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Figure 4.4.  Molecular dynamics (MD) of aprotinin or apro10 bound to dengue 
protease active site. (A) Snapshots from MD simulation trajectories of aprotinin or 
apro10  bound to DENV3 protease. The protease is shown in cartoon representation and 
the aprotinin binding/2nd loops or apro10 as sticks from start (in red) to end (in blue) of 
the trajectory. (the simulations were performed with full-length aprotinin, but only 
residues corresponding to native substrates are shown for clarity). (B) The RMSF values 
during MD simulations are displayed as average of binding loop, 2nd loop, or individual 
residues.  
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4.3.7 Binding loop residues lose interactions in cyclic peptide compared to aprotinin 

To investigate how each residue packs against the protease active site within the 

cyclic peptide, the average contact energy of each binding loop residue was calculated 

throughout the simulation time (Figure 4.5). Similar to the contacts of same positions 

within aprotinin binding loop, P1 Lys/Arg and P1’ Arg contribute the most contact 

energies. Overall, residues in aprotinin have better packing compared to Apro10 at each 

corresponding position. As these binding loops within aprotinin and within the cyclic 

peptide have the same sequence except P1 residue (lysine or arginine), the differences 

may reflect how stable these residues stay in the binding pockets. Thus, residues lose 

favorable packing contacts within the cyclic peptide compared to aprotinin. 

The intermolecular hydrogen bonds formed by the binding loop residues were 

also analyzed and compared to those in aprotinin (Table 4.3). The hydrogen bonds that 

are critical for aprotinin binding to the protease are conserved in the cyclic peptides; 

however, these hydrogen bonds are more stable in aprotinin. These hydrogen bonds 

formed in lower percentage of time, possibly due to the higher flexibility of the cyclic 

peptide.  

For the peptide Apro17, which was designed to target Arg54 of the protease, there 

is one extra hydrogen bond formed between Asp35 of Apro17 and Arg54 of the protease, 

which is promising. As Arg54 on the protease is conserved within all four serotypes of 

dengue proteases but not in human serine proteases, further optimization of interactions 

with this residue is a potential strategy to increase the specificity of these peptides against 

dengue protease. 
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Figure 4.5.  The binding loop vdW contacts during MD simulations of aprotinin or 
apro10 against DENV3 protease. 
  





	131	

4.4 Discussion 

In this study, we designed cyclic peptide inhibitors targeting both P and P’ sites of 

dengue protease, and optimized the sequence and length of these peptides. The best 

binder (Apro10) has a 2.9 µM Ki value against DENV3 WT protease. These inhibitors 

were derived based on the binding loop of aprotinin, and as intended, favorable 

interactions for aprotinin binding were preserved, specifically the hydrogen bonds 

contributed by P1 and P2’ residues and vdW contacts of each residue position. However, 

these interactions in the cyclic peptides were not as strong as those in aprotinin upon 

binding to dengue protease. The RMSF values reflect that even though a second loop was 

included in the design to support the structure and stability of the binding loop, the cyclic 

peptide is still more flexible compared to the corresponding loop in aprotinin. As the 

binding between aprotinin and the protease is entropy driven (Chapter III), the increased 

flexibility may account for the decreased affinity between the cyclic peptides and 

protease, which explains why these cyclic peptides have higher Ki values against DENV3 

WT protease compared to aprotinin. 

To make sure the entropy of binding is favorable, forming hydrophobic 

interactions at P3’ and P4’ positions is also critical. Hydrophobic protease residues 30 

and 31, which define the S4’ pocket, were proposed to interact with the membrane 

(Chappell et al., 2008, Assenberg et al., 2009) and further studies are required to 

investigate the effect of hydrophobic interactions at this pocket. 
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Since most of P site inhibitors are highly charged and polar, design inhibitors 

forming  hydrophobic interactions with prime site pocket can adjust the hydrophilicity of 

these compounds, potentially affects their cell permeability. 

These cyclic peptides will serve as leads for future design. For enhancement of 

affinity and specificity of dengue inhibitors. To increase the affinity of the cyclic peptide 

against dengue protease, the rigidity needs to be increased, such as by using a carbon 

linker instead of disulfide bond to connect the binding loop to the second loop, using non-

rotatable backbone, and further decreasing the overall size of the peptide. While there is 

no linkage between these two loops in cyclic peptides beside the ends, incorporating 

heterocycles between binding loop and 2nd loop of cyclic peptides at different positions 

could be another approach to rigidify the peptides. To ensure specificity, Arg54 on the 

protease should be considered when designing P’ site inhibitors, as this residue is 

conserved between all serotypes of dengue protease, but not in human serine proteases. 

Further optimization of the interactions with this residue could be a strategy to increase 

the specificity of these peptide inhibitors. 

The strategies of optimizing cyclic peptides will be further discussed in chapter 

5.3. 

  



	133	

4.5 Conclusion 

Overall, we leverage the potency of aprotinin and our detailed analysis of the 

specificity for dengue protease to design the scaffold for specific inhibitors. We design a 

series of cyclic peptides as DENV3 NS3/2B protease inhibitors, and the tightest cyclic 

peptide achieved a Ki value of 2.9 µM. Since dengue NS3/2B protease does not share 

substrate preference with human serine proteases and certain residue we targeted (Arg54) 

is conserved through all four dengue serotypes, the cyclic peptides we designed may be 

used as lead compounds in the design of DENV inhibitors with good specificity and 

potency.  
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4.6 Material and Methods 

4.6.1 Protein and peptides 

DENV3 protease gene (cDNA encoding NS2B cofactor [cNS2B; amino acids 

1394–1440] and NS3 protease [NS3pro185; amino acids 1476–1660] with a G4SG4 

linker in between) was constructed for protein expression in Escherichia coli, as 

described previously (Noble et al., 2012). The protease gene was constructed between 

BamH1 and Xho1 sites of pGEX6p1 plasmid (GE Healthcare) and BL21(DE3) cells were 

used for protein expression. Protein expression and purification protocols published 

previously (Li et al., 2005a) were used. All cyclic peptides were purchased from 21st 

Century Biochemicals. 

 

4.6.2 Enzyme inhibition assay 

Fluorescence Resonance Energy Transfer (FRET) based enzymatic assay was 

used to determine the inhibition constants of cyclic peptides against DENV3 WT 

protease. 100 nM of the DENV3 protease was incubated with varying concentrations of 

cyclic peptides  (5 mM to 500 nM) for 60 min in 50 mM Tris assay buffer (20% glycerol, 

1 mM CHAPS, pH 8.5) (Leung et al., 2001). 5 µM of protease substrate [Ac-[D-

EDANS]KRRSWP[K-DABCYL]-AMIDE] (21st Century Biochemicals) were added to 

initiate proteolysis reactions and monitored using the EnVision plate reader (Perkin 

Elmer) at excitation and emission wavelengths of 340 nm and 490 nm, respectively. One-

phase association to nonlinear fit the whole progress curves was applied to determine the 

initial cleavage velocities (Salykin et al., 2013). By nonlinear regression fitting to the 



	135	

Morrison equation of initial velocity versus inhibitor concentration using Prism 6 

(GraphPad Software), apparent inhibition constants (Ki) were obtained. Data were 

collected in triplicate and processed independently to calculate the shared inhibition 

constant and standard deviation. 

