules on IDs are finally selected as assay 

candidates. Of the three libraries examined (TimTec, ChemDiv, and Enamine), only the 

28 Enamine compounds were tested at 100 uM so far. Further tests identified one 

compound (IC50 = 72.5 uM) showing significant inhibition at ~81%. 
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8.6 Molecular property calculations using QikProp 

Of a total of 14,403 compounds from 5 libraries from 3 companies screened using 

ROCS and Glide, 574 compounds were selected as assay candidates, with which 

molecular properties were further calculated  by QikProp of Schrödinger, which is an 

ADME prediction program designed by William L. Jorgensen
32

. 

  QikProp not only predicts physically significant descriptors and pharmaceutically 

relevant properties of organic molecules, bur also provides the range for comparing 

particular molecules' properties with those of 95 % of known drugs.   

Of 44 possible descriptors, six important descriptors (solubility, blockage of 

HERG K+ channels, Caco-2 cell permeability, brain/blood partition coefficient, human 

serum albumin, Lipinski's rule of five) were utilized in the selection of final hits to be 

ordered. Compounds that fall outside of the 95% range for known drugs or recommended 

values were discarded.   

The remaining compounds were inspected by chemists (Professor Barrett’s group 

at Imperial College London). Finally, a total 57 compounds (28 from Enamine, 27 from 

ChemDiv, and 3 from TimTec) were selected to be ordered for bioassay (Figure 43).   
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Figure 43. Molecular property calculations using QikProp. 574 compounds from 14,403 

compounds from 5 libraries of 3 companies screened using ROCS and Glide were further 

calculated, and passed compounds within range for 95 % of known drugs or 

recommended values inspected by chemists. Finally, a total 57 compounds (28 from 

Enamine, 27 from ChemDiv, and 3 from TimTec) were selected to be ordered for 

bioassay. 
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Chapter.9 Synthesis, Purchase, and Biological test 

Optimized hit compounds from the computer models has led to suggestions for 

synthesis that are being pursued with modification by medicinal chemists at Imperial 

College London. In addition, selected hits from scaffold hopping will be purchased and 

biological tests will be done by Dr. Dean at Imperial College London.  

 

Chapter 10. Mid-Micromolar Activities; What Could be Done? 

Even though intensive computational searches have been carried out to identify 

promising non-covalent candidates for GrB, the activities of the hit molecules never 

dropped below 25 uM.  

This issue might have resulted from the use of the X-ray structure of the 

covalently-bound inhibitor, Ac-IEPD-CHO, to identify non-covalent small molecule 

inhibitors.  Doing so assumes that the enzyme has a unique binding site, thus, the 

structure of a single inhibitor complex might be sufficient to define the available subsites 

of an enzyme. However, analysis with the complex structures of elastase and covalent / 

non-covalent inhibitors demonstrates they can bind to the enzyme in different poses, even 

though they have similar structures and binding affinities.  Thus, Carla Mattos et al.
22

 

revealed the existence of multiple binding sites and different binding modes for non-

covalent inhibitors with similar chemical structures: trifluroroacetyl-dipeptide-anilides 

(TFA-dipeptide-anilides).   

Trifluoroacetyl (TFA)-Lys-Pro-isopropylanilide (ISO) binds to elastase in the 

same fashion as covalent inhibitors which must be oriented at the active site in the same 

manner as the substrate forming acyl enzyme intermediate for reaction to take place: TFA 
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in the S1; Lys in the S2; Pro in the S3: anilide group in the S4 (Figure 44. (a)). The 

compound also shows a similar binding mode to the covalent peptide inhibitor, MSACK 

(methoxysuccinyl-Ala-Ala-Pro-Ala chloromethyl ketone.  

 

 

 

 

 

 

 

 

 

 

Figure 44. The crystal structures of elastase complexed with (a) trifluoroacetyl (TFA)-

Lys-Pro-isopropylanilide (ISO). 

 

However, even exchanging Pro with Phe or Leu, they (TFA-Lys-Phe-ISO and 

TFA-Lys-Leu-ISO) shows different binding modes. The TFA is in the oxyanion hole, the 

Lys is in the S2, the exchanged Phe and Leu are in the S1 instead, and anilide groups are 

located in the new pockets (Figure 45).   
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Figure 45. The crystal structures of elastase complexed with (a) TFA-Lys-Phe-ISO and 

(b) TFA-Lys-Leu-ISO.  

 

The structures of elastase in the complexes are unchanged except for the 

conformation of Arg226. (Figure 46). 

 

 

 

 

 

 

 

 

Figure 46. All inhibitors are aligned showing different binding modes in spite of 

chemically similar structures. They are represented with different carbon colors: TFA-

Lys-Pro- ISO (green C); TFA-Lys-Phe-ISO (orange C); TFA-Lys-Leu-ISO (pink C). 
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Therefore, the superposition of covalent and non-covalent inhibitors illustrates 

that sometimes the structures complexed with covalent inhibitors might not be a good 

template for non-covalent design. Some hit molecules from ROCS as a ligand-based 

approach were also discarded after docking by introducing protein information.  

In addition, the consistent use of the 3 constraints generated by computational 

solvent mapping might lead false-negatives, even though hit rate of virtual screening 

using those 3 constraints is relatively higher than that of HTS.   

So, the new strategy with new protein information generated for example, by 

molecular dynamics without any constraints could give more chance to have novel 

compounds.  

 

Chapter 11. Conclusions 

 Novel classes of small molecule inhibitors against human GrB have been 

developed by docking studies with three constraints (HBs with Arg226, hydrophobic 

interactions for S2 and S4 subsites) based on computational solvent mapping using 

FTMAP.  

The most distinctive compounds identified are; ST057924 (IC50 = 25 µM) and 

ST057833 (IC50 = 28 µM) with a dioxo-thiazolidine group; ST058025 (IC50 = 44 µM) 

with a dioxo-diazolidinyl group; ST057416 (IC50 = 44 µM) with a triazole group. All 

show great selectivity against GrA as well as Caspase-3 and 8. In order to form HBs with 

Arg226 at S1, acetamide (ST057924), nitro (ST057833), methoxy (ST058025) and 

benzodioxin (ST057416) substituents are located in the P1-Asp recognition position.  
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They could also be modified by adding more hydrophobic groups at the P2 and P4 

positions to improve activity.  

 In addition to optimization of current identified hits, similar compounds in each 

series of hits and new scaffolds with dissimilar structures, but having probability of 

biological activity against GrB, have been subsequently explored using ROCS, shape-

based superposition methods and selected hits have been purchased and tested for 

bioassay.  

 Through this study, the hypothesis that more focused screening for GrB inhibitors 

by identifying hot spots and using protease targeted libraries could produce novel 

inhibitors and increase the hit rate was shown to be true.  However, true drug leads can be 

achieved only by synthetic modification of the hits.  Efforts along these lines have been 

initiated by Lauriane Buisson in Professor Tony Barrett’s group at Imperial College. 
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Part II.  Curcumin and mimics  

as proteasome inhibitors 
 

 

 

Chapter 1. Introduction  

1.1 Ubiquitin-proteasome pathway (UPP) and 26S proteasome 

 The ubiquitin-proteasome pathway (UPP) functions as a primary mechanism in 

intracellular protein degradation, in which the target proteins are tagged with a small 

regulatory protein, ubiquitin.
33

 Ubuiquitin directs unneeded proteins to the proteasome 

for degradation and recycling.  

 In the process of ubiquitination (Figure 1), ubiquitin is first activated by E1 (a 

ubiquitin-activating enzyme) in combination with ATP as an energy source to form a 

ubiquitin-adenylate intermediate.
34

 The activated ubiquitin is transferred to the cysteine 

residue of the E1 active site, thus forming a thioester linkage between the C-terminal 

carboxyl group of ubiquitin and the E1 cysteine sulfhydryl group.  As a consequence, 

AMP is released. Again, ubiquitin is transferred from E1 to the cysteine residue in the 

active site of E2 (a ubiquitin-conjugating enzyme).  This is followed by the further 

transfer of ubiquitin to the target protein catalyzed by E3 (a ubiquitin ligase) to form an 

isopeptide bond between a lysine of the target protein and the C-terminal glycine of 

ubiquitin.  That is, E3 not only recognizes the target protein but also interacts with E2. 

In the eukaryotic cell, the 26S proteasome is the leading enzyme player in the 

degradation of ubiquitinated proteins designated for removal. 
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Figure 1. Ubiquitination process. Ubiquitin (small regulatory protein which bind to 

proteins and direct proteins to the proteasome to degrade) is first activated by E1 

(ubiquitin-activating enzyme), and is transferred from E1 to E2 (ubiquitin-conjugating 

enzyme). Again, it is transferred from E2 to the target protein by E3 (ubiquitin ligases) 

which not only functions to recognize substrate but also interacts with both E2 and the 

target protein.   
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Since the ubiquitin-proteasome pathway (UPP) plays an essential role in many 

cellular events including signal transduction, cell cycle, cellular proliferation and 

apoptosis, dysregulation of this pathway causes various inherited or acquired diseases 

such as Alzheimer’s disease, asthma, and type I diabetes, and several types of cancer.
35

 In 

addition, since many factors involved in angiogenesis are regulated by the proteasome, 

the ability of proteasome inhibitors to inhibit angiogenesis, together with their ability to 

inhibit cell proliferation and induce apoptosis in human cancer cells, makes them 

attractive candidates as anti-cancer drugs.  

 

1.2 Proteasome inhibitors
35,36

 

 Since the proteasome was discovered, a variety of synthetic and natural 

compounds have been tested for their ability to inhibit proteasomal activities. One 

method of classifying proteasomal inhibitors is based on their reversibility of binding to 

the proteasome. 

 

1.2.1 Covalent reversible inhibitors: peptide aldehydes and boronates (Figure 

2) 

Peptide aldehydes
35,36

 were the first discovered inhibitors and are still actively 

investigated. They are also well-known inhibitors of cysteine and serine proteases. For 

example, calpain inhibitor I (Ac-Leu-Leu-nLeu-al) was first identified as calpain 

inhibitor I and found to be 25-fold more potent against calpain and cathepsin B than the 

proteasome. On the other hand, MG132 (Z-Leu-Leu-Leu-al) is both more selective and 

potent than calpain inhibitor I against the proteasome with a Ki value of 4 nM.  
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Figure 2. Covalent reversible inhibitors; peptide aldehydes (calpain inhibitor I and 

MG132); peptide boronates (bortezomib) 

 

Bortezomib (PS-341 or VELCADE
®
, Millennium Pharmaceuticals, Cambridge, 

MA), a dipeptide boronic acid, was the first therapeutic proteasome inhibitor to be 

approved by the U.S. FDA for treatment of relapsed multiple myeloma in 2003 and 

mantle cell lymphoma in 2006.  

The peptide boronates have become one of the most popular families of 

proteasome inhibitors because the boronic acid moiety increases specificity for the 
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proteasome due to its high affinity for hard oxygen nucleophilies in contrast to soft 

cysteine sulfur nucleophilies.
37

  The boron compounds improved on earlier generated 

synthetic inhibitors, such as peptide aldehydes, which show cross-reactivity toward 

cysteine proteases and low metabolic stability. In addition, under physiological 

conditions, bortezomib preferentially inhibits the proteasome CT-like activity at low 

nanomolar concentrations.  

 

1.2.2 Covalent irreversible inhibitors: lactones, vinyl sulfones, peptide 

epoxyketones (Figure 3) 

 Omuralide
38

 is a clasto-lactacystin-β-lactone spontaneously hydrolyzed from 

lactacystin, a natural compound produced by Streptomyces at neutral pH. The crystal 

structure
39

 of the yeast proteasome-omuralide complex shows that omuralide is 

covalently bound only to the β5 subunit of the proteasome due to the apolar nature of the 

S1 specificity pocket of this subunit. It also provides strong evidence that an acyl enzyme 

conjugate is indeed an intermediate in catalysis by the proteasome.  

 Salinosporamide A is a secondary metabolite of the marine actinonycete 

Salinispora tropica, which is a highly potent and selective inhibitor of the proteasome. It 

is structurally related to omuralide, however several unique substituents, including a 

cyclohexene ring and a chloroethyl group in place of isopropyl and methyl groups, 

respectively, improve its potency both in vitro and in vivo.
40

 The covalent acyl ester 

binding to the proteasomal active site was confirmed by X-ray structure analysis. In 

contrast to omuralide, salinosporamide A is bound to all six catalytic subunits.  
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 Homobelactosin C is also a natural product from Sterptomyces, which shows low 

nM IC50 value against human colon cancer and pancreoma cells resulting from inhibition 

of the proteasomal activity. The X-ray structure of the yeast proteasome-homobelactosin 

C complex reveals acylation of the hydroxyl group of the Thr1 O
γ
 in the β5 subunit.

41
 

 Another class of covalent inhibitors contains peptides possessing a vinyl sulfone 

moiety, which irreversibly binds to the proteasome but is less reactive than aldehydes. 