 

4.6.3 Molecular dynamics simulations 

All molecular dynamics simulations were performed in triplicate following 

previously published protocols (Ozen et al., 2014). To prepare the modeled complex 

structures, aprotinin-bound DENV3 WT protease structure (3u1j) was used as a starting 

point. Aprotinin residues except the binding loop (Pro13 to Ile18/ Ile19) and the second 

loop (Tyr35/ Gly36 to Arg39) were removed from the structure, and these two loops were 

linked together with a peptide bond using Maestro (Suite 2012: Maestro, version 9.3, 

Schrödinger). The modeled structures were prepared for simulation by keeping the 

crystallographic waters within 4.0 Å of any protein atom but removing the buffer salts 

from the coordinate file. Next, hydrogen atoms were added to the structure using Protein 

Preparation Tool from Schrodinger (Sastry et al., 2013), and the optimal protonation 

states for the ionizable side chains were determined. Hydrogen bonding network of the 

initial structures was optimized, and by using the Impact refinement module with the 

OPLS2005 force field, the structures were minimized in vacuum (Shivakumar et al., 

2010). Using the System Builder utility, these prepared systems were then solvated with 

the TIP3P water model extending 10 Å beyond the protein in all directions in a truncated 

octahedron solvent box. Overall charge of the systems were neutralized by adding 
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counter ions (Na+ or Cl–). Desmond was used in all simulations with the OPLS2005 force 

field. Each simulation was carried out at 300 K and 1 bar for 100 ns and the coordinates 

and energies were recorded every 5 ps.  

 

4.6.4 Structural analysis 

The hydrogen bonds were determined using VMD (Humphrey et al., 1996). A 

hydrogen bond was defined by the donor and acceptor distance less than 3 Å and a 

donor–hydrogen–acceptor angle of greater than 150°. To calculate the vdW contacts 

between cyclic peptides and protease, a simplified Lennard-Jones potential was applied, 

as described before (Ozen et al., 2011). 
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Chapter V 

Discussion  
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5.1 Viral protease substrate recognition and drug design 

HIV-1 protease inhibitors (PIs) are the only antiretroviral drugs used as a mono-

therapy (Perez-Valero and Arribas, 2011), and they also have the highest intrinsic 

antiviral activity among HIV-1 drugs (Shen et al., 2008, Jilek et al., 2012), making PIs 

one of the most effective antiretroviral drugs (Rabi et al., 2013). Therefore, even with the 

occurrence of PI drug resistance and the availabilities of inhibitors against other HIV-1 

viral protein targets, a deeper understanding of how protease recognize its ligands and 

optimizing PIs is still required for the development of antiviral therapy. 

Viral proteases are able to recognize diverse substrate sequences. HIV-1 protease 

substrates have heterogeneity at all positions (Table 1.1). HCV protease substrate 

sequences are similar at P6 (acidic residues), P1 (mainly cysteine) and P1’ (mainly 

serine) positions; however, residues from P5 to P2 and P2’ to P4’ are diverse (Table A.1). 

Dengue protease substrate sequences show homology at P2 and P1 (basic residues with 

exceptions at P2), and P1’ (small/polar residues with exceptions), but no similarity at 

other positions (Figure 1.9). Since most FDA approved HIV-1 and HCV protease 

inhibitors are peptidomimetics (except HIV-1 protease inhibitor TPV), applying the 

knowledge of how viral proteases recognize diverse sequences is critical to drug design 

and development.  

For both HIV-1 and HCV proteases, the recognition motif is not a consensus 

substrate sequence but a consensus volume shared by substrates. Previous studies in the 

Schiffer lab on HIV-1 protease substrate recognition showed that the protease recognizes 

the substrates through a three dimensional consensus volume occupied by different 
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substrates, and this volume spans from P4 to P4’ substrate positions (Prabu-Jeyabalan et 

al., 2002). The same phenomenon was also observed in HCV: HCV NS3/4A protease 

recognizes N-terminal of substrates through a three-dimensional consensus volume 

occupied by different substrates, and this consensus volume was defined as the substrate 

envelope as in HIV-1 protease (Romano et al., 2010). Viral proteases are less likely to 

develop drug resistance mutations to inhibitors that fit within the substrate envelope 

because protease mutations that affect these inhibitors’ binding would simultaneously 

affect substrate binding. 

Inhibitors that protrude out the substrate envelope were found to be susceptible to 

resistance mutations. HIV-1 I50V protease, for example, was observed in patients failing 

amprenavir and darunavir treatment; these protease inhibitors protrude out of the HIV-1 

protease substrate envelope and interact with residue I50 (Partaledis et al., 1995, Van 

Marck H, 2007, Vermeiren et al., 2007). The I50V removes this key van der Waal contact 

with the inhibitor.  HCV protease drug resistance mutation R155K is often observed in 

patients treated with protease inhibitors with a big aromatic P2 moieties.  In danoprevir 

(Lim et al., 2012) the P2 moiety protrudes out substrate envelope and forms a pi-stacking 

interaction against arginine 155 that is lost with the R155K. Furthermore, HIV-1 protease 

inhibitors which were designed by using substrate envelope as a constraint were shown to 

retain robust binding to multi-drug resistance protease variants (Nalam et al., 2013). 

Protease–substrate co-evolution was observed in patients who received therapy 

that included HIV-1 protease inhibitors. For example, mutations at the p1-p6 cleavage 

site are statistically associated with protease mutation I50V (Kolli et al., 2009), and these 
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co-evolved substrates rescue mutated protease’s activity. In Chapter II, I showed that co-

evolved substrates can rescue binding interactions by forming more vdW contacts and 

hydrogen bonds, or by restoring the dynamic fluctuations of protease binding site. 

Meanwhile, co-evolved substrates maintain a comparable fit within the substrate 

envelope regardless of whether the protease carries the I50V/A71V mutations or not, 

supporting that substrate envelope is the recognition motif.  

Since protease inhibitors are more rigid than the substrates and can not mutate to 

accommodate the lost binding interactions with the mutant protease, the protease-

substrate co-evolution would skew the balance between inhibitor binding and substrate 

processing in favor of the latter and cause drug resistance. Therefore, this substrate 

envelope should be used as a constraint in protease inhibitor design to avoid drug 

resistance.  

As dengue has a large amount of variation between serotypes, there is a high 

probability that resistance might emerge for any direct acting antiviral. Since the 

substrate envelope has been proven to be a critical constraint for inhibitor design 

targeting HIV-1 or HCV proteases, identifying the dengue NS3/2B protease substrate 

envelope would be beneficial to designing a Dengue Protease inhibitor. I have tried to co-

crystallize different aprotinin constructs with DENV3 protease, however, the 

crystallization trials were not successful. Methods like co-crystallizing inactive DENV3 

NS3/2B protease with substrates or co-crystallizing DENV3 NS3/2B protease with non-

cleavable substrates (or products) are potential ways to get substrate complexed 

structures, which will help us define dengue NS3/2B protease’s substrate envelope. 
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Along with DENV3 protease, I have also tried to co-crystallize active or inactive DENV2 

proteases with substrates or substrate products, and these trials will be discussed in 

Appendix B. 
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5.2 Dynamics of protease substrate/inhibitor interactions 

Protein complex structures enable investigating protein-protein or protein-ligand 

interactions at the molecular level; however, the atomic fluctuations, which are critical 

for intra- and inter- molecular interactions, are not always captured in the static crystal 

structure. NMR experiments are performed in solution and allow us to capture the 

flexibility of proteins or the dynamics of protein-ligand interactions; nevertheless, this 

method cannot fully elucidate the conformational flexibility in atomic scale. To fill this 

gap, molecular dynamic simulations have been successfully applied to address the 

dynamics of protein-protein interactions and protein folding at atomic resolution (Cho et 

al., 2008, Pan et al., 2013).  

Throughout my thesis I used molecular dynamics (MD) to capture some of these 

motions.  In Chapter II, I show that co-evolved p1-p6 substrates rescue the HIV-1 I50V 

protease’s binding activity by forming more vdW contacts and hydrogen bonds (Fig. 2.4, 

Table 2.2), and molecular dynamics simulations suggest that co-evolution restores the 

dynamics at the active site (Fig. 2.8). Studying static structures alone cannot elucidate 

these phenomena.  

In Chapter III, the MD analysis of aprotinin constructs bound to DENV3 protease 

revealed that the binding loop fluctuations, vdW contacts and hydrogen bonds all 

correlate well with the experimental Ki values and also highlight the favorable binding 

interactions (Fig. 3.2, Fig. 3.6, Fig. 3.9, Table 3.4).  In Chapter IV, dynamic analysis 

helped us understand why cyclic peptides derived from aprotinin experience a significant 

potency loss against DENV3 protease (Fig. 3.2, Table 4.1, Table 4.2, Fig. 4.4). The 
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RMSF values derived from MD simulations show that even though we incorporated the 

second loop in cyclic peptide to sustain the binding loop structure as observed in 

aprotinin, both loops are more flexible compared to corresponding loops in aprotinin 

(Fig. 4.4). Since the entropy is the main driving force for binding (Fig. 3.4), the loss of 

rigidity causes the cyclic peptides to lose affinity against DENV3 protease.   

In Appendix A, I present that the impact of the distal V36M mutation on the HCV 

NS3/4A protease-inhibitor complex crystal structures is subtle, with little change in the 

inhibitor binding mode, intermolecular hydrogen bonds and salt bridges (Table A.4, 

Table A.5). However, MD simulations results reveal that the impact of V36M mutation 

propagates to the binding site through B1 β-strand, and this distal modulation decreases 

the size of the active site (Fig. A.3, Fig. A.4). Since HCV protease inhibitors typically 

protrude beyond the dynamic substrate envelope (Ozen et al., 2013), this shrinking is 

expected to impair inhibitor binding more than substrate recognition, and contribute to 

drug resistance.  

Traditional	structure-based	drug	design	approaches	allow	us	to	design	inhibitor	

targeting	certain	static	state	of	a	protein	of	interest.	However,	static	structures	are	

not	enough	to	explain	the	existence	of	drug	resistance	in	several	cases	(Fig.	2.8,	Fig.	

A.3,	Fig.	A.4).	MD	simulations	enabled	investigating	the	dynamic	interactions	

between	protein	and	ligand,	which	could	not	be	captured	in	the	static	crystal	

structures.	Since	these	protein-protein	and	protein-ligand	dynamics	are	crucial	in	

determining	inhibitor	binding	and	drug	resistance,	incorporating	the	mutational	
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and	conformational	flexibility	of	target	protein	into	drug	design	would	be	critical	to	

avoid	resistance.	  
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5.3 Optimization of dengue protease inhibitors 

I designed a series of aprotinin derived cyclic peptides as DENV3 NS3/2B 

protease inhibitors, and the tightest cyclic peptide achieved a Ki value of 2.9 µM (Table 

4.1). However, these cyclic peptides are still weak DENV3 protease binders compared to 

aprotinin (3.7 nM) (Fig. 3.2). Entropy is the main driving force for binding of all 

aprotinin constructs to dengue protease (Fig. 3.4), and compared to the binding loop of 

aprotinin, aprotinin-derived cyclic peptides are much more flexible upon binding to 

DENV3 protease (higher RMSF values) (Fig. 4.4). Therefore, to make these cyclic 

peptides better binders, their rigidity needs to be increased. Certain strategies to address 

this problem including incorporating non-reducible bond, non-rotatable bond, peptide 

bioisosteres, heterocycles and macrocycles among side chains to the peptide design, and 

shortening the length of cyclic peptide. 

The two loops of cyclic peptide inhibitor (Apro10 as an example) are linked 

together through a peptide bond between Ile18 and Tyr35, and a disulfide bond between 

Cys14 and Cys38 (Fig. 4.1, Table 4.1, Table 4.2). Nevertheless, this disulfide bond can 

be broken under reducing conditions, making it unstable. Using a non-reducible bond 

instead is a strategy to increase the stability of the cyclic peptide, or incorporating 

heterocycles at the same position to increase both stability and rigidity. 

Since the peptide bond between P1 and P1’ residues is still cleavable, replacing 

with a non-cleavable bond would be beneficial to the integrity of the cyclic peptide. The 

carbonyl group of P1 residue forms a hydrogen bond with protease’s Ser135 backbone 

amine groups (Fig. 4.1D, Table 4.3); therefore, replacing this peptide bond with peptide 
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bioisosteres such as ester, thioester, ketoethylene and ketone, this hydrogen bond can be 

maintained while making the bond non-cleavable. 

 Decreasing the length of cyclic peptide is a feasible way to increase the overall 

conformational entropy. Since the length of second loop is already optimized, the overall 

length of the peptide can be decreased by cutting residues at both termini. Further, even 

though the overall length of the second loop is optimized, the rigidity of this loop can be 

increased by incorporating non-peptide-like rigid chemical groups. Meanwhile, all 

backbones within the cyclic peptides are rotatable, giving the cyclic peptides great 

flexibility. Hence, replacing backbone bonds flanking the peptide bonds (phi and psi) 

with non-rotatable bonds would also increase rigidity. This design should be done 

carefully, investigating the dynamics of corresponding bonds in the aprotinin-DENV3 

complex structure.    

Macrocyclic inhibitors were shown to successfully inhibit HCV NS3/4A protease 

compared to their linear analogs [Summa, 2012 #658;Jiang, 2014 #233;Rosenquist, 2014 

#231]. These inhibitors were cyclized through links between side chains (Fig. A.1), 

unlike through-backbone bonds in dengue cyclic peptides. Since dengue protease’s S2’ 

and S4’ pockets are solvent exposed and overlapping (Fig. 4.1C), similar to the S4 and S2 

pockets (or S3 and S1 pockets) of HCV NS3/4A protease, introducing a P2’-P4’ 

macrocycle to these cyclic peptides can potentially increase both peptide rigidity and also 

the packing against residues in these two pockets.  