They were first discovered as inhibitors of cysteine proteases, such as cathepsins, because 

vinyl sulfone acts as a Michael acceptor for soft nucleophilies such as thiols, leading to 

covalent bond formation with Thr1 O
γ
. Their selectivity can be modified by alternating 

the peptide parts, so MB1 (Ac-Pro-Arg-Leu-Asn-VS) was developed as a β2 selective 

inhibitor. Interestingly, an analog, MB2 (Ac-Tyr-Leu-Leu-Asn-VS), is able to inhibit all 

three activities. These two inhibitors, which differ only in two residues, P3 and P4, 

demonstrate that binding interactions distal to Thr1 control substrate specificity against 

the proteasome.    

 Epoxomicin, α’,β’-epoxyketone peptide natural product, is specific for the 

proteasome and forms morpholino ring in the reaction between the epoxyketone and Thr1 

O
γ
. Therefore, the compound does not inhibit other proteases since it does not possess an 

amino acid terminal nucleophilic residue to promote formation of a morpholino adduct 

with the proteases.
42

 It shows a high degree of selectivity against CT-like activity at 

lower concentrations, however, at higher concentrations, it covalently binds to all three 

active subunits.  
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Figure 3. Covalent irreversible inhibitors; lactones (omuralide, salinosporamide A, and 

homobelactosin C); peptides possessing a vinyl sulfone moiety (MB1); peptide 

epoxyketone (epoxomicin). 
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1.2.3 Non-covalent reversible inhibitors: TMC-95s 

 A new class of specific proteasome inhibitors (TMC-95s) discovered by isolation 

from Apiospora montagnei is the first known category of non-covalent reversible 

inhibitors. The class binds non-covalently and blocks all three catalytic subunits, but with 

different activities depending on the characteristics of the P1 and P3 residues.  This result 

arises because the S1 and S3 pockets in the proteasome are major determinants for 

differential binding.
43

 Since covalent inhibitors generally cause cell death by induction of 

apoptosis, non-covalent and time-limited inactivation of the different proteasomal 

activities might reduce the cytotoxic effects.  

  

 

 

 

 

 

 

 

 

Figure 4. Non-covalent reversible inhibitors (TMC-95s) represented by TMC-95A. 
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1.3 Specific aims 

  As mentioned above, bortezomib has shown significant clinical benefit, however, 

some toxicity was also observed such as nausea, fatigue and diarrhea.  More adverse side 

effects include peripheral neuropathy, neutropenia, lymphopenia, and hyponatremia, 

etc.
44

 Therefore, various studies to search for new agents with less or no toxicity have 

been carried out, e. g. by examining naturally occurring or nutritional compounds which 

are generally more tolerated by the human body.  

Curcumin
34

 and some of its chalcone-based mimics
45

 have also been reported to 

serve the role as proteasome inhibitors. In attempts to establish a mechanism for this 

action, these same studies have utilized molecular docking approaches to generate 

protein-ligand complexes and quantum chemical analysis to suggest that the critical 

proteasome catalytic residue, Thr1, engages in nucleophilic attack at a carbonyl group of 

curcumin and its analogs.  

However, the molecular structures employed and the mechanistic arguments 

presented are at odds with the known structures of these molecules and modern reactivity 

principles, respectively.  

 The present work addresses these issues by using structurally validated 

geometries, describing biological data for a series of curcumin analogs acting on the 

proteasome and offering a testable 3D model for proteasome-curcumin analog interaction. 

The latter includes a computer-directed survey of inhibitor binding at each of the N-

terminal sites within the three catalytically active β subunits (peptidylgultamyl peptide 

hydrolytic (PGPH)-like, trypsin (T)-like, and chymotrypsin (CT)-like) in order to explore 

relative selectivity.  
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Chapter 2. Background 

2.1 26S proteasome and 20S proteasome 

 The 26S proteasome, the executioner of the ubiquitin-proteasome pathway in 

proteolysis (more than 90% of cell protein degradation), is an extraordinarily large 

protein aggregate found in all eukaryotes and archaea and some bacteria. It is composed 

of a 700,000 Da proteolytic core particle (20S proteasome) and two 900,000 Da 19S 

regulatory particles. The 20S proteasome is cylindrical in shape and consists of 28 

subunits that comprise four stacked seven-membered protein rings: two outer α-rings and 

two inner β-rings (Figure. 5). The outer α-rings interact with the 19S regulatory particles,  

 

 

Figure 5. The structure of the 20S proteasome that contains three active catalytic sites with 

PGPH-like (β1), trypsin-like (β2), and chymotrypsin-like (β5) activities in the inner β rings.  
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whereas each β-ring hosts the three proteolytically active sites:  peptidylglutamyl peptide 

hydrolytic (PGPH)-like (β1, cleavage after acidic residues or branched chain amino acid 

residues), trypsin (T)-like (β2, cleavage after basic residues) and chymotrypsin (CT)-like 

(β5, cleavage after hydrophobic residues) subunits named for the character of the P1 

cleavage sites.  

 The depth and polarity of the proteasomal S1 specificity pockets are governed 

mainly by residue 45: (1) In the S1 pocket of the β1 subunit, Arg45 preferentially 

interacts with acidic residues and favors limited branched chain amino acid residues 

(PGPH-like activity); (2) The β2 subunit presents Gly45 in a cleft confined by Glu53, so 

the spacious S1 pocket accepts very large basic residues (trypsin-like activity); (3) Within 

β5, Met45 contributes chymotrypsin-like activity accommodating hydrophobic residues. 

(Figure. 6).
36

  

 

  a                                              b                                             c 

Figure 6. The proteasomal S1 specificity pockets: a) β1 subunit (PGPH-like activity), b) 

β2 subunit (T-like activity), c) β5 subunit (CT-like activity). 
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 Since catalytic activities of these three active subunits are associated with their 

individual N-terminal threonine (Thr1) residues as the nucleophile, the 20S proteasome is 

classified as an N-terminal nucleophilic (Ntn) hydrolases.   

 

2.2 Curcumin and chalcone-based derivatives as proteasome inhibitors 

 Curcumin, the active ingredient of the natural spice turmeric, has been shown to 

inhibit the growth of transformed cells and is currently in clinical trials for treatment of 

various cancers, including multiple myeloma, pancreatic cancer and colon cancer. 

Moreover, there is no toxicity associated with curcumin even at very high doses.  

In this connection, in 2008, Vesna Milacic et al.
 44

 reported that curcumin inhibits 

the proteasome activity in human colon cancer HCT-116 and SW480 cell lines. In order 

to provide evidence for curcumin’s direct inhibition of the proteasome, they incubated 

purified rabbit 20S proteasome with different concentration of curcumin. As a result, 

curcumin inhibited all three proteasomal activities with the highest potency for CT-like 

activity, showing similar potency to MG132. Western blot analysis was also carried out 

with extract cells to further confirm, resulting in a dose-dependent accumulation of 

ubiquitinated protein in both cell lines. In addition, curcumin not only induced production 

of 90.7 % apoptotic SW480 cells at the highest concentration, but also inhibited tumor 

growth in ICR-SCID mice bearing HCT-116 xenografts after 21 day treatment.     

More recently, another group, Martina Bazzaro et al., published that chalcone-

based compounds blocks proteasomal activity and simultaneously exhibit dose-dependent 

antiproliferative and proapoptotic properties in HeLa cervical cancer cells  containing 

human papillomavirus.
45

 In that study, they explored whether the carbonyl group of an 
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α,β-unsaturated carbonyl system functions as a substrate for the Thr1 O
γ
  by 

functionalizing the compounds with various amino acid substitutions on the amino group 

of the 4-piperidone (cf. Table 6). Some of them also showed inhibition against 

proteasomal activities in vitro for proteasome purified from lymphobalstoid cell lines 

(LCLs) and exhibited a selective pattern toward the three catalytic activities. In addition, 

combination treatment with bortezomib (FDA approved proteasome inhibitor) and lead 

compound RA-1 led to greater apoptosis-associated morphological changes in HeLa 

cervical cells compared to single treatment of the compounds.  

 

2.3 Critical issues common to both papers 

Rationalizations of the biochemistry in the three cell types rest on generation of 

curcumin and RA-1 proteasome complexes followed by assumed Thr1 attack on the 

carbon of C=O groups.  

 

 

 

 

                       Curcumin                                                            RA-1 

Figure 7. The structures of curcumin and RA-1.  

 

 However, two critical issues common to both papers are 1) analysis of proteasome 

complexes with chemically unreasonable structures of curcumin and RA-1 (Figure 7); 2) 

assignment of lowest unoccupied MO (LUMO) density as the basis for C=O attack by 
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Thr1 in spite of a rich literature which teaches that conjugate (or Michael) addition is 

favored.  

 

2.3.1 Issue 1: Misuse of the diketo form of curcumin 

The above-mentioned papers
44,45 

analyzed the predicted binding mode of 

curcumin in the proteasome with chemically unreasonable structures. The crystal 

structure of curcumin was first determined by single crystal X-ray diffraction in 1982
46a

 

and by NMR in 2007.
46b

 In both states, the curcumin molecule exists in the keto-enol 

form with no detectable presence of the diketo tautomer (Figure 8). 

 

 

 

 

 

Figure 8. The structure of curcumin keto-enol form  

 

 The measured IR and Raman spectra in the solid state and in different solvents 

also show that curcumin exists only in the keto-enol form: even in nonpolar solvents 

CCl4, the keto-enol form predominates.
47
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2.3.2 Issue 2: Implausible binding mode of RA-1 with the cis-trans 

configuration 

 In the case of RA-1, docking to the CT-like site of the proteasome was performed 

with cis-trans configurations around the C=C bonds emanating from the central 

piperidone.  

 

2.3.3 Issue 3: N-terminal Thr1-OH nucleophilic attack on C=O 

 The previous authors presumed the carbon of C=O to be the electrophilic partner 

of the Thr1 OH nucleophile during binding of the curcuminoids to the proteasome.
44, 45, 46

 

Neglected, however, was the general observation that Michael acceptors (i.e. C*=C-C=O) 

uniformly exhibit a reactivity profile that directs the nucleophile to C* in a 1,4-addition 

reaction that generates a resonance-stabilized enolate anion as a first intermediate. In fact, 

a number of such acceptors have served as an electrophilic trap and were subsequently 

captured in X-ray structures of blocked proteasomes. They uniformly reveal a Thr-O-C* 

covalent attachment.
48
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Chapter 3. Structural examination and reactivity prediction 

3.1 Structural examination of curcuminoids in the Cambridge Structural 

Database (CSD) 

 A search of the CSD
49

 reveals numerous curcumin analogs, none of which adopt 

the diketo form with two exceptions; namely, when the central carbon of the 1,3-diketone 

involves a double bond that prevents enolization (Figure 9 (c) – (d)).
50

 Replacement of 

the central CH2 with alkyl groups in FLLL31 and FLLL32, STAT3 blockers, achieves the 

same purpose (Figure 9 (e) – (f)).
51

 

 In addition, examination of similar structures to RA-1 with a central 5, 6-

membered ring and terminal aromatic rings reveals that no case sustains the cis-trans 

geometry. The trans-trans isomer is uniformly presented in the solid state. Figure 9 

below shows the CSD crystal structures of curcumin and an RA-1 analogs.   
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a                                                                        b 

 

c                                                                        d 

 

e                                                                        f 

 

Figure 9. The crystal structures of (a) curcumin keto-enol form and (b) an RA-1 analog. 

They are results of searching CSD. Diketo form exceptions; (c) MUKHEF and (d) 

MINRIK, in which the central carbon of the 1,3-diketone involves a double bond that 

prevents enolization; STAT3 inhibitors (d) FLLL31 and (f) FLLL32.  
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3. 2 Optimization and single-point calculations 

 Density functional (DFT) single-point calculations at the B3LYP/6-311G** level 

were performed with optimized structures of curcumin (keto-enol / diketo forms) and 4 

configurations of RA-1 with B3LYP/6-31G** to determine relative energies between 

them using Jaguar of Schrödinger.
52

  

 

Table 1. Total and relative DFT energies of some conformers of curcumin and RA-1. 

 B3LYP/6-311G** 

Total energy  

(hartrees) 

Erel 

(kJ/mol) 

Curcumin    

keto-enol -1263.897991 0.0 

diketo -1263.887334 28.0 

RA-1   

trans-trans -3370.021042 0.0 

trans-cis -3370.016010 13.2 

cis-trans -3370.014425 17.4 

cis-cis -3370.011144 26.0 

 

The planar keto-enol structure of curcumin is predicted to be more stable than the 

nonplanar diketo isomer by 28.0 kJ/mol (Table 1). This is consistent with the DFT results 

of Kolev et al.
47

 In the case of RA-1, trans-trans configuration is the most stable form by 



95 

 

 

13-26 kJ/mol (Table 1). It confirms that the trans-trans isomer is a fundamental property 

of the molecular structure and not a crystal packing effect.   

 In the subsequent docking studies at the three proteasome 20S catalytic sites, the 

most stable isomers, keto-enol form of curcumin and trans-trans RA-1, were employed.  