	147	

Besides the prime site cyclic peptides, cyclizing dengue P site peptides is another 

strategy to increase both rigidity and specificity, which will be discussed in Chapter 5.4 

and Appendix D. 
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5.4 Design of dengue inhibitors with higher specificity 

Dengue protease shares similar substrate sequence preferences with human serine 

proteases (furin RXRR, thrombin P1 R, trypsin P1 R) (Lim et al., 2013). Therefore, 

increasing specificity of dengue protease inhibitor is a necessary but challenging 

endeavor. With the lack of investigation into increasing the specificity of dengue protease 

inhibitor, we can apply the lesson we learned from the HCV protease inhibitor design 

(targeting conserved residue) to address this problem. Also, we can take advantage of 

dengue NS3/2B protease’s unique structural feature at the active site and design inhibitor 

with higher specificity. 

Residue Cys159 of HCV NS3/4A protease is conserved across all HCV genotypes 

and subtypes, and this residue is structurally unique to HCV protease (Hagel et al., 2011). 

Covalent inhibitors designed to interact with this cysteine were shown to have high 

specificity against HCV protease (Hagel et al., 2011). Therefore, targeting an active site 

residue that is conserved among various genotypes (or serotypes) of virus is a feasible 

strategy to increase inhibitor specificity.  Residue Arg54 in the protease domain of 

dengue NS3/2B protease is conserved across all serotypes of dengue virus.  In addition 

human serine protease furin, thrombin and trypsin do not have arginine at the analogous 

position. Thus targeting this arginine by building electrostatic interactions or hydrogen 

bonds can increase inhibitor specificity against dengue protease. 

Even though dengue protease shares similar substrate sequence preferences with 

human serine proteases, the active site structure of dengue protease is configured very 

differently from these human proteases. Dengue protease has a flat and solvent exposed 
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S1 pocket, but the shapes of these human proteases’ S1 pockets are relatively narrow 

(Fig. D.1). Therefore, I expect that cyclized P site peptides (tetra-peptide with cyclization 

between N terminus capping and modified P1 side chain as an example) (Fig. D.2) will 

still bind to dengue protease, but might be too big to fit into human serine protease active 

sites. The macrocylic inhibitor design targeting this pocket will be further discussed in 

Appendix D.   
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5.5 Implications for Zika virus 

In addition to the challenges we face in drug design against dengue virus, there is 

no effective therapy against Zika virus either. Zika virus (ZIKV), first isolated from 

febrile sentinel rhesus monkey in 1947 (Dick et al., 1952), had a major outbreak in Brazil 

recently, with an estimated 500,000-1,500,000 cases in 2015 (Bogoch et al., 2016). Zika 

virus, a mosquito-borne virus that belongs to Flaviviridae, Flavivirus, is an enveloped 

virus with a positive single-stranded 10,794 nucleotide RNA genome, which encodes a 

single polyprotein. Similar to dengue virus, the ZIKV polyprotein is further processed 

into three structural and seven non-structural proteins by the viral protease (Kuno and 

Chang, 2007, Faye et al., 2014). 

DENV protease and ZIKV protease structures are highly similar; DENV3 

protease (PDB: 3U1I) and ZIKV protease (PDB: 5LC0) structures have a RMSD value of 

0.6 Å. ZIKV and DENV proteases active site residues are highly conserved (72% 

identity, 88% similarity), and the tightest prime site substrate NS3 is also highly 

conserved among different serotypes of DENV and ZIKV (Table 3.1). Therefore, the 

lessons I learned from inhibitor design targeting DENV protease should be applicable to 

ZIKV, and the cyclic peptide (P1 to P3’) I designed could be a starting scaffold for ZIKV 

inhibitor design. The main difference between DENV and ZIKV proteases is at the NS2B 

cofactor domain. ZIKV protease has an aspartic acid at position 81 (glycine in dengue 

protease), located between S3 and S2 pockets. How an acidic residue at this position 

would affect substrate or inhibitor binding is not clear. Further research is required to 

study this specific residue’s contribution.  
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Appendix A:  Distal Mutation V36M Allosterically Modulates the Active 

Site to Accentuate Drug Resistance in HCV NS3/4A Protease 

A.1 Preface 

 

Manuscript of Appendix A is in preparation as: 

 

Ayşegül Özen, Kuan-Hung Lin, Keith P Romano, Davide Tavella, Alicia Newton, 

Christos J. Petropoulos, Wei Kuang, Cihan Aydin, and Celia A. Schiffer. Resistance 

from Afar:  Distal Mutation V36M Allosterically Modulates the Active Site to 

Accentuate Drug Resistance in HCV NS3/4A Protease. 

 

 

Author contributions: A.Ö. and C.A.S. designed research; K.-H.L., A.Ö., K.P.R.,  D.T. 

and C.A. performed research; K.-H.L., A.Ö., D.T., and N.K.Y. analyzed the data. 

 

Contributions from Kuan-Hung Lin: I performed protein expression and purification and 

solved three crystal structures for this study. I created figures for the manuscript. Nese 

Kurt-Yilmaz and Celia Schiffer guided interpretation of the data.  

 

Former lab member Keith Romano solved the crystal of WT, R155K, R155K/V36M 

NS3/4A protease in complex with telaprevir and Danoprevir. These structures were 

analyzed by former lab member Ayşegül Özen and also Davide Tavella from Dr. 
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Francesca Massi’s lab. Aysegul and Davide performed molecular dynamics simulations 

to investigate the dynamic interactions between HCV NS3/4A protease and the inhibitors. 

The enzyme inhibition assay was performed by former lab member Cihan Aydin.  
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A.1.1 Hepatitis C virus 

Hepatitis C virus is a worldwide health burden with an estimated 170 million 

individuals chronically infected, and the infection of HCV causes severe liver diseases 

include fibrosis, cirrhosis and hepatocellular carcinoma (WHO, 2014). There are six 

genotypes of HCV (genotypes 1-6) with more than 50 subtypes, genotype 1 is the most 

common one globally (46%), followed by genotype 3 (22%), and genotype 3 and 4 (13% 

each) (Simmonds et al., 2005, Gower et al., 2014). Each genotype is further 

subcategorized in to different subtypes (a, b, c, etc.). 

HCV is RNA virus belongs to the family Flaviviridae and genus Hepacivirus. 

The 9.6 kb RNA genome of HCV has a open reading frame (ORF) flanked by 5’ and 3’ 

untranslated regions (UTRs), this ORF is translated via internal ribosome entry site 

(IRES). The genome gives rise to a single polyprotein, which is further processed to 

structural proteins (core, E1, E2 and p7) and nonstructural proteins (NS2, NS3, NS4A, 

NS4B, NS5A and NS5B) (Major and Feinstone, 1997). 

 

A.1.2 HCV NS3/4A protease and substrate recognition 

HCV genome is translated at ER membrane by host replication machinery into a 

single polyprotein. The polyprotein then be processed by cellular proteases (signalase and 

signal peptide peptidase) (Moradpour et al., 2007) and viral proteases (NS2/NS3 protease 

and NS3/4A protease) (Egger et al., 2002, Chang et al., 2003) and give rise to structural 

proteins (core, E1 and E2) and nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, 

NS5A and NS5B). NS3/4A protease cleaves at four viral polyprotein cleavage sites (3-
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4A, 4A-4B, 4B-5A and 5A-5B), and these cleavages are required for the replication and 

maturation of viral particle, making the protease a promising drug target. NS3/4A 

protease also cleaves human cellular targets TRIF and MAVS (Kawai et al., 2005, Li et 

al., 2005b, Seth et al., 2005). These substrate sequences show homologies at P6 (acidic 

residues), P1 (mainly cysteine) and P1’ (mainly serine), however, residues from P5 to P2 

and P2’ to P4’ show heterogeneity (Table A.1). 

HCV NS3 protein is a 631 amino-acid bi-functional protein, with a serine 

protease domain at the N-terminus followed by C-terminal NTPase/ RNA helicase 

domain. NS3/4A protease, a chymotrypsin-like protein with two β-barrel domains, has a 

catalytic triad (H57, D81, S139) located in a cleft separating the two barrels. NS4A, a 54-

amino acid peptide, is required as a cofactor for optimal proteolytic activity. The central 

11 amino acids of the cofactor inserts as a β-strand to the N-terminal β-barrel of NS3 to 

form the active enzyme (Yao et al., 1999).  

The study published by Schiffer lab in 2010 showed that the NS3/4A protease 

recognizes N-terminal of substrates through a three dimensional consensus volume 

occupied by different substrates, this consensus volume was defined as substrate 

envelope as in HIV protease (Prabu-Jeyabalan et al., 2002, Romano et al., 2010). 

Inhibitors that fit within the substrate envelope were proposed less likely to be 

susceptible to drug-resistant mutations, since protease mutations impacting such 

inhibitors would simultaneously impact the processing of substrates. For example, 

protease inhibitors, ITMN-191 (Jiang et al., 2014), TMC435 (Rosenquist et al., 2014) and 

boceprevir (Malcolm et al., 2006) all have P2 moieties protrude out the substrate 
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envelope and contact protease’s residues A156 and R155, and these residues were 

reported to mutate and cause drug resistance (Kieffer et al., 2007, Sarrazin et al., 2007b, 

He et al., 2008, Tong et al., 2008, Yi et al., 2009, Lenz et al., 2010). 

 

A.1.3 HCV NS3/4A protease inhibitors as antivirals 

Protease inhibitors Telaprevir (Perni et al., 2006, Kwong et al., 2011) and 

Boceprevir (Malcolm et al., 2006) were approved in 2011 and used as part of the direct-

acting antivirals (DAAs) for HCV genotype 1 infections. The cure rate increased from 

45% to 70% when these PIs were added to standard PEG-IFN/ribavirin treatment 

(Jacobson et al., 2011, Poordad et al., 2011).  

HCV NS3/4A peptidomimetic inhibitors are mainly spanning from P3 to P1 

positions, with different moieties or chemical groups at P4, P2 and P1 positions (Fig. 

A.1). There are three main classes of inhibitors: linear α-ketoamide covalent inhibitors 

(telaprevir, boceprevir and narlaprevir), linear non-covalent inhibitors (asunaprevir, 

sovaprevir, GS-9451 and Faldaprevir) and macrocyclic inhibitor (BILN-2061, 

Simeprevir, Paritaprevir (ABT-450), Danoprevir (ITMN-191), Vaniprevir (MK-7009) 

and Grazoprevir (MK-5172)) (Fig. A.1). 

 

A.1.4 Drug resistance mutation selected by HCV NS3/4A protease’s inhibitor usage 

Because of the high error rate of HCV RNA polymerase (10-4 substitutions per 

base per year, 10 fold higher than HIV reverse transcriptase’s) (Ogata et al., 1991, 

Mansky and Temin, 1995) and high virion production rate (1012 new virions per day, 100 
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fold higher than HIV), drug resistant strains may preexist and quickly be selected under 

drug pressure (Perelson et al., 1996, Neumann et al., 1998).  

Mutations arise in the NS3/4A protease depending on the therapeutic regime; 

A156 mutations were observed in patients treated with linear ketoamide inhibitors 

(Kieffer et al., 2007, Sarrazin et al., 2007a, Susser et al., 2009, Halfon and Sarrazin, 2012, 

Svarovskaia et al., 2012, Vermehren and Sarrazin, 2012, Welsch and Zeuzem, 2012) and 

macrocyclic PIs mainly select for D168A and R155K variants (Manns et al., 2011a, 

Manns et al., 2011b, Lim et al., 2012). Mutations at V36, T54, and V36/R155 were 

initially reported to be associated with resistance to ketoamide inhibitors (Kieffer et al., 

2007, Sarrazin et al., 2007a, Susser et al., 2009). In particular, V36M/R155K mutations 

were observed in patients receiving boceprevir (Howe et al., 2015), and these double 

mutations were also selected in patients received mericitabine/danoprevir combination 

therapy (Gane, 2012). 

Even though the HCV protease inhibitors are in nanomolar or subnanomolar 

level, the existence of protease mutations still make inhibitors weak binders while the 

substrates are hydrolyzed, skewing the balance between inhibitor binding and substrate 

processing in favor of the latter and cause drug resistance. While resistance via active site 

mutations in the viral NS3/4A protease has been well characterized, e.g., mutations 

R155K and D168A disrupt favorable cation-π stacking interactions with R155 and confer 

danoprevir and vaniprevir resistance (Romano et al., 2012), the mechanism of resistance 

caused by non-active site mutations is unclear. In particular, protease mutations R155K 

and V36M often co-evolve, and while R155K alters the electrostatic network at the 
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binding site, V36M is >13 Å away. In the absence of crystal structures, molecular 

modeling led to the hypothesis that the distal mutations at V36 and T54 can impair 

interaction with telaprevir’s cyclopropyl group (Welsch et al., 2008). However, no 

experimental data exists on the structural changes due to V36M and how the effects of 

this distal mutation may affect PI binding at the active site.  

In this study the mechanism by which V36M confers resistance, in the context of 

R155K, is elucidated with drug susceptibility assays, crystal structures, and molecular 

dynamics (MD) simulations for three protease inhibitors:  telaprevir, boceprevir and 

danoprevir. 
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Table A.1.  Genotype 1a HCV NS3/4A protease substrate sequences. 
 

Substrate P6 P5 P4 P3 P2 P1 P1’ P2’ P3’ P4’ 
3-4A D L E V V T S T W V 
4A4B D E M E E C S Q H L 
4B5A E C T T P C S G S W 
5A5B E D V V C C S M S Y 
TRIF P S S T P C S A H L 

MAVS E R E V P C H R P S 
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Figure A.1.  Schematic representation of HCV NS3/4A protease inhibitors. (A) 
Linear α-ketoamide covalent inhibitors. (B) linear non-covalent inhibitors in pink. (C) 
Macrocyclic inhibitors.  
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A.2 Methods 

A.2.1 Protein Expression and purification 

NS3/4A protease expression and purification were carried out as described 

previously (Gallinari et al., 1998, Wittekind et al., 2002). Transformed Escherichia coli 

BL21(DE3) cells were grown at 37°C until OD600 reached 0.6 and induced by adding 1 

mM IPTG. Cells were harvested after overnight expression at 4°C and pelleted. Cell 

pellets were resuspended in 5 mL/g of resuspension buffer (50 mM phosphate buffer at 

pH 7.5, 500 mM NaCl, 10% glycerol, 2 mM β-mercaptoethanol [β-ME]), and lysed with 

a cell disruptor. The soluble fraction was applied to a nickel column (Qiagen), washed 

with resuspension buffer supplemented with 20 mM imidazole, and eluted with 

resuspension buffer supplemented with 200 mM imidazole. The eluant was dialyzed 

overnight (molecular mass cutoff, 10 kDa) against resuspension buffer to remove the 

imidazole, thrombin treatment was applied simultaneously to remove the His tag. The 

nickel-purified protein was then flash-frozen with liquid nitrogen and stored at -80°C for 

future use. 