 

3. 3 Quantification of the anticipated reactivity  

 Atomic Fukui indices are frequently calculated to predict and quantify the relative 

reactivities of atoms in a molecule in various types of reactions.  They are based on Fukui 

functions which are molecular properties and partial derivatives of the electron or spin 

density with respect to a change in either the electron count or the unpaired spin count: a 

change in the electron count would be induced by reaction with another molecule or by 

any external charge transfer mechanism, while a change in the unpaired spin count would 

be induced by electromagnetic radiation. We have used Jaguar from Schrödinger
53

 to 

carry out such calculations.  In this implementation, atomic Fukui indices are calculated 

only for an N-electron system, using only the MO coefficients from the frontier orbitals. 

Fukui indices are characterized by two subscripts, N or S, which represent the electron 

density and the spin density, respectively. The first index indicates the property that 

responds to a change in the property of the second index. Thus, for example, f_NN 

indicates the changes in the electron density when the molecule experiences a reaction in 

which its electron density is perturbed. While the atoms in an electrophile that are most 

reactive to nucleophilic attack are indicated by high positive values of f_NN for the 

LUMO, the most nucleophilic atoms of the attacking agent are indicated by the highest 

positive values of f_NN for the HOMO.  
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 Since curcumin and RA-1 analogs act as Michael acceptors, atomic Fukui indices 

were calculated with the structure optimized at the B3LYP/6-311G** level to determine 

the atoms that are most reactive towards Thr1 nucleophilic attack.  

 

 

Figure 10. Conjugated enones. (a) Three resonance structures and (b) two electrophilic 

sites for an α,β-unsaturated carbonyl compound  

 

 Generally, the Michael reaction involves two carbonyl components, the enolate of 

one carbonyl compound and an α,β-unsaturated carbonyl compound.  The latter can be 

described by three resonance structures (Figure 10. (a)). Therefore, it has two 

electrophilic sites; the carbon of carbonyl group and the β carbon (Figure 10. (b)). The 

calculated atomic Fukui indices are consistent with this general fact. As mentioned above, 

atoms that are most reactive towards nucleophilic attack are indicated by high positive 

values of f_NN for the LUMO.  

 In the case of the curcumin keto-enol form, the highest value is assigned to the β 

carbon of the enol, not the carbonyl (C18, red marked in Figure 11) with 0.14 (Table 2).  

 



97 

 

 

 

 

 

 

Figure 11. The atom with the highest value of Atomic Fukui Indices is marked in red.  

 

Table 2. Atomic Fukui indices, f_NN for the LUMO for curcumin keto-enol form.  

Atom 
F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 

C1 0.01 H11 0.00 C21 0.03 O31 0.04 H41 0.00 

C2 0.03 H12 0.00 C22 0.01 H32 0.00 H42 0.00 

C3 0.00 C13 0.04 C23 0.04 C33 0.00 H43 -0.00 

C4 0.04 C14 0.13 C24 0.00 H34 -0.00 H44 0.00 

C5 0.00 C15 0.02 O25 0.01 H35 0.00 H45 0.00 

C6 0.04 C16 0.13 O26 0.00 H36 0.00 H46 0.00 

C7 0.13 C17 0.04 H27 -0.00 H37 0.00 H47 -0.00 

H8 0.00 C18 0.14 H28 0.00 H38 0.00   

O9 0.00 C19 0.04 H29 0.00 C39 0.00   

O10 0.01 C20 0.00 O30 0.09 H40 -0.00   

 

 However, this is not consistent with the general feature that a nucleophile attacks 

the β carbon of the carbonyl group.  As a control, only the α,β-unsaturated carbonyl 

moiety as incorporated in the following structure was calculated. It is evident that the β 

carbon of the carbonyl group (Figure 12) has the highest value (0.21, Table 3).  
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Figure 12. The atom with the highest value of Atomic Fukui Indices is marked in red.  

 

Table 3. Atomic Fukui indices, f_NN, for the LUMO for α,β-unsaturated carbonyl 

moiety.  

Atom 
F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 

C1 0.21 C5 0.15 O9 0.04 H13 0.00 

C2 0.04 C6 0.03 H10 0.00 H14 0.00 

C3 0.18 C7 0.18 H11 0.00 H15 0.00 

C4 0.03 O8 0.13 H12 0.00 H16 -0.00 

 

 

For RA-1, two carbons (C3 and C49, red marked in Figure 13) at the carbonyl 

and β positions have the highest value (0.16, Table 4).  
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Figure 13. The atom with the highest value of Atomic Fukui Indices is marked in red.  

Table 4. Atomic Fukui indices, f_NN for the LUMO of RA-1.  

Atom 
F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 

C1 -0.00 H14 0.00 C27 -0.00 C40 0.02 C53 0.02 

C2 0.04 N15 0.00 C28 0.00 C41 0.01 C54 0.04 

C3 0.16 O16 -0.00 C29 -0.00 C42 0.03 C55 0.00 

C4 0.06 C17 0.00 C30 0.00 Cl43 0.01 Cl56 0.01 

C5 0.00 H18 0.00 C31 -0.00 Cl44 0.01 H57 0.00 

N6 0.01 C19 -0.00 C32 0.00 H45 0.00 H58 0.00 

H7 0.00 C20 -0.00 H33 0.00 H46 0.00 H59 -0.00 

H8 0.00 H21 0.00 H34 0.00 H47 -0.00 Cl60 0.00 

C9 0.14 H22 0.00 H35 0.00 Cl48 0.00 H61 0.00 

O10 0.14 H23 -0.00 H36 0.00 C49 0.16   

H11 0.00 O24 0.00 H37 0.00 C50 0.05   

H12 0.00 O25 -0.00 C38 0.04 C51 0.01   

C13 0.00 H26 0.00 C39 0.00 C52 0.03   
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This calculated indices are consistent with the general feature that the α,β-

unsaturated carbonyl compound has two electrophilic sites; the carbon of the carbonyl 

group and the β carbon (Figure 10).  While these two sites would seem equally 

electrophilic, the calculation does not take into account the formation of a delocalized 

enolate in the one case and a simple alkoxide anion in the other.  Thus, in practice the 

system that forms the most stable intermediate would seem to be favored. 

 

 In addition, our lab has also synthesized RA-1 derivatives with various mono- and 

di-peptide substituents at the nitrogen atom of the piperidone ring to validate the activity 

of the series. Atomic Fukui indices were calculated for them, and they show results 

similar to RA-1. The outcome for one of them, Cjk1-11, is shown in the Figure 14. In 

this case, the β carbon (C7) has the highest value, 0.16 (Table 5). 

 

 

 

 

 

 

 

Figure 14. The atom with the highest value of Atomic Fukui Indices is marked in red.  
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Table 5. Atomic Fukui indices, f_NN for the LUMO for Cjk1-11.  

Atom 
F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 
Atom 

F_NN 

(LUMO) 

C1 0.00 C14 0.04 H27 0.00 N40 -0.00 H53 0.00 

C2 0.06 C15 0.00 H28 0.00 C41 -0.00 C54 0.00 

C3 0.15 H16 0.00 H29 0.00 H42 -0.00 H55 0.00 

C4 0.04 H17 0.00 Cl30 0.01 C43 -0.00 H56 0.00 

C5 0.00 H18 -0.00 Cl31 0.00 H44 0.00 H57 0.00 

N6 0.01 C19 0.14 Cl32 0.01 C45 -0.00 H58 0.00 

C7 0.16 C20 0.04 Cl33 -0.00 O46 0.00 H59 0.00 

O8 0.13 C21 0.01 H34 0.00 O47 -0.00 H60 0.00 

H9 0.00 C22 0.03 H35 0.00 H48 0.00 H61 -0.00 

C10 0.05 C23 0.01 H36 0.00 C49 -0.00 H62 0.00 

C11 0.01 C24 0.04 H37 0.00 C50 -0.00 H63 0.00 

C12 0.03 C25 0.00 C38 0.00 C51 0.00   

C13 0.02 H26 0.00 O39 0.00 H52 0.00   

 

 

 The Fukui indices predict approximately equal chance of nucleophilic  attack at 

the b-carbon and the adjacent C=O for curcumin.  Removal of the phenyl rings (Figure 

12) tends to favor the b-carbon in agreement with the literature which makes it clear that 

Michael addition is the preferred form of reactivity. In this reaction in the laboratory, it 

would appear that the formation of a stabilized enolate anion drives the reaction by 

comparison with formation of an unstabilized C-O-.  Thus, Fukui analysis for a broad 

range of enones appears to be ambiguous and was not very helpful in the present study.  
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This not inconsistent with previous reports that Fukui indices are not predictive in certain 

reactions.
54

 Interestingly, this approach appears to suffer limitations similar to molecular 

orbital analysis reported by Milacic and Bazzaro et al. which makes a similar prediction.  

In the following, I accept the experimental outcomes and focus on classical Michael 

reactivity. 

 

3. 4 X-ray structure of the peptide inhibitor possessing the vinyl sulfone 

moiety  

Even though α, β-unsaturated carbonyl compounds have two electrophilic sites, 

the carbon of the carbonyl group and the β carbon as discussed above (Figure 10), it is 

generally observed that Michael acceptors uniformly exhibit a reactivity profile that 

directs the nucleophile to β carbon in a 1,4-addition reaction that generates a resonance-

stabilized enolate anion as a first intermediate.  

In fact, a number of such acceptors have served as an electrophilic trap and were 

subsequently captured in X-ray structures of blocked proteasomes. They uniformly reveal 

a Thr-O-Cβ covalent attachment.
48

  

An example is illustrated by compounds possessing a vinyl sulfone moiety as 

proteasome inhibitors.
55

 It is interesting that two structures which only differ in the P3 

and P4 positions, show dramatic differences with respect to their subunit selectivity: 

MB1 (Ac-PRLN-VS) acts as β2 selective inhibitor, whereas MB2 (Ac-YLLN-VS) 

(Figure 15) binds to the all three catalytic subunits with similar binding modes.  

P3 Arg of MB1 forms hydrogen bond interactions with Ser20 of β2 (Thr20 of β1 / 

Ala20 of β5, instead) and Cys118 of adjacent β3 (Ser118 of both β2 and β6, instead). 
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However, β1/ β2 and β5/ β6 lack the residues for hydrogen bond interactions with the P3 

Arg due to different locations and character of these residue side chains (Figure 17, 18, 

and 22).  In addition, P4 Pro forces a slight kink in the inhibitor that causes the tail 

portion of the inhibitor to bend away from the cavity wall of S4.  

Therefore, the binding poses of MB1 and MB2 explain the favorable interactions 

between P3 and S3, generated at the interface of βi and βi+1.  The poses not only affect the 

selectivity against different catalytic subunits, but also demonstrate that these interactions 

distal to the catalytic site Thr1 control the absolute substrate specificity of the multiple 

active sites of the proteasome.     

According to the crystal structures, these two peptide vinyl sulfones bind to the yeast 

20S proteasome, forming covalent bonds between C* of C*-C-SO2 and O of Thr1 with a 

distance 1.54 Å (Figure 16).  

 

           

 

Figure 15. The structures of β2 inhibitors: MB1 (Ac-PRLN-VS) is selective, while MB2 

(Ac-YLLN-VS) which inhibits all active sites. 
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Figure 16.  The proteasome bound  MB1 crystal structure. 

 

  

Chapter 4. Modeling the subunit targets 

4.1 Active sites analysis 

 As discussed above (Figure 6), the proteasomal S1 specificity pockets are mainly 

formed by residue 45 of the corresponding β–subunit. The positively charged S1 of  β1 

due to Arg45  is the smallest pocket, whereas the negatively charged S1 of β2 due to 

Gly45 and Glu53 is spacious.  

 In contrast to S1, the S2 pocket is not in contact with P2 which points into empty 

space. Therefore, bulky and spatially demanding groups might be introduced at P2 of the 

ligands to enhance the specificity of the inhibitors for the proteasome against other 

proteases which might have space-limiting S2 pockets. That is, while the proteasome 

might accommodate large P2 substituents, other proteases might not.  

 The largest pocket of the catalytic subunit is S3 which is located at the interface 

between the primary catalytic subunit and the backside of the adjacent β subunit. Of the 
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three subunits, the S3 pocket of β1 is the smallest, while the S3 cleft of β5 is deeper than 

that of β2 (Figure 17).  

 

Figure 17. The three catalytic subunits of the 20S proteasome.  

 

 In addition, there are Asp114 residues in β3 adjacent to β2 and β6 adjacent to β5 

which can make HB interactions with inhibitors.  On the other hand, the S3 pocket of β1 

consists of His114 from the adjacent  β2. Moreover, the S3 pockets of β1 and β5 include 

Ser118, whereas β2 incorporates Cys118 instead of Ser118. Thus, S3 can also serve as 

another specificity pocket to distinguish the three proteasome subunits by variation of P3.  
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Figure 18. Different residue environments. (a) While Asp114 in β3 and β6 is adjacent to 

β2 and β5 forming the S3 pocket, β2 adjacent to β1 incorporates His114 instead. (b) 

Ser118 resides in β1 and β5, whereas β2 incorporates Cys118 instead of Ser118.  