 

A.2.2 Crystallization 

Danoprevir was prepared in-house using our convergent reaction sequence as 

described previously (Romano et al., 2010);  boceprevir was provided by Merck & Co., 

Inc; telaprevir was purchased from A ChemTek, Inc. (Worcester, MA). For 

crystallization, the protein solution was thawed and loaded on a HiLoad Superdex75 

16/60 column equilibrated with gel filtration buffer (25 mM morpholineethanesulfonic 
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acid [MES] at pH 6.5, 500mMNaCl, 10% glycerol, 30  µM zinc chloride, and 2 mM 

dithiothreitol [DTT]). The protease fractions were pooled and concentrated to 25 mg/mL 

using an Amicon Ultra-15 10-kDa device (Millipore). The concentrated samples were 

incubated 1 h with 2 to 20 molar excess of protease inhibitors. Concentrated protein 

solutions were then mixed with precipitant solution (20 to 26% polyethylene glycol 

[PEG] 3350, 0.1 M sodium MES buffer at pH 6.5, and 4% ammonium sulfate) at a 1:1 

ratio in 24-well VDX hanging-drop trays and diffraction-quality crystals were obtained 

overnight. 

 

A.2.3 Data collection and structure solution 

Crystals large enough for data collection were flash-frozen in liquid nitrogen for 

storage. Constant cryostream was applied when mounting crystal, and X-ray diffraction 

data were collected at Advanced Photon Source LS-CAT 21-ID-F and our in-house 

Rigaku_Saturn 944 X-ray system, respectively. The product complexes diffraction 

intensities were indexed, integrated, and scaled using the program HKL2000 

(Otwinowski and Minor, 1997). All structure solutions were generated using simple 

isomorphous molecular replacement with PHASER (McCoy et al., 2007). The model of 

viral substrate N-terminal product 5A-5B (3M5O) (Romano et al., 2010) was used as the 

starting model for all structure solutions. Initial refinement was carried out in the absence 

of modeled ligand, which was subsequently built in during later stages of refinement. 

Upon obtaining the correct molecular replacement solutions, ARP/wARP or Phenix 

(Adams et al., 2010) were applied to improve the phases by building solvent molecules 
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(Morris et al., 2002b). Crystallographic refinement was carried out within the CCP4 

program suite or PHENIX with iterative rounds of TLS and restrained refinement until 

convergence was achieved (Collaborative-Computational-Project, 1994). The final 

structures were evaluated with MolProbity (Davis et al., 2007) prior to deposition in the 

Protein Data Bank. Five percent of the data was reserved for the free R-value calculation 

to prevent model bias throughout the refinement process (Brunger, 1992). Manual model 

building and electron density viewing were carried out using the program COOT (Emsley 

and Cowtan, 2004). 

 

Drug susceptibility assay, enzyme inhibition assay, distance-difference maps, 

hydrogen bonds, salt bridges, van der Waals interactions, molecular dynamics 

simulations and molecular modeling were performed by other members working on this 

project, the methods for these sections will not be discussed here. 
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A.3 Results 

To understand the molecular basis of the selection of V36M distal mutation under 

the pressure of PI including regimens, wild-type (WT) and resistant protease variants 

carrying R155K and R155K/V36M mutations were compared for binding telaprevir, 

boceprevir, and danoprevir. WT apo protease was published before (). Apo R155K and 

R155K/V36M variants’ homology models were generated using crystal structures of the 

danoprevir-bound R155K and R155K/V36M variants. Together, these twelve (10 crystal 

and 2 models) resulting structures and their subsequent extensive MD simulations (100ns 

in triplicate) were analyzed to investigate the effects of V36M. 

 

A.3.1 V36M Further Decreases Susceptibility of R155K variants to PIs 

The activity of the three PIs against R155 and R155/V36M variants was assessed 

by enzymatic (Ki) and the cellular half-maximal inhibition constants (IC50) (Table A.3). 

While the double mutant has varying degrees of susceptibility to the three PIs, in all 

cases, V36M enhances resistance against both linear and macrocyclic compounds 

compared to R155K alone. Replicon-based cellular inhibition results correlate well with 

the enzyme inhibition constants. For all three PIs, the loss of antiviral activity (fold-

change in IC50 relative to wild-type) against the R155K/V36M clones is substantial 

compared to the HCV clones carrying the R155K single mutation. In conclusion, the non-

active site mutation V36M reduces the activity of all three PIs both on molecular and 

cellular levels in the presence of the active site mutation R155K. 
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A.3.2 Resistance Mutations Cause Changes in the Active Site Electrostatic Network 

The PIs make hydrogen bonds mainly with the backbone donors /acceptors in the 

binding site. As a result, the impact of R155K on the hydrogen-bonding network is 

minimal (Table A.4). 

The electrostatic network at the binding site of NS3/4A, involving residues D81–

R155–D168–R123, is critical for substrate recognition and inhibitor binding (Ali et al., 

2013, Romano et al., 2011). Disruption of this network can arise as a mechanism of 

resistance by weakening inhibitor binding. Therefore, sensitivity of the salt bridges this 

network to resistance mutations was assessed (Table A.5). R155 can make two salt 

bridges, one with D81 and the other with D168 in all PI-bound structures. While R155K 

mutation favors D81–K155 over K155–D168 in telaprevir and danoprevir complexes, 

this mutation favors K155–D168 over D81–K155 in boceprevir complexes (Table A.5). 

R155K mutation disrupted the electrostatic network in all three PIs’ binding mode, since 

this network was shown critical for inhibitor binding, the fluctuations in the salt bridges 

contribute to the decreased Susceptibility of R155K variants to PIs. The effects of V36M 

were not observed in this electrostatic network. 

 

A.3.3 The Distal V36M Mutation Changes the Active Site via F43 

To better capture the dynamic changes at the binding site due to resistance 

mutations, inter-residue Ca-Ca distance during MD simulations was tracked for pairs of 

protease residues. V36M mutation changed the dynamics and distance sampled for some 

key residue pairs across and away from the active site (Fig. A.3, Fig. A.4). In the 
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presence of V36M, residue 36 and F43 become closer to each other compared to WT and 

R155K complexes (Figure A.3A). F43 interacts with the bound inhibitor and is located in 

B1 strand, which bridges the distal V36M mutation on the A1 strand to the binding site 

(Fig. A.2). We found that four residues, K136 in α2 helix and residues 155–157 on E2 β-

strand, also become closer to F43 with V36M mutation (Fig. A.3, Fig. A.4). The fact that 

E2 and B1 β-strands and the α2 helix are closer to each other suggests a slight shrinking 

in the binding site across the B1–E2 strands direction. 