 

 The S4 pocket of β2 is quite small, so bulky hydrophobic P4 substituents can be 

excluded from binding to the β2 subunit (Figure 17).  

 As a result, alterations to the P1 and P3 may facilitate the further improvement of 

binding properties of proteasomal inhibitors with tunable selectivity for each of the 

catalytic subunits.  

4.2 Non-covalent docking studies 

 To investigate curcumin’s and its analogs’ mechanistic profiles as proteasome 

inhibitors, non-covalent docking studies have been carried out with Schrödinger’s Glide 

for the curcumin keto-enol form, RA-1 and its derivatives, and several Emory compounds 

at all three proteasome catalytic subunits. While the literature regards Thr1 OH as the 
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primary nucleophile, the X-ray structures reveal several nucleophiles in the binding 

pockets with potential to complex with or attack diverse ligands.  

In non-covalent docking of the small molecules separately to the three binding 

centers as a preliminary to covalent attachment, we pay special attention to the geometric 

relationship of these nucleophiles to the β carbon of Michael acceptor center. RA-1, a 

special case incorporating a phenylalanine tail on the central piperidone ring, is the single 

curcumin analog that shows sub-micromolar activity on HeLa cells, while all other amino 

acid substitutions are 30-fold less active illustrating a flat SAR.
35 

 By contrast, the Leu 

and Tyr analogs exhibit in vitro µM IC50 values for proteolytic activities of isolated 

proteasome purified from lymphoblastoid cell lines (LCLs) as does the Phe analog. Even 

though the authors introduced diverse amino acid tails at the P position presuming 

selectivity toward the three proteasome subunits, they didn’t mention their role in the 

paper.  

Therefore, the undetermined role of the amino acid tail in RA-1 was also 

investigated. Based on modeling studies, I propose that the tails do not populate the S1 

specificity pocket, but themselves on the S3 or S4 surface instead. This might be the 

reason why the compounds inhibit all three proteasomal activities even though the amino 

acid tails of the active compounds are hydrophobic. Section 4.4 elaborates this point in 

detail. 

 

4.3 Docking of curcumin 

According to the study carried out by Milacic et al., curcumin was shown to be 

able to inhibit all three proteasomal activities with the highest potency at the CT-like 



108 

 

 

catalytic center.
44

 In addition, Michael Groll and colleagues also demonstrated that 

curcumin is quite active in-vitro: it inhibits all active sites of the 20S yeast proteasome in 

the mid to low µM range (β1, 72 µM; β2, 20 µM and β5, 10 µM).   

Above, it is proposed that the β carbon of curcumin is susceptible to nucleophilic 

attack by Thr1 O based on Atomic Fukui indices and the crystal structure of vinyl sulfone 

inhibitors MB1 and MB2. Therefore, binding poses that place the β carbon of curcumin 

within the 4.0 Å of Thr1 O were examined.     

 

4.3.1 The predicted binding pose of curcumin at β1 and β2 

First of all, curcumin doesn’t seem to be able to bind at β1 with good affinity 

because of the small size of the binding pockets.  

 

 

Figure 19. The predicted binding pose of the curcumin keto-enol form to the β2 subunit: 

(a) Distance between the β carbon of carbonyl group and the O of Thr1 is 3.33 Å, while 
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two hydrogen bonds (2.58 and 2.83 Å, respectively) with backbone atoms O of Ile119 

and N of Gly47 anchor the ligand in the pocket, and (b) on the molecular surface of β2. 

 

On the other hand, at β2 curcumin fills the spacious S1 pocket, and one of the 

terminal aromatic rings is directed onto the S2 surface (Figure 19. (b)). The β carbon 

conjugated to C=O is close to O of Thr1 at a distance of 3.33 Å, while curcumin forms 

hydrogen bonds with the backbone atoms  O of Ile119 and N of Gly47 with distances of 

2.58 Å and 2.83 Å, respectively. In addition, the natural product seems to make good 

hydrophobic contacts with the side chains of Ala49 and Lys33 (Figure 19. (a)) 

 

 

 

 

 

 

 

 

 

Figure 20. Superposition of curcumin with crystal structures of  other known inhibitors at 

β2 : curcumin (gray carbon), epoxomicin (green carbon), bortezomib (orange carbon), 

vinyl sulfone inhibitor MB1 (pink carbon) and non-covalent inhibitor TMC-95A (blue 

carbon). The position for covalent-bond formation is marked with a black circle. 
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Figure 20 shows the superposition of the crystal structures of other known 

inhibitors at β2 with different carbon colors: curcumin (gray carbon), epoxomicin (green 

carbon), bortezomib (orange carbon), vinyl sulfone inhibitor MB1 (pink carbon) and the 

non-covalent inhibitor TMC-95A (blue carbon). As shown in the figure, the position of 

the Michael acceptor β carbon of curcumin is very close to the site where covalent bonds 

are formed between various inhibitors and Thr1 (black circle): the distance between the β 

carbons and the electrophilic atoms of known inhibitors is 3.03 Å, 2.47 Å, and 2.63 Å for 

epoxomicin, bortezomib, and MB1, respectively.  Importantly, the carbon chain of 

curcumin is aligned with the hydrophobic side chains of other inhibitors, such as Leu or 

n-propylene which make hydrophobic contacts with Lys33.  

 

4.3.2 The predicted binding pose of curcumin at β5 

At β5, curcumin shows a binding mode similar to that at β2, filling the S1 pocket 

and pointing onto the S2 surface. In addition, the β carbon is close to the O of Thr1 with a 

separation of 3.66 Å. Since S3 of β5 is deeper and more spacious than β2 (Figure 21. (b)) 

as a result of  a conformational reorganization of Glu120 compared to Asp120 and the 

presence of Ala20 instead of Ser20 (Figure 22), curcumin also fills the deep S3 pocket 

forming hydrogen bonds with the backbone O of Ser112 (3.12 Å) (Figure 21. (a)).  
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Figure 21. Predicted binding pose of curcumin keto-enol form to the β5 subunit: (a) The 

β carbon of carbonyl group and the O of Thr1 are separated by 3.66 Å.  Ligand anchoring 

results from an H-bond between the backbone O of Ser112 and the hydroxyl O of 

curcumin (3.12 Å ) and a π-π interaction to Tyr168 on the S2 surface with a close 

distance (4.41 Å) between the carbons of the phenyl rings, and (b) on the molecular 

surface of β5. 

 

In addition, curcumin seems to make good hydrophobic contacts with the side 

chains of Ala20, Ala27, Ala49, Val31 and Lys33. Moreover, one of the terminal aromatic 

rings makes a π-π interaction with Tyr168 on the S2 surface with a close distance of 4.41 

Å between the phenyl ring carbons (Figure 21 (a)). 
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Figure 22. The different residues at β2 (pink) and β5 (light blue). The pocket of β5 is 

more spacious than β2 because of a refolded Glu120 instead of Asp120 and Ala20 instead 

of Ser20.  

 

Figure 23 illustrates the superposition of curcumin with the crystal structures of 

other known inhibitors at β5 in different carbon colors: curcumin (gray carbon), 

epoxomicin (green carbon), bortezomib (orange carbon).   The position of the Michael 

acceptor of curcumin is close to the location where covalent bonds are formed between 

the inhibitor and Thr1 (black circle) as indicated by the distances between β carbon and  

electrophilic atoms of known inhibitors is 2.71 Å, and 2.55 Å with epoxomicin, and 

bortezomib, respectively. One 4-hydroxy-3-methoxyphenyl unit of curcumin resides on 

the S2 surface, whereas the other aromatic ring inserts deeply into the S3 pocket similar 

to the P3 Ile and Asn side chains of epoxomicin and TMC-95A, respectively, and the P3-

pyrazine of bortezomib.   
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Figure 23. Superposition of curcumin with crystal structures of other known inhibitors 

β5: curcumin (gray carbon), epoxomicin (green carbon), bortezomib (orange carbon). 

The position for covalent-bond formation is marked with a black circle.  

 

 

4.3.3 Summary of the predicted binding poses of curcumin at all three 

catalytic subunits 

In summary, the docking studies of curcumin just described imply a better 

binding mode at β5 by filling the two specific pockets, S1 and S3, as well as interacting 

with Tyr168 at the S2 surface.  These results are in accord with the studies carried out by 

the Milacic and Groll groups showing that curcumin has the highest potency at β5, 

strongly demonstrating that the docking studies follow experiments.  
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4.4 Docking of RA-1 analogs 

 

Table 6. The structures of chalcone-based derivatives
45

  

 

  

 

Martina Bazzaro et. al functionalized  chalcone-based structures with either 

aromatic (2 and 3), hydrophobic (4), acidic (5), or basic (6) amino acidic substitutions at 

position P, predicting the selectivity toward chymotrypsin-like (2-4, hydrophobic 

functional group), PGPH-like (5, acidic functional group), and trypsin-like (6, basic 

functional group), respectively (Table 6). In addition, the length of the amino-acid 

portion at position P was extended by dipeptides in compounds 7-10 to explore the 

potential affinity.  
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 Compounds 2-4 showed antiproliferative activity, whereas the action of 

compounds 5-10 dramatically decreased with IC50 > 50 µM (Table 7).
 45

 

 

Table 7. Cell killing activities of compounds 2-10 on HeLa and CaSki cervical cancer 

cell lines
45

                                                                                                                                                         

 

Table 8. In vitro inhibition of the proteolytic activities of proteasome purified from 

lymphoblastoid cell lines (LCLs)
 45    
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 Moreover, 10 µM of compound 2 nearly fully inhibited PGPH-like, T-like and 

CT-like activities of the purified proteasome.  

On the other hand, compounds 3 and 4 only induced partial inhibition with a 

selective inhibition pattern toward T / CT-like activities and CT-like activity, respectively 

(Table 8, Figure 24).
 45

 In the Bazzaro study,
13 

the role of the amino acid tail at the P 

position of RA-1 analogs was neither determined nor rationalized.  However, the present 

work suggests that the tail resides in the hydrophobic extension at P, i.e. Phe, Tyr, Ile.  

 

 

 

 

 

 

 

Figure 24. Relative inhibition of the three catalytic subunits by compounds 2-4.  

Bortezomib was used as a positive control.
45

  

 

 

4.4.1 The predicted binding pose of RA-1 (IC50 = 6.2 (β1), 6.6 (β2), and 4.8 (β5)) 

at all three catalytic subunits 

The docking results generate good binding poses at all three subunits (Figure 25).  

First of all, one β carbon is close to the Thr1 oxygen atoms (2.87 Å (β1), 3.80 Å 

(β2), and 3.17 Å (β5),).  The corresponding O---C=C angles are – 98.4 (β1), 66.9 (β2), 
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and 90.9 (β5) and all lie near a common plane, implying rather poor geometries for 

nucleophilic attack.  Although β1 reveals the closest contact between the β carbon and 

Thr-O, all three might in principle serve as Michael nucleophiles in view of the dynamic 

behavior of proteins at ambient temperature which can possibly lead to productive 

reaction trajectories.   

One of the di-chloro phenyl rings sits in the S1 pocket, while the other lays on the 

S2 surface. The former penetrates deeply into the S1 pockets of β2 and β5 because of 

pocket size (Figure 26. (a)). Furthermore, the short π-π interactions at β5 between the 

latter chlorinated ring and Tyr168 with the short 4.18 Å separation seems to be one of the 

reasons for the higher activity at β5 relative to β1 and β2 (Figure 25. (e)).  

One telling structural feature is the locus of the Phe phenyl ring at P4 which is 

directed at the S4 hydrophobic surface in β2 rather than the S3 pockets, presumably 

because of stronger hydrophobic contacts with the side chains of Thr48, Leu115  and 

Ile116 (Table 9).  

 

 

 

 

Table 9. The residues which comprise the S4 surface of all three subunits. 

β1 β2 β5 

Ser48 Thr48 Gly48 

Ala115 Leu115 Pro115 

His116 Ile116 Val116 
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Figure 25. The predicted binding poses of RA-1 to β1 (a), β2 (c) and β5 (e), and on the 

molecular surfaces of β1 (b), β2 (d) and β5 (f). The residues which form hydrogen bonds 

and hydrophobic interactions with RA-1 are shown by the interatomic distances (dotted 

lines, Å) between heavy atoms.  
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In addition, RA-1 forms hydrogen bonding interactions with the backbone O of 

Thr21 (2.85 Å) at β1, the backbone N of Gly47 (2.74 Å) and Ala49 (2.83 Å) and the 

backbone O of Thr21 (2.67 Å) at β2, and the backbone N of Gly47 (3.20 Å) and Ala49 

(2.86 Å) and the backbone O of Thr21 (3.23 Å) at β5 (Figure 25, (a, c, e)).  These 

interactions play a key role in orienting the RA-1 within the binding site.  

 

Figure 26. RA-1 docking: (a) The superimposed poses of RA-1 at β1 (turquoise), β2 

(pink), and β5 (orange). (b-c) The phenyl ring at β2 sits on the S4 hydrophobic surface 

rather than in the S3 pocket because of stronger hydrophobic contacts with side chains of 

Thr48 (Ser48 at β1 / Gly48 at β5) , Leu115 (Ala115 at β1 / Pro115 at β5) and Ile116 

(His116 at β1 / Val116 at β5).  
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Figure 27 shows the superposition of RA-1 with the crystal structures of other 

known inhibitors with different carbon color at β1s: RA-1 (light blue), epoxomicin (green 

carbon), bortezomib (orange carbon), TMC-95A (blue).  The position of the Michael 

acceptor atom of RA-1 is close to the place where covalent bonds are formed between 

other inhibitors and Thr1 (yellow circle).  The distances between the β carbon and the 

electrophilic atoms of known inhibitors are 1.70 Å and 1.55 Å with epoxomicin, and 

bortezomib, respectively. The phenyl ring of Phe at P4 position slides deeply into the S3 

pocket as do the P3 Ile and Asn side chains of epoxomicin and TMC-95A, and the P3-

pyrazine of bortezomib.   

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Superposition of RA-1 with the crystal structures of other known inhibitors at 

β1: RA-1 (light blue), epoxomicin (green carbon), bortezomib (orange carbon), TMC-

95A (blue). The position for covalent-bond formation is marked with a yellow circle. 



121 

 

 

4.4.2 The predicted binding pose of RA-2 (IC50  > 10 (β1), = 8.4 (β2), and 4.2 (β5)) 

at all three catalytic subunits 

RA-2 with a CO-tyrosine moiety at the P position shows antiproliferative activity 

against both HeLa and CaSki cervical cancer cell lines at 10 µM, and induced partial 

inhibition of T and CT-like activities.  

In this case, RA-2 shows a different binding mode at β1 relative to β2 and β5 in 

which the chalcone moiety is placed in a solvent exposed area. This is because the Tyr 

OH experiences a steric clash with the S3 surface due to the smaller size of the overall 

active sites of the other two subunits.  Therefore, it is likely to occupy the S1 or S3 

pockets, pushing out other parts of the compound into the solvent exposed area as 

predicted. Thus, this compound is unlikely to engage in a Michael reaction.  

On the other hand, at β2 and β5, RA-2 generates poses similar to RA-1, in which 

one β carbon comes close to the Thr1 O atoms (3.68 Å (β2), and 3.17 Å (β5), 

respectively).  Positioning of the β carbon in this way suggests the possibility of a  

nucleophilic attack by Thr1 (Figure 28). One of the di-chloro phenyl rings occupies the 

S1 pocket, while the other points to the S2 surface. Furthermore, the short π-π 

interactions at β5 between the latter and Tyr168 (shortest distance between the carbons of 

two phenyl rings, 3.85 Å) seems to be one of the reasons for the higher predicted activity 

relative to β2.  

RA-2 forms hydrogen bonding interactions with the backbone N of Gly47 (2.80 Å) 

and Ala49 (2.85 Å) and the backbone O of Thr21 (3.03 Å) at β2; the backbone N of 

Gly47 (3.23 Å) and Ala49 (2.73 Å) at β5 (Figure 28, (a, c)). In addition, the side chain of 

Tyr establishes hydrophobic interactions with side chains of Ala49 and Gln22.  



122 

 

 

 

Figure 28. The predicted binding poses of RA-2 to β2 (a), β5 (c), and on the molecular 

surface of β2 (b) and β5 (d). The residues which form hydrogen bonds and hydrophobic 

interactions with RA-1 are shown with the distance (Å) between heavy atoms. 

 

Figure 29 displays the superposition of the crystal structures of other known 

inhibitors with different carbon color at β5: RA-2 (pink), epoxomicin (green carbon), 

bortezomib (orange carbon). The position of the Michael acceptor of RA-2 is near the site 

where covalent bonds are formed between inhibitors and Thr1 (yellow circle).  The 

distances between the β carbon and the electrophilic atoms of known inhibitors are 2.45 
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Å and 2.21 Å with epoxomicin, and bortezomib, respectively. The phenyl ring of Phe at 

the P4 position inserts deeply into the S3 pocket as does the P3 Ile and Asn side chains of 

epoxomicin and the P3-pyrazine of bortezomib.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Superposition of RA-2 with the crystal structures of other known inhibitors at 

β5: RA-1 (pink), epoxomicin (green carbon), bortezomib (orange carbon). The position 

for covalent-bond formation is marked with a yellow circle. 
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4.4.3 The predicted binding pose of RA-3 (IC50  > 10 (β1 and β2), and = 9.3 (β5)) 

at all three catalytic subunits 

 Even though RA-3 induced partial inhibition with a selective inhibition toward 

CT-like activity, the binding modes at β2 and β5 are similar to those predicted for RA-1 

and RA-2 . However, at β1 Leu at the P position resides in the S1 pocket instead of S3 

pocket. The representative pose at β5 is shown in Figure 30.  

One β carbon is close to the O of Thr1 ( 3.28 Å), again setting the molecule up for 

possible nucleophilic attack by Thr1.  One of di-chloro phenyl rings fits into the S1 

pocket, and the other one points onto the S2 surface. Furthermore, the short π-π 

interactions at β5 between the latter and Tyr168 (shortest distance between aromatic 

carbons is 3.85 Å) seems to contribute to the higher activity relative to β1 and β2.  

This is consistent with a review of π-π stacking interactions taken from the protein 

database.
56

 Georgia B. McGaughey et al. examined a representative set of high resolution 

X-ray crystal structures of nonhomologous proteins to determine the preferred positions 

and orientations of noncovalent interactions between the aromatic side chains of the 

amino acids Phe, Tyr, His, Trp. They found that pairs (dimers) of aromatic side chains 

preferentially align in an off-centered parallel orientation, which is 0.5-0.75 kcal/mol 

more stable than a T-shaped structure for Phe interactions and 1 kcal/mol more stable 

than a T-shaped structure for the full set of aromatic side chains.  

In addition, closest contact distances (Rclo) between the respective C and N atoms 

were calculated. The numerical distribution of Rclo has a prominent minimum between 

4.5 - 5Å. Distances beyond this range are unproductive contributors to binding.  The π-π 
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interactions at β5 between Tyr168 and a ring of inhibitors resulting from docking should 

exist and their interactions could result in higher activity.  

RA-3 forms hydrogen bonding interactions with the backbone N of Ala50 (2.91 Å) 

and Gly47 (3.28 Å) and the side chain of Asp114 (2.58 Å). However, it doesn’t seem to 

occupy the S3 specificity pocket. 

 

 

Figure 30. The predicted binding poses of RA-3 to β5 (a), and residence on the 

molecular surface of β5 (b). The residues which form hydrogen bonds and hydrophobic 

interactions with RA-3 are shown with distances (Å) between heavy atoms. 
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4.5 Summary of the docking results for curcumin and RA-1, 2, and 3 

Non-covalent docking studies have been carried out to investigate curcumin and 

its analogs’ mechanistic profiles as proteasome inhibitors at all three catalytic subunits 

where Thr1 O is regarded as the primary nucleophile. Since the X-ray structure of vinyl 

sulfone inhibitor, MB1, revealed a Thr-O-Cβ covalent attachment, we pay attention to the 

geometric relationship of Thr1 O with the β carbon of a Michael acceptor center for 

several promising nucleophiles in the proteasome active sites.  Most binding poses place 

the β carbon of Michael acceptor within the 4.0 Å of those nucleophilies, however, 

reasonable binding poses were generated only for nearby Thr1 O.   

 According to superposition of the predicted binding poses of various curcumin 

analogs with the X-ray structures of known inhibitors, the distances between β carbon 

and electrophilic atoms of known inhibitors are within 1.55 to 3.23 Å. In those 

conformations, several hydrogen bonds with the backbone O or N of Thr21, Gly47, 

Ala49, Ala50, Ile119, or Ser112 play an essential role in anchoring the inhibitor within 

the catalytic subunits.  In addition, favorable hydrophobic contacts with the side chains of 

Gln22, Lys33, Ala49, Thr48, Leu115, or Ile116 assist the stabilization of the inhibitors. 

Especially interesting, one of the terminal aromatic rings makes a π-π interaction with 

Tyr168 on the S2 surface of β5.  

Curcumin and its analogs don’t seem to be able to bind at β1 with good affinity 

because of the small size of binding pockets. Moreover, the binding site analysis and the 

predicted binding poses imply a better binding mode at β5 by filling the two specific 

pockets, S1 and S3, as well as interacting with Tyr168 at the S2 surface. Importantly, 

these results are inconsistent with the study carried out Milacic and Michael Groll groups 
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that curcumin and its analogs have the highest potency to CT-like activity, strongly 

demonstrating that the present docking studies follow experiments.  

According to in vitro experiments with the proteasome purified from 

lymphoblastoid cell lines, while RA-1 shows activity at all three subunits, RA-2 does so 

at β2 and β5. In the case of RA-3, it operates at β5, but is considerably weaker. This is 

because the Tyr OH of RA-2 experiences a steric clash with the S3 surface at β1 due to 

the smaller size, pushing out other parts of the compound into the solvent exposed area as 

predicted. For RA-3 at β1, Leu at the P position slides into the S1 pocket instead of the 

S3 cleft. Therefore, these compounds are unlikely to engage in a Michael reaction. In 

addition, the predicted binding pose of RA-3 doesn’t seem to occupy S3 pockets in β2 

making a hydrogen bond with the backbone O of Trh21 instead, which might result in the 

inactivity at β2.  

Since the authors of the Bazzaro et al. paper did not report in vitro activity for 

RA-4-9, the inactivity against in vivo experiments might result from toxicity, solubility or 

other problems. But, if we presume there is no activity against the purified proteasome, 

the intensive active site analysis and docking studies above can explain their inactivity in 

the three subunits.  

First of all, di-peptide analogs like RA6-9 are too large and long to bind any of 

the catalytic subunits; their molecular weights are more than 700. Thus, the chalcone 

moiety is placed in the solvent exposed area, and consequently, one cannot expect 

Michael reaction between them and the Thr1 O of each subunit.  

In the case of RA-4, the side chain of Glu at the P position inserted into S1 of β1 

due to Arg45 could as predicted direct the selectivity towards PGPH like activity.  
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However, this event is unlikely to cause a Michael reaction as well. For RA-5, the 

side chain of Lys interacts with His114 and Asp120 in S3 of β1 because this side chain is 

too long to go into the S1. In addition, no reasonable binding poses for a Michael reaction 

were generated. These two molecules generate several promising binding poses at β2 and 

β5 similar to other active compounds. Therefore, their inactivities against in vivo 

experiments might result from other molecular properties not binding issues. Now, we are 

repeating these experiments in a collaboration with Lawrence Boise of Winship Cancer 

Institute of Emory university to confirm the reported activities.  

 

4.6 Extending the curcumin analog SAR 

In addition to validation of activities for RA-1, 2, and 3, we have synthesized 

curcumin analogs with various side chains at the P position in the hope that they might 

show proteasome activity similar or better to that of RA-1. Docking studies with them 

have been carried out based on results of the work with curcumin and RA series 

described above to design better compounds for cervical cancer and blockade of the 

papilloma virus, i.e. for better than the low µM results described.  

One important feature of the catalytic subunits is that the S3 pocket between the 

three subunits differs significantly in terms of pocket size and residue composition. 

Especially, the interactions with residue 114 and 118 provide subunit selectivity. The P3 

pyrazine of bortezomib, backbone NH of epoxomicin, and Asn of TMC-95A interact 

with the O of Asp114 at β5 adjacent to β6. However, curcumin and RA-1, 2, and 3 fail to 

deeply fill the S3 pockets and interact with either residue 114 or 118.  
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In order to improve ligand binding in the S3 pocket, fragment replacement has 

been carried out using BROOD of OpenEye.
57

 BROOD uses not only the shape and 

attachment geometry of a query fragment but also imposes constraints for required 

interactions to identify bioisosteric replacements by searching a default database of over 

6 million fragments covering 1-15 heavy atoms and 1-3 attachment points.  

If the protein is also given as input, it will check close-contacts between protein 

and ligand and discard fragments which clash with the protein. In addition, this program 

calculates not only various physical properties including molecular weight, logP, Lipinski 

Rule of 5, etc. but also synthetic accessibility for every analog molecule. Therefore, 

BROOD can be very helpful to search interesting fragment replacements for compound 

optimization to improve activity as well as selectivity.  

Figure 31-32 shows two examples (compound A and B) generated by BROOD 

followed by Glide docking at β5. One β carbon in both compounds A and B is close to 

the O of Thr1 (3.05 Å and 3.14 Å, respectively), setting the molecule up for possible 

nucleophilic attack by Thr1.  One of the di-chloro phenyl rings fits into the S1 pocket, 

and the other one points onto the S2 surface, making short π-π interactions at β5 between 

the latter and Tyr168 (shortest distance between aromatic carbons is 4.16 Å for 

compound A and 4.18 Å for compound B).  