Structural and dynamic reorganization in the binding site involving the α2 helix 

and B1 and E2 strands also impacts the catalytic triad (Fig. A.3B). In telaprevir and 

danoprevir complexes, R155K mutation causes H57 and D81 Cα atoms to get farther 

away from each other, which is further aggravated by V36M in danoprevir-bound 

protease. When farther apart, the sidechains of these two catalytic residues are not 

oriented properly for strong salt bridging (Table A.5). In contrast, the distances and the 

H57-D81 salt bridge are robust in complexes of boceprevir, which is the least susceptible 

of the three inhibitors to R155K/V36M resistance mutations (Table A.3). 

In summary, detailed investigation of co-crystal structures and conformational 

ensembles coupled with drug susceptibility assays show that the distal site mutation 

V36M, in the presence of the binding site mutation R155K, alters the binding site shape 

through changes in conformational dynamics.   
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Table A.2.  Crystallographic statistics for HCV protease with Boceprevir co-crystal 
structures. 
 
Drug Boceprevir 

Protease 
 

WT R155K R155K/V36M 

Resolution 
  

1.7 1.8 1.7 

Space group  P212121 P212121 P212121 

a (Å)  55.1 55.4 55.4 

b (Å)  58.8 59.0 58.9 

c (Å)  60.1 59.8 60.0 

Molecules in 
 

1 1 1 

Rmerge (%)b 4.5 3.2 3.4 

Completeness 
 

95.8 90.8 90.8 

I/ σ 22.8 15.4 11.6 

Measured 
 

96791 48641 41927 

Unique 
 

21118 15757 19992 

Redundancy 4.1 3.1 2.1 
RMSDc in: 

Bonds (Å)  0.012 0.006 0.007 

Angles (°)  1.492 1.117 1.128 

Rfree (%) 19.3 18.8 20.0 

Rfactor (%) 15.6 15.2 16.3 

No. of waters 247 186 212 

PDB Code 5EBQ 5EBR 5EBS 
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Figure A.2.  Topology of hepatitis C viral serine protease, NS3/4A. Protease is 
colored by the secondary structures; α-helices, strands, and loops colored in red, yellow, 
and green, respectively. Side chains of the catalytic triad are in magenta and the mutation 
sites, R155K and V36 are in cyan (A).  Crystallographic binding modes of telaprevir, 
boceprevir, and danoprevir in the wild-type, R155K and R155K/V36M protease 
complexes. Protease and inhibitors are represented as surface and sticks, respectively. 
Side chains of key residues are also shown as sticks; the drug resistance mutation sites 
R155K and V36M (cyan), the catalytic triad H57-D81-S139 (magenta), and other binding 
site residues (green). Inhibitors in complex with wild-type, R155K and R155k/V36M 
proteases are shown in blue, orange and yellow respectively. 
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Table A.3.  Drug susceptibilities against wild-type and resistant HCV clones and 
inhibitory activities against NS3/4A proteases. 
 

Full-length NS3/4A Enzyme - Ki (nM)a 
 WT R155K R155K/V36M 

Telaprevir 40.9 ± 3.7 824.0 ± 75.1 (20) >10,000 (>244) 
Boceprevir 34.7 ± 2.9 390.8 ± 43.0 (11) 1018.0 ± 192.3 (29) 
Danoprevir 1.2 ± 0.1 132.0 ± 18.0 (111) 292.9 ± 38.6 (246) 
Protease domain Ki (nM)a   
 WT R155K R155K/V36M 
Telaprevir 33.3 ± 4.0 803.7 ± 89.9 (24) 7342 ± 1281 (220) 
Boceprevir 35.4 ± 3.3 236.7 ± 44.3 (7) 1097.0 ± 120.4 (31) 
Danoprevir 1.0 ± 0.1 157.9 ± 20.5 (158) 295.5 ± 34.3 (295) 
Replicon IC50 (nM)a  
 WT R155K R155K/V36M 
Telaprevir 1349 4740 (3.5) 15759 (12) 
Boceprevir 971 2788 (3) 3941 (4) 
Danoprevir 0.24 >100 (>416) >100 (>416) 

aNumbers in parentheses reflect fold-change relative to wild-type; > indicates IC50 and Ki 
values higher than the maximum drug concentration tested in the assay. 
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Table A.4.  Intermolecular hydrogen bonds between the inhibitor and protease 
active site residues. 
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Table A.5.  Intramolecular salt bridges forming a network at the NS3/4A active site 
surface in crystal structures, and stabilities assessed by MD simulations. 
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Figure A.4.  The distribution of Ca–Ca distance during MD simulations for F43 
with K136, R/K155, A156 and A157. 
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Appendix B:  Engineering DENV2 NS2B/3 protease for crystallization        

B.1 Preface 

Due to the lack of information about how dengue NS3/2B protease can recognize 

diverse substrate sequences, I aimed to solve the complex structures of DENV2 protease 

with either substrates or substrate products to address this problem. However, the S1 

pocket of the DENV2 protease active site is blocked in the apo structure because of 

crystal packing, making this crystallization condition not optimal for co-crystallization 

purpose (PDB: 2fom). As shown in Figure B.1, leucine 31 from the NS3 domain of the 

bottom monomer blocks the S1 pocket of the top monomer and vice versa. To address 

this problem, I did protein engineering to disrupt the interactions formed by this leucine 

residue. 

The co-factor NS2B was observed to adapt an opened conformation in the apo- 

DENV2 protease structure (PDB: 2fom), and the electron density beyond residue 76 of 

NS2B domain was not observed, which may reflect multiple conformations in this region 

(Erbel et al., 2006). In contrast, the NS2B domain of DENV3 protease (PDB: 3u1i) 

(Noble et al., 2012) adapts a closed active conformation, and the c terminus of NS2B was 

observed to contribute to the formation of protease binding pocket (Fig. 1.3.2). Therefore, 

I introduced disulfide bond between DENV2 protease’s NS2B and NS3 domains to 

induce the folding of NS2B, which may decrease the flexibility of NS2B, facilitate the 

formation of protease active conformation, and increase the possibility of getting a 

complex crystal. 
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Certain regions on DENV2 protease surface are highly flexible, e.g., 90KEGE93 

and 142KKGK145, which may decrease the possibility for this protease to crystallize. 

These two highly charged regions are entropically unfavorable once participating in 

packing interactions. Previously, surface entropy reduction has been shown successfully 

applied to the crystallization of HCV protease (Hagel et al., 2011). Therefore, to facilitate 

crystallization of DENV2 protease, I proposed to apply this method and build more 

favorable packing surface on the protease. 
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B.2 Methods and Results 

To make the DENV2 protease active site available for ligand binding, I mutated 

leucine 31 to phenylalanine or tryptophan to disrupt the interactions formed by this 

residue upon crystal packing (Fig. B.1). Since DENV3 protease has phenylalanine at this 

position and the S1 pocket of DENV3 protease is available for inhibitor binding, this 

mutation was expected to break the packing interactions formed by residue 31. Mutation 

L31W was also expected to break the packing because the S1 pocket is not big enough to 

accommodate large tryptophan side chain. After the mutagenesis, I could not grow 

crystals of these mutant constructs’ using same crystallization condition, which may 

reflect the success of breaking packing surface formed by L31. Therefore, I performed 

crystallization screening of DENV2 L31F or L31W protease with substrates or substrate 

products. However, no hits were obtained from the crystallization trials. 