These compounds form hydrogen bonding interactions with the backbone N of 

Ala49 (2.99 Å) and Gly47 (3.17 Å) and O of Thr21 (3.09 Å) for compound A and the 

backbone N of Ala49 (3.11 Å) and O of Thr21 (2.98 Å) for compound B. In addition, H 

of the positively charged N can establish a strong electrostatic interaction with Asp114 

filling the S3 pocket.  The structures superimposed onto the X-ray structures of 
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epoxomicn and bortezomib (Figure 31-32. (c)) show that the replaced fragment is 

overlaps well with them.  

 

Figure 31. RA-1 derivative modified at the P position. (a) The 2D structure and (b) the 

predicted binding pose of compound A in β5. The residues which form hydrogen bonds 

and hydrophobic interactions with compound A are shown with distances (Å) between 

heavy atoms. (c) Superposition of compound A with the crystal structures of other 

known inhibitors at β5: compound A (gray carbon), epoxomicin (green carbon), 

bortezomib (blue carbon).  
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Figure 32. The Cjk1-10 derivative modified at the P position. (a) The 2D structure and (b) 

the predicted binding pose of compound B in β5. The residues which form hydrogen 

bonds and hydrophobic interactions with compound B are shown with distances (Å) 

between heavy atoms. (c) Superposition of compound B with the crystal structures of 

other known inhibitors at β5: compound B (gray carbon), epoxomicin (green carbon), 

bortezomib (blue carbon). 
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Chapter 5. Conclusions 

 Even though both curcumin and chalcone-based derivatives (RA-1, 2, and 3) 

inhibit proteasomal activities in vitro as well as in vivo, their in vitro IC50 values fall in 

the low µM range. According to the docking results, one of the critical reasons for the 

latter is low binding affinities in the S3 pockets of each subunit leading to reduced 

occupancy, thus increasing the IC50 values. Of particular note, the interactions with the 

side chain carbonyl of Asp114 of β6 adjacent to β5 play an important role for the high 

affinity of epoxomicin, bortezomib or the non-covalent inhibitor, TMC-95A, based on 

analysis of their crystal structures. However, curcumin and chalcone-based derivatives 

(RA-1, 2, and 3) lack those interactions, occupying deep S3 pockets instead.  In section 

4.5, a strategy for overcoming this problem with isosteric replacements in order to form 

strong interactions with Asp14 and simultaneously fill the S3 pocket is described. 

 In addition, as the assay results appear to demonstrate, the functionalized P 

position doesn’t affect activities. This is because the various amino acid substitutions 

seem not to occupy the S1 pocket. Instead, it is assumed that the Michael reaction occurs 

during binding as in the case for the vinyl sulfone inhibitor, MB1. Moreover, various 

studies demonstrated that even with unfavorable P1 interactions, it may be possible for 

inhibitors to bind to catalytic subunits. Indeed, the P1 of many inhibitors are hydrophobic 

groups, such as the side chains of Leu, Ile or Phe.
35

 

 Therefore, in order to improve the activity and specificity of curcuminoids, strong 

favorable interactions at S3 may facilitate the further improvement of highly selective 

proteasomal inhibitors. Section 4.5 elaborates on this point in detail. 
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Part III. Design of novel coactivator binding 

inhibitors (CBIs) for the estrogen receptor α 

: Break the 1µM barrier? 
 

 

 

Chapter 1. Introduction
1
 

1.1 Estrogen receptor (ER) 

 The Estrogen Receptor (ER) is a member of the nuclear receptor (NR) 

superfamily of ligand-activated transcription factors associated with a diverse family of 

diseases including cardiovascular conditions, osteoporosis, and breast cancer. 

Transcriptional activation by ERα is mediated by two separate action functions (AFs), 

such as AF-1 in the N terminus and AF-2 in the C terminal ligand binding domain (LBD). 

AF-1 is regulated by growth factors acting on the MAP kinase pathway
58

, whereas AF-2 

is responsive to ligand binding
59

. The ligand-dependent activation of transcription is 

mediated by interactions with coactivators: receptor agonists promote coactivator binding, 

whereas antagonists, block coactivator binding.  

All biology, chemistry and modeling were carried out as a part of collaboration 

between Emory University and University of Illinois (Aiming Sun, Terry W. Moore, 

Jillian R. Gunther, Mi-Sun Kim, Eric Rhoden, Yuhong Du, Haian Fu, James P. Snyder, 

and John A. Katzenellenbogen).
60

  My part involves all the modeling to support this work 

and is described below. 

 

 

                                                 
1
 A number of the sections of the following ERa discussion have been taken from the 

manuscript submitted to ChemMedChem that was ultimately published.
60
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1.2 Blockers of ER agonist signaling 

 The traditional strategy of blocking ER agonist signaling has been achieved by 

using competing antagonists that bind to the ligand binding domain (LBD) of the receptor.  

However, most patients with hormone-responsive breast cancer eventually develop 

resistance to traditional anti-estrogens such as Tamoxifen. According to the various 

studies, the biological mechanisms of the intrinsic and acquired resistance to Tamoxifen 

may include loss of ER expression, mutations of the ER genes, reduced intra-tumoral 

concentrations of Tamoxifen, or increased agonistic metabolites rather than anti-

estrogenic metabolites for ER activation
61

. Therefore, an alternative approach, the design 

of nonpeptidic small molecules that directly inhibit the interaction between agonist bound 

ER and coactivator proteins, has been undertaken.  

 

1.3 Specific aims 

 The Emory high-throughput screening center as part of the MLSCN (Molecular 

Libraries Screening Center Network) identified two hits (1 (Phenyl piperazine scaffold) 

and 2 (Benzothiozole) scaffold) by high-throughput screening (HTS). These novel 

coactivator binding inhibitors are shown to be active at low µM concentration by using a 

cell-based, luciferase reporter gene assay (developed by the John Katzenallenbogen 

group, our collaborators at the University of Illinois), which measures ERα 

transcriptional activity. The compounds were also demonstrated to directly block the 

interaction between ERα and the coactivator proteins by means of a time-resolved 

fluorescence resonance energy transfer (TR-FRET) assay. However, they fail to deliver 

IC50 values below 1µM in the reporter gene assay. 
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 Thus, the specific aim of this study is to understand these observations and break 

the 1µM barrier. Since there are X-ray structures of ERα in complex with agonist, 

antagonist, and coactivators, docking was carried out to develop a description of ligand 

binding and understand structure-activity relationships as a preliminary study. In addition, 

MD simulations were performed to examine solvent-based entropic contributions to the 

free energy of ligand binding. Based on the results from the docking and MD simulations, 

several further molecular modeling approaches have been proposed to design improved 

coactivator binding inhibitors in order to break the 1µM barrier.  

 

Chapter 2. Preliminary study 

2.1 Structure of the ERα 

Figure 1 shows the overall structure of the ERα ligand binding domain (LBD)-

agonist (DES, diethylstilbestrol)-coactivator peptide (GRIP1 NR box II) complex. This 

protein monomer is a wedge-shaped molecule in which the agonist (yellow) and its 

binding cavity are within the interior of the LBD, while the peptide binds as a short α 

helix (orange) to a hydrophobic groove on the surface of the LBD (Fig. 1 a).  
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Figure 1  a) Overall crystal structure of ERα including agonist (DES, yellow) and 

coactivator proteins (GRIP1 NR box II, orange).  b) Crystal structure of GRIP1 peptide 

on the coactivator recognition surface of the ERα  

 

The coactivator protein is an α-helical structure with the conserved sequence of 

LXXLL, also known as an NR box, which forms the core of the short α helix that is 

recognized by a hydrophobic groove on the surface of the LBD (Fig. 1 b). This 

coactivator recognition surface is composed of a shallow hydrophobic groove which is 

highly nonpolar and capped on either end by two oppositely charged residues (charge 

clamp; Lys362 and Glu542). These two residues are positioned at opposite ends of the 

LBD surface to stabilize the conformation of the coactivator protein. Shown here is just a 

small part of the coactivator protein, the so called NR box containing the LXXLL amino 

acid sequence motif. Leu690 and Leu694 are entirely embedded in the hydrophobic 

groove, forming deep and strong hydrophobic interactions. Ile689 and Leu693 interact 
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with the receptor on one half of their surface, forming weaker but apparently significant 

surface-associated hydrophobic interactions. 

 

2.2 High-throughput screening (HTS) and optimization 

Two hits (1 (Phenyl piperazine scaffold) and 2 (Benzothizole scaffold)) was 

identified by high-throughput screening (HTS). 

 

 

 

 

 

 

 

1 was modified by synthesis in four sectors: chlorophenyl A and piperazine B 

with a variety substituents including aromatic rings; linker C length altered; phenyl 

quinazoline D decorated with -OMe, -COOMe and -COOH groups. 2 was also modified 

in the two side rings, namely R1 and R2. The following tables is part of the published 

paper mentioned above.
60
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2.2.1 Modification of the chlorophenyl region A and linker region C.   

 

 

 

 

 

Table 1. Modification of the chlorophenyl region A and linker region C 

a
Compound showed partial inhibition in reporter gene assay; 

b
Some toxicity in β-

alactosidase assay; 
c
Significant toxicity in β-galactosidase assay. 

 

Compd R2 n Luciferase 

activity 

(IC50, M) 

Compd R2 n Luciferase 

activity 

(IC50, M) 

Peptide - -  1n 2-CN 2 7.5
b 

1 3-Cl 2 14.8
a 

1o 3, 4-dichloro 4 4.2 

1a 4-Cl 2 7.1 1p 4-OH 4 10.8
 a
 

1b 3,4-dichloro 2 5.5 1q 4-CF3 4 4.4
 

1c 4-OMe 2 7.4 1r 4-CN 4 8.0 

1d 4-OH 2 inactive
 

1s 2-CN 4 3.5 

1e 2-OH 2 4.8
 

1t 3-CN 4 9.9 

1f 3-OH 2 10.4
 

1u 3-NO2 4 6.6
 

1g 4-CF3 2 2.3 1v 3-Cl 4 5.2
a 

1h 3-CF3 2 35
a 

1w 4-Cl 4 9.3
a 

1i 2-CF3 2 11.9
 

1x 3-CF3 4 25
a 

1j 3-CF3, 4-Cl 2 inactive
 

1y 3-Cl 6 4.2
 

1k 4-
i
Pr 2 26

 a
 1z 2-CN 6 2.7

c 

1l 3-NO2 2 8.2
b 

1aa 3, 4-di-Cl 6 inactive 

1m 4-CN 2 inactive 1bb 4-CF3 0 inactive 
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2.2.2 Modification of phenyl piperazine sectors A and B.   

 

 

                                          

 

 

 

Table 2. Modification of phenyl piperazine sectors A and B 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Compd n Ar reporter gene (IC50, μM) 

9a 2 

 

8.6 

9b 2 

 

inactive 

9c 2 

 

10.9 

9d 4 

 

6.6
 

9e 4 

 

inactive
 

9f 4 

 

7.0
a 
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2.2.3 Modification of phenyl quinazoline region D. 

 

                                         

 

 

 

 

 

 

Table 3. Modification of phenyl quinazoline region D 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compd R5 R6 R7 n reporter gene 

(IC50, μM) 

11a OMe OMe 3-Cl 1 3.7
a
 

11b COOMe H 3-Cl 1 7.3 

11c OMe OMe 4-CF3 1 21
a
 

11d COOH H 3-Cl 1 inactive 

11e OMe OMe 4-Cl 1 inactive 

11f OMe OMe 3, 4-di-Cl 1 22
a
 

11g OMe OMe 4-CF3 3 inactive 
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2.2.4 Modification of benzothiozole  

 

 

 

 

 

Table 4. Modification of benzothiozole 

Compd R1 R2 Luciferase 

activity 

(IC50, M) 

Compd R1 R2 Luciferase 

activity 

(IC50, M) 

4 c-Pr N-MeIm 20-50 4y i-Bu p-t-BuPh >50 

4a c-Pr Im >50* 4z c-Pr p-OMePh 20-50 

4b c-Pr o-CF3Ph 6.3 4aa i-Pr p-OMePh >50 

4c c-Pr m-CF3Ph 20-50 4bb i-Bu p-OMePh >50 

4d i-Bu 2,5-diClPh 9.1 4cc i-Pr p-ClPh 20-50 

4e c-Pr o-MePh >50 4dd i-Bu p-ClPh >50 

4f i-Bu o-MePh >50 4ee c-Pr p-CF3Ph 6.0 

4g i-Bu o-i-PrPh >50 4ff i-Pr p-CF3Ph 15 

4h i-Bu o-t-BuPh 5.8 4gg i-Bu p-CF3Ph 17 

4i i-Bu o-ClPh 20-50 4hh c-Pr p-BrPh 20-50 

4j i-Bu m-ClPh 20-50 4ii i-Pr p-BrPh 20-50 

4k i-Bu o-CF3Ph 20-50 4jj i-Bu p-BrPh >50 

4l i-Bu m-CF3Ph >50 4kk c-Pr 2-Naph 8.7 

4m t-Bu o-EtPh 20-50 4ll i-Pr 2-Naph 10 

4n i-Pr o-ClPh 20-50 4mm i-Bu 2-Naph 12 
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4o i-Pr m-ClPh 6.3 4nn i-Pr 3,4-diClPh >50 

4p i-Pr o-CF3Ph 20-50 4oo i-Bu 3,4-diClPh 20-50 

4q i-Pr m-CF3Ph >50 4pp i-Bu 2,4-diMePh 20-50 

4r c-Pr p-MePh 20-50 4qq i-Pr 2,4-diMePh 20-50 

4s i-Pr p-MePh >50 4rr i-Pr p-EtPh 20-50 

4t i-Bu p-MePh >50 4ss i-Bu p-EtPh >50 

4u c-Pr p-EtPh 20-50 4tt c-Pr p-i-PrPh 20-50 

4v i-Bu p-i-PrPh >50 4uu i-Pr p-i-PrPh >50 

4w c-Pr p-t-BuPh 20-50 4vv i-Pr 2,5-diClPh 6.1 

4x i-Pr p-t-BuPh >50     

 

 

Chapter 3. Molecular modeling 

3.1 Molecular modeling 

  To develop binding models of the ERα coactivator inhibitors described herein and 

elucidate initial structure activity relationships, we employed the crystal structure of the 

human estrogen receptor α (hERα) ligand binding domain (LBD) bound to the agonist 

diethylstilbestrol (DES) and a peptide derived from the NR box II region of the coactivator 

GRIP1 (2 Å resolution; pdb code 3ERD).  The peptide was deleted and flexible docking of 

the ligands to the coactivator site was performed with the Induced Fit Docking module of 

the Schrödinger Suite (2008)
62

.   

Since the quality of pose prediction depends strongly on reasonable starting 

structures, prior to ligand docking the protein LBD was first prepared in a form suitable 

for docking followed by subsequent MM-GBSA calculations and MD simulation with the 
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“Protein Preparation Wizard” in Maestro (v. 9.0.211, 2009). Thus, coactivator peptide, and 

tightly bound water molecules were deleted; bond orders, assigned; hydrogens, added; 

protein termini, capped with ACE (N-acetyl) and NMA (N-methyl amide); structures, 

fixed; and labeling, systematized.  

In addition, since several residues with missing side chains were detected within 

and near loops, these were automatically added and conformations for them were 

predicted using Schrödinger’s “Prime side-chain prediction” module and the OPLS-2000 

protein optimized all-atom force field.
63

 The procedure follows.  

For the prediction of the first residue, the side-chain rotamer library is searched to 

find the rotamer with the lowest predicted energy, while keeping all other side chains 

fixed. Then the next residue is considered, and so forth, until all residues have been treated.  

Once the process is complete, the steps are repeated until no residues change 

rotamer states; i.e. rotamer convergence. Once this was achieved, structure optimization 

was run on all of the side-chain atoms while keeping backbone atoms fixed. Finally, 

restrained minimization of the protein was carried out by the IMPREF utility in “Protein 

Preparation Wizard” which performs protein refinement with OPLS-2000 until heavy 

atom positions deviate from the crystal structure with an RMSD of no more than 0.3 Å.   

 

 

 

3.2 Induced fit docking.
62

 

Frequently, ligands are docked flexibly into the binding site of a rigid protein 

receptor.  However, in many situations this yields misleading results as many proteins 
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experience side chain or backbone movements upon ligand binding. Small-molecule 

blockade of protein-protein interactions, as in the present case, is particularly susceptible 

to such effects. Therefore, although more time-consuming, we decided to incorporate both 

ligand and protein flexibility in all docking exercises in an effort to maximize accuracy.  

As a result, binding site residues including Ile358, Lys362, Leu372, Glu380, 

Glu542, and Met543 experienced movements to accommodate docked blockers.  In 

particular, Lys362 was displaced up to 4 Å towards solvent during the course of induced-

fitting of various inhibitors.  

 

3.3 Molecular volume and qikprop calculations.   

In order to investigate the possibility that ERa coactivator inhibitors might bind to 

the agonist binding site or compete with antagonists, molecular volumes of a classical 

agonist, diethylstilbestrol (DES), and a traditional antiestrogen, 4-hydroxytamoxifen (HT), 

as well as 1g were calculated with Schrödinger’s QikProp facility
64

   as applied to either 

the bound X-ray crystal structure or the most favored docked pose.   

In addition, the volume of the antagonist binding pocket was calculated with 

CASTp (Computed Atlas of Surface Topography of proteins). In order to explore why 

CBIs show low IC50 values in the reporter gene assay, the Caco-2 cell permeabilities of 

three key ligands, agonist DES and antagonist HT were predicted with QikProp: 1b, 745; 

1e, 488; 4o, 572; DES, 207 907; HT, 626 624 (< 25 poor, > 500 great).  
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3.4 MM-GBSA energy evaluation.  

In order to identify the optimal binding poses generated by docking, MM-GBSA 

calculations
65, 66

 were performed within Prime following induced-fit docking. The method 

is known to be able to identify experimental protein-ligand complexes (i.e. the X-ray 

structure), over alternative poses by computing an estimate of the free energy of binding.  

The procedure is superior to GlideScore, the scoring function employed by Prime to rank 

poses during their generation. Consequently, it is prudently used to re-score the list of 

ligand/receptor docking geometries to select the energetically most favorable complex.
66

  

 

3.5 Desmond molecular dynamics simulations and determination of numbers 

of displaced waters.  

MD simulations were performed using the Schrodinger Desmond module 

developed by D. E. Shaw Research.
67

 The above-described crystal structure (3ERD) 

prepared for induced-fit docking by the “Protein Preparation Wizard” was chosen for a 

Desmond simulation as well.  

The coactivator peptide was removed and the protein was solvated in an 

orthorhombic SPC water box with a outer boundary of 10 Å from the protein. The system 

was initially subjected to OPLS-2000 optimization to relax the system to the nearest local 

energy minimum. Trajectory data were recorded every 1.2 ps for a total of 1ns simulation 

at 300K and a pressure of 1.0 bar using an NPT ensemble class.  In addition, seven sodium 

cations were added to neutralize the system, and the Ewald method was used to affect 

efficient and accurate long-range electrostatics.   
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The last structure of the 1 ns simulation was taken for analysis of the waters in the 

binding site since its energy is very similar to that of the average energy value over the 

nearly isoenergetic 1 ns time course.  To guarantee that the ERa protein has equilibrated 

faithfully, the 1 ns structure was superposed with the starting complex to show that both 

the protein backbone and the diethylstilbestrol agonist are in essentially identical spatial 

locations.  

After the MD treatment, the crystal structure of the coactivator peptide and the 

docking poses of 1b, 1e and 4o were individually placed in the binding site water pool by 

superposing the respective protein complex backbones with that of the solvated and 

simulated apo-protein. Only waters 2 Å or less from any atoms of coactivator peptide, 1b, 

1e and 4o were considered to be ligand-overlapped and, therefore, candidates for extrusion 

from the binding site. 

 

Chapter 4. Results 

4.1 Possible competition at the ligand binding pocket.   

The molecules identified by HTS and analogues in this study were pursued with 

the understanding that they compete with the co-activator proteins and peptides and do not 

bind at the agonist (estradiol)/antagonist (tamoxifen) binding pocket. The lead 

modification principle flows largely from characterization of the coactivator peptide as a 

pharmacophore anchored by a “charge clamp” superimposed on a family of hydrophobic 

residues residing between and below the cationic and anionic centers. 
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Figure 2. Alignment of 1g (pink) and 4-hydroxytamoxifen (blue) in 3ERT (hERα-HT 

complex) as determined by Glide docking.  Much of 1g is predicted to bind well outside 

the ligand binding site. 

 

To initiate the ligand-protein docking studies, we were curious to know if the 

inhibitors under investigation could conceivably compete with the classical ligands. First, 

we examined the diethylstilbestrol agonist complex (PDB code 3ERD) in which helix-12 

occludes the agonist binding pocket. The molecular volume of diethylstilbestrol (DES) is 

947 Å
3
, while that of inhibitor 1g is 1376 Å

3
.  The volume differential is consistent with 

the inability to find a single pose for 1g in the highly constrained pocket.  The possibility 

that CBI’s might bind competitively with ER antagonists was also examined in the 

context of the X-ray structure in which 4-hydroxytamoxifen (HT, molecular volume 1335 

Å
3
) occupies the ligand site (volume 1476 Å

3
) and H-12 has folded into the coactivator 

binding site (PDB code 3ERT).   
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Since HT and 1g have very similar molecular volumes, in principle both can 

occupy the expansive pocket. Docking 1g into the emptied HT site shows that the phenyl 

piperazine-quinazoline scaffold is able to penetrate the site, but the best binding pose is 

quite different from that of HT.  Consequently, the molecule occupies the pocket only 

partially, while much of the structure resides in solvent (Figure 2).  

In addition, MM-GBSA calculations were carried out to compare estimated 

binding free energies (Gbinding = Ecomplex(minimized) - Eligand(minimized) - Ereceptor) for HT 

and 1g.  The latter complex as pictured in Figure 2 is posited to be much less stable than 

that for HT (Gbinding ~ 17 kcal/mol).  The calculations are in complete accord with 

conclusions from the mechanistic studies described above, namely that the present classes 

of blockers are genuine CBIs that prevent coactivator peptides from complexing with the 

ERα receptor. The correlation between biology and modeling offers a measure of 

confidence that the CBI docking results reported below might be useful for guiding future 

design strategies. 

 

4. 2 Phenyl piperazine scaffold.   

All active compounds in Table 1 with the exception of 1e and 1f bearing an OH 

hydrogen donor, exhibit similar docked poses. These show good alignment with the X-ray 

structure of the bound ERα-coactivator peptide and simultaneously form productive 

hydrophobic contacts and H-bonds with Gln375, Lys362, or Val368. In addition, as a 

result of the induced fit docking, each is accompanied by Glu380, Glu542, Met 543, 

Ile358 and/or Leu372 side chain movements in order to better match dipoles of the 

functional groups on the phenyl associated with the piperazine ring or hydrophobic 
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contacts with the benzene center of the quinazoline ring. It is noteworthy that the center of 

mass of 1b does not fall along the axis of the peptide helix, but below it and deeper into 

the groove (Figure 3b).  The docking has provided an intuitively reasonable spatial 

overlap by superposing the dichlorobenzene ring onto Leu690 and the piperazine ring onto 

Leu694; hydrophobic onto hydrophobic.  

To test the possibility that docking might insert 1b arbitrarily deep within the 

groove, the coactivator peptide from 3ERD was rigidly docked into the binding site. In 

none of the resulting poses do the Leu and Ile side chains penetrate deeper into the pocket 

than observed in the X-ray structure, indicating that the hydrophobic basin of the protein is 

the arbiter of  hydrophobe location. 

 

Figure 3.  a) Induced fit docked pose for 1b at the coactivator binding site of the ERα 

receptor (PDB X-ray structure code 3ERD). Displacements of Glu542 and Ile358 side 

chains resulting from docking and H-bond distances are indicated in Å); b) Alignment of 

1b (stick) and the coactivator peptide (blue ribbon; 3ERD). Hydrophobic residues Leu690 

and Leu694 are matched by ligand hydrophobes. 
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Pronounced side chain relocation can also occur for Lys362, a cationic charge 

clamp residue. For example, H-bonding to Lys362 by the piperazine-associated carbonyl 

group in 1b (3-carbon linker, n = 2) can contribute to modifying the locus of the side chain. 

Figure 3 depicts the docked pose of 1b in which the A-sector 3,4-dichloro phenyl 

piperazine moiety slips deeply into hydrophobic groove, while the D-sector phenyl 

quinazoline resides outside of it.  During ligand fitting, Glu542 and Ile358 were relocated 

by 1.7 and 2.3 Å, respectively, to accommodate the two chlorines and the piperazine ring. 

In addition to the Lys362----O=C H-bond (1.9 Å), the quinazoline NH and the Val368 

C=O interact similarly at 2.1 Å.    

For certain active CBI analogs, such as 1q, induced fit docking leads to 

displacements of Lys362 up to 4 Å into regions of solvent exposure in order to 

accommodate the longer five-carbon linker (Table 1, n = 4) as shown in Figure 4a. 

Moreover, not only have Glu380, Glu542, and Met543 been translated in order to provide 

space for the 4-CF3, but Leu372 has also shifted 2.1 Å for compatibility with the 

quinazoline ring. When comparing 1q with 1b and its shorter three-carbon linker, there are 

three significant differences as depicted by Figure 4b-c. The latter illustrates that the 

longer linker of 1q is embedded much more deeply in the hydrophobic groove than the 

shorter linker of 1b (Figure 4b).  This affects the positions of the phenyl and quinazoline 

rings.  Thus, the 4-CF3 substituted phenyl ring of 1q shifts left (Figure 4c), while the 

quinazoline ring rotates so that the ligand’s carbonyl forms an H-bond with Gln375 rather 

than with Val368 as for 1b (Figure 4a / Figure 4c right). All in all, the compounds in this 

series appear to exhibit quite similar binding poses by adopting compensating local 

adjustments resulting from linker length variation. 
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Figure 4.  a) Induced fit docked pose for 1q at the coactivator binding site of the ERα 

receptor (PDB X-ray structure code 3ERD). Displacements of Lys362, Leu372, Glu380, 

Glu542 and Met543 side chains relative to 3ERD and H-bonds are indicated in Å; b) and c) 

Relative alignments of 1b and 1q.   