To facilitate the folding of NS2B cofactor of DENV2 protease, I introduced 

disulfide bond between NS2B and NS3 domains: S70C−S127C or S71C−G114C. These 

residue pairs were picked using Disulfide by Design (Craig and Dombkowski, 2013) 

based on distances between Cα carbons (Fig. B.2). Next, I combined these two sets of 

mutations with the L31 mutations and then performed crystallization screening. However, 

no hit was found. 

To facilitate the crystallization of DENV2 protease, I applied surface entropy 

reduction method and mutated two highly charged and flexible regions on protease 

surface: 90KEGE93 and 142KKGK145. These two regions were mutated to residues AAGA, 

which were expected to significantly decrease the entropy penalty upon packing (Fig. 
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B.3). These mutations were then combined with L31 mutations and disulfide mutations 

(Table B.1), and crystallization screening were applied. However, no hit was obtained. 

Further construct engineering and crystallization trials are required to get DENV2 

protease-ligand complex structures. 

Along with DENV2 NS3/2B protease constructs, I also performed crystallizations 

of DENV3 WT NS3/2B protease, unlinked DENV2 NS2B NS3 protease, and NS2B/FL 

NS3 protein (DENV2, DENV3). All these constructs were co-crystallized with either 

substrates or substrate products in the crystallization trials. To identify new crystallization 

condition, co-crystallizing these protease constructs with the cyclic peptides (Chapter IV) 

or P site cyclic inhibitors (Appendix D) should be pursued. 
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Figure B.1.  Selected crystal packing surface of DENV2 protease apo-structure. NS3 
is shown in green, NS2B in cyan, catalytic triads in orange and leucine 31 in magenta.  
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Figure B.2.  Building disulfide bonds between NS3 and NS2B domains of DENV2 
protease. DENV3 protease structure (3u1i) is shown as an example of where the 
disulfide bonds are, and the ligand in this structure is removed for visualization purpose. 
Residues are labeled based on DENV2 protease sequence. NS3 is shown in green, NS2B 
in cyan, catalytic triads in orange and mutated residues in magenta.  
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Figure B.3. Applying surface entropy reduction to DENV2 protease for 
crystallization purpose. Two flexible and charged loop regions are highlighted as sticks. 
NS3 is shown in green, NS2B in cyan, catalytic triads in orange and mutated residues in 
magenta.  
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Table B.1.  The expression, purification and crystallization trials of dengue NS3/2B 
protease constructs or NS2B/full length NS3 constructs. 
 

Protease construct Expression  Purification Crystallization  

DENV2 WT ✓ ✓ ✓ 
DENV2 L31F ✓ ✓ ✓ 
DENV2 L31W ✓ ✓ ✓ 
DENV2 S135A ✓ ✓ ✓ 
DENV2 90AAGA93 ✓ ✓ ✓ 
DENV2 70-127 disulfide bond ✓ ✓ ✓ 
DENV2 71-114 disulfide bond ✓ ✓ ✓ 
DENV2 S135A / 90AAGA93 ✓ ✓ ✓ 
DENV2 S135A / 70-127 disulfide bond ✓ ✓ ✓ 
DENV2 S135A / 71-114 disulfide bond ✓ ✓ ✓ 
DENV2 L31F / K90A ✓ ✓ ✓ 
DENV2 L31F / 90AAGA93 ✓ ✓ ✓ 
DENV2 L31F / K143A    
DENV2 L31F / 70-127 disulfide bond ✓ ✓ ✓ 
DENV2 L31F / 71-114 disulfide bond ✓ ✓ ✓ 
DENV2 L31F / S135A ✓ ✓ ✓ 
DENV2 L31F / S135A / K90A ✓ ✓ ✓ 
DENV2 L31F / S135A / 90AAGA93 ✓ ✓ ✓ 
DENV2 L31F / S135A / K143A    
DENV2 L31F / S135A / 70-127 
disulfide bond 

✓ ✓ ✓ 

    
DENV3 WT ✓ ✓ ✓ 
    
DENV2 unlinked NS2B NS3 ✓ ✓ ✓ 
DENV2 unlinked NS2B NS3 (K90A) ✓ ✓ ✓ 
DENV2 unlinked NS2B NS3 
(90AAGA93) 

✓ ✓ ✓ 

    
DENV2 WT NS2B + FL NS3 ✓  ✓ 
DENV3 WT NS2B + FL NS3 ✓  ✓ 
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Appendix C:  Virtual fragment screening against DENV3 NS3/2B 

protease 

C.1 Preface 

Fragment based drug design has become a powerful method to target individual 

protein active site pocket, and several compounds have been successfully built by either 

fragment linking or growing methods (Kumar et al., 2012). 

Previously, fragment based drug design was applied to discover inhibitors 

targeting the S pocket of dengue protease active site (Knehans et al., 2011). However, as 

mentioned in chapter 1.3.5, these inhibitors may not be specific to dengue protease. To 

address this issue, I proposed to screen fragments against conserved residues at protease 

active site, which would help us design inhibitors more specific to DENV. 
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C.2 Methods 

The fragment library (ChemBridge Corp.) was prepared using canvas (Duan et al., 

2010) and ligand preparation (LigPrep, version 2.3, Schrödinger, LLC ). Target protein 

DENV3 protease (PDB:3u1i) was prepared using protein preparation wizard (Sastry et 

al., 2013), and the grid was generated using receptor grid generation tool in maestro. 

These grids were centered at residues conserved among different serotypes of dengue 

proteases. Glide (Halgren et al., 2004, Friesner et al., 2004) was then applied for the 

docking of fragment libraries onto DENV3 protease.  

Top 10 percent of docking hits were further filtered by MM-GBSA free energy 

calculation (Prime, version 2.1, Schrödinger, LLC), and the top ranked fragments with 

favorable docking poses were chose for further experimental verification. Enzyme 

inhibition assay was applied to measure the inhibition constants of these fragments 

against DENV3 protease. The method for this assay is the same as described in chapter 

3.5.3.. 

Fragment hits verified by enzyme inhibition assay would then be developed using 

fragment linking or fragment growing methods, which will be performed by Jacqueto 

Zephyr in our lab. 
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C.3 Summary of findings 

I obtained fragment hits with mircomolar to low millimolar Ki values against 

DENV3 NS3/2B protease (Table C.1). These fragment hits were categorized based on 

their targeting protease residues, e.g., R54, D75, and S135 (Table C.1). The hit against 

R54 allows us to build compound outside the S pocket of dengue protease (Fig. C.1B). 

As mentioned in chapter 4.3.5, this arginine residue is conserved among different 

serotypes of dengue viruses. Further fragment growing based on the hit against this 

residue could help us obtain compound with higher specificity