 

Other short/long linker analog pairs with similar activities presumably experience 

the same phenomenon (1a (7.1)/1w (9.3
a
), 1b (5.5)/1o (4.2), 1h (35

a
)/1x (25

a
), 1l 

(8.2
b
)/1u (6.6), 1n (7.5

b
)/1s (3.5)) (Table 1 IC50 values and footnotes in parentheses).  

Some derivatives with 5- and 6-carbon linkers exhibiting superior activity relative to their 

3-carbon linker counterparts (e.g. 1 (14.8
a
)/1v (5.2

a
), 1 (14.8

a
)/1y (4.2), 1m (inactive)/1r 

(8.0), 1n (7.5
b
)/1z (2.7

c
)) appear to experience a particular advantage in this respect.  The 

last two comments need to be tempered with the knowledge that some members of the 

pairs either show only partial inhibition in the reporter gene assay or significant toxicity 

against the target cells (cf. footnotes to Table 1) 
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Surprisingly, introduction of an appropriately placed hydrogen donor group (2-OH, 

1e, Table 1) resulted in a rather different U-shaped binding mode (Figure 5).  In this case, 

the orientation of the ligand has been reversed, the terminal rings effectively switching 

places relative to the pose pictured in Figure 3.  Thus, the quinazoline benzene unit 

mimics the Leu690 coactivator peptide side chain, while the piperazine ring and the head 

of its attached phenol ring occupy the corresponding Leu694 subsite (Figure 5b). The 

hydrophobic edge of the phenol is posited to reside rather deep in the groove in a 

hydrophobic subpocket formed by Ile358, Ala361, Phe367, Val368, Leu379 and the 

methylene chain of Lys362.  Relative to 3ERD, the pocket has been reshaped by residue 

movements of 1-2.4 Å and is accompanied by (0.6-0.9 Å) shifts of Glu380 (0.9), Glu542 

(0.8) and Met543 (0.6) as well to accommodate the quinazoline ring. A significant 

outcome is that the OH of the ligand’s phenol ring is predicted to engage in hydrogen 

bonds with both Gln375 (1.7 Å) and Lys362 (2.1 Å), the latter having been translated by 

4.2 Å during docking (Figure 5a). Moreover, the NH of the quinazoline ring also forms an 

H-bond with Glu542 (1.8 Å). These non-covalent interactions with the charge clamp 

residues Lys362 and Gln542 serve to anchor 1e in the CBI pocket and to provide excellent 

alignment with the locus of the coactivator peptide (Figure 5b).  
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Figure 5.  (a) Docked pose of 1e illustrating the three ligand-protein hydrogen bonds and 

side chain movement upon docking in Å;  (b) Alignment of 1e (stick) and coactivator 

peptide (purple ribbon). 

 

  When the sector-A phenyl ring in series 1 was replaced with other aromatic 

moieties, compounds 9a, 9c and 9d delivered similar activities. Consistently, the 

compounds revealed similar poses as well as good hydrophobic contacts and hydrogen 

bonding interactions with Gln375, Val 368 and Lys 362. However, due to linker length 

variation, small differences are evident.  That is, the quinazoline ring rotated in 9a and 9c, 

while it shifted somewhat to the right in Figure 3 and away from the hydrophobic groove 

in the case of 9d.  

By contrast, when the D-sector quinazoline ring was decorated with various 

functional groups, only the methyl ester 11b was active (Figure 5, Table 3). As depicted 

in Figure 3, the D-sector rings are suggested to reside outside the coactivator peptide 

groove on an open surface area of the protein exposed to solvent.   This is consistent with 

the observation that increased hydrophobicity on the quinazoline ring arising from 
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multiple methoxy substitution (11a, 11c, 11e-g) confers no activity advantage.  

Surprisingly, the carboxylic acid 11d also proves to be inactive.  In the context of ligand-

protein interactions, however, docking suggests that the COOH resides well into solvent 

pulling the hydrophobically stabilized quinazoline ring of Figure 3 into the solvent pool 

and away from the binding pocket.   All in all, the docked inactive compounds in this 

series are suggested to enjoy fewer hydrophobic contacts and hydrogen bonding 

interactions.   Moreover, many of them were also predicted to complex with the ERα 

receptor by entirely different binding modes upon induced-fit docking.   If the pose of 

Figure 3 represents the best that can be achieved in this series, the alternative complexes 

imply a loss in potency consistent with observation.  

 

4. 3 Benzothiazole scaffold.   

Compound 4o, one of the more active members of this series, provides a satisfying 

binding CBI model as illustrated by Figure 6.  The structure not only fits well in the 

hydrophobic groove, but also forms good hydrogen bonding interactions with the charge 

clamp residues Lys362, Glu380 and Gln375 (2.0 Å).  Like inhibitors 1b and 1e (Figures 3 

and 5, respectively), this structure likewise offers hydrophobic features that appear to 

serve as Leu690 and Leu694 side chain surrogates; i.e. CH2S, one edge of the thiazole ring 

and the centrally placed benzene ring.  
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Figure 6.  a) Docked pose of 4o showing three hydrogen bond anchors and side chain 

movement upon docking in Å; b) Alignment of 4o (stick) and coactivator peptide (purple 

ribbon). 

 

       The model accommodates a number of the SAR trends discussed above.  For 

example, activities appear to be relatively unperturbed by replacement of the terminal i-Pr 

group in 4o with other hydrophobes. Figure 6 illustrates the deep apolar pocket in which 

the NHR1 is sited.  At the other end of the molecule, the SR2 moiety is exposed to both a 

rather hydrophobic protein surface and aqueous solvent, suggesting that amphiphilic 

substitution might best serve binding.  Indeed, the CF3 group appears to be a superior 

substituent for SAR, the CF3 group tolerant of both polar and nonpolar environments.
68

  

Replacement of fluorinated methyl with CH3 or OMe depletes activity seriously in accord 

with water layering. One puzzling observation is the complete loss of activity when 

methyl is removed from the imidazole in 4 to give 4a.  In the context of the model of 

Figure 6, this might have its origin in the observed loss of efficacy for carboxylic acid 17 

relative to its methyl ester. Both the quinazoline COOH and imidazole NH are exposed to 
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solvent (Figures 3b and 6b, respectively). Just as we speculated that 17 may be extracted 

into solvent and out of the binding cleft, such a phenomenon may operate for 4a as well.    

 

Chapter 5.  What the current CBIs offer and what they lack.   

  Compounds 1b, 1e and 4o populate the coactivator peptide binding groove with 

differential but productive hydrogen bonding and favorable hydrophobic contacts. 

According to induced-fit docking, these structural similarities are achieved by a reasonable 

spatial match of the organic structures and the part of the coactivator peptide that binds 

deepest in the groove. In spite of these common and favorable features, all three 

compounds derived by different strategies fail to deliver IC50 values that fall to 1 μM or 

below in the reporter gene assay.  This could be the result of poor penetration of the 

cellular membrane present in the latter, although an estimate of Caco-2 membrane 

permeabilities suggests that the values for 1b, 1e and 4o do not differ significantly from 

those for ERa ligands DES and HT (See Methods, Molecular Modeling).  

More likely, the blockers are simply too small to compete effectively with the α-

helical coactivator peptide.  The docked poses of the synthetic inhibitors reveal an 

important characteristic which speaks to this point.  Assuming that compounds 1b (Figure 

3b), 1e (Figure 5b) and 4o (Figure 6b) are representative of their classes, they fill 

important parts of the groove particularly those occupied by the Leu690 and Leu694 side 

chains of the coactivator peptide.  However, none of the present analogs present structure 

to the protein shelf on which the Ile689 and Leu693 hydrophobes reside.  Given the 

importance of entropic contributions to the free energy of binding, the focus on groove-
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only inhibitors may be misplaced.  The next section takes up this issue in terms of water 

displacement resulting from inhibitor complexation at the CBI site. 

 

5.1 Entropic effects originating from water displacement.    

Many studies have shown that ligand-protein binding at membrane bound 

receptors is frequently entropy-driven,
69

 and that the source of the large –TS contribution 

to G arises by the release of water molecules from the binding pocket during the ligand 

complexation event.
70

  For very tightly bound waters, the contribution can be as much as 2 

kcal/mol
71

  with lesser values for bound waters with a greater degree of freedom. With the 

goal of developing a relative semi-quantitative estimate of the importance of this 

phenomenon in the present case, the coactivator-bound X-ray structure (PDB code 3ERD) 

was relieved of the coactivator peptide, surrounded by a box containing 8742 SPC waters 

10 Å from the ERα protein and subjected to 1 ns molecular dynamics at 300 °C with the 

Desmond protocol (see Experimental Section).  The X-ray structure of the coactivator 

peptide and the docked structures of 1b, 1e, and 4o were separately superposed on the 

solvated binding site and, for each structure, all waters were deleted except those that 

overlapped the ligand severely or displayed oxygen atom-ligand atom distances below the 

sum of the van der Waals radii.
72

  The superpositions are depicted in Figure 7. 
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Figure 7.  Number of overlapped waters within 2 Å of coactivator peptide and the three 

ligands 1b, 1e and 4o.  Reporter gene assay IC50 values in parentheses.   

 

Very clearly the peptide displaces 5 fold more water molecules than the non-

peptidic system, 13 of which line the shelf occupied by the side chains of Ile689 and 

Leu693. If a conservative but average 0.2 kcal/mol were assigned to each displaced water 

at ambient temperatures, the peptide then contributes about 14 kcal/mol more binding free 

energy from –TS at the ERα receptor than 1b, 1e and 4o. It is equally significant that 

Ile689 and Leu693, which line the shelf adjacent to the coactivator binding groove, 



159 

 

 

displace as many water molecules (total of 13) as the same three micromolar active 

inhibitors.  

 

Chapter 6. Conclusion 

The development of compounds that can block the interaction between the 

estrogen-activated ER and important coactivator peptides could provide unique 

pharmacological tools for interrupting the signal transduction cascade by which this 

transcription factor regulates gene activity and might provide a lead for novel therapeutic 

agents. Nevertheless, inhibition of protein-protein interaction with small molecules 

remains a significant challenge.
73,74  

Here, we described the synthetic and cell-based assay 

follow up of a selection of hits that came from a high-throughput screening effort to search 

for small molecule coactivator binding inhibitors (CBI) in a large compound library. The 

screening protocol employed a TR-FRET assay for inhibition of the interaction of ER 

with the important coactivator SRC1 that we have described previously.  

     Compound 1 was identified as the most promising hit, and optimization through 

analog synthesis and further biological evaluation in a cell-based reporter gene assay 

yielded several compounds that were active in the low micromolar range. Other active 

analogs prepared were derived from a second hit, compound 4. The mechanism of action 

of the potential CBIs were further examined to verify the site of action: (a) The inhibitory 

activity of representative compounds in the reporter gene assay was shown to be non-

surmountable because the IC50 values were the same in the presence of either 10
-7

 M or 10
-

9 
M estradiol.  This result indirectly confirms that activity results from direct displacement 

of coactivator, not by competition with estradiol at the ligand binding site. (b) By contrast, 
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in the TR-FRET assay, the IC50 value of representative compounds was affected by 

increasing the concentration of the SRC component.  This outcome further confirms that 

the compounds are competing directly with SRC for binding to the ER. Thus, the new ER 

blockers fulfill the mechanistic criteria for coactivator binding inhibitors: direct 

competition with SRC binding and no competition with estradiol binding. 

The most distinctive compounds identified are 1b and 1g with 3, 4-dichloro- and a 

para-CF3 groups on the phenyl ring in sector A, respectively. Both compounds exhibit low 

micromolar potency in the cell-based reporter gene assay (IC50 around 6 M). The 

structures of these two substances and that of 4o were subjected to extensive induced fit 

docking experiments.  Depicted in Figures 3-6, the resulting binding models are 

characterized by protein side chain movements tailored to each ligand, a situation is 

parallel to that suggested for side chain rearrangements involving different ligands that 

perturb GPCRs.
75

  The models not only provide insights into a variety of aspects of the 

evolving CBI SAR, but illuminate that a key aspect of SRC blockade is mimicry of  two of 

the key hydrophobic leucine side chains (Leu690 and Leu694). To the extent that water 

release is a contributor to the free energy of binding, it is clear from Figure 7 that the 

coactivator peptide is far more effective, and that the remaining two shelf-oriented apolar 

side chains displacing 13 water molecules (Ile 689 and Leu693) have no counterparts in 

the weakly active ligands. These results suggest that the next generation of small molecule 

CBIs should span more of the peptide space, particularly on the shelf adjacent to the deep 

binding groove bordered by helices H-3, H-4, H-5 and H-12.  This might well come at the 

cost of inhibitor molecular weights beyond the Lipinski ideal of 500,
76

 but if other 

molecular properties are satisfactory, the potency gain could certainly compensate. 
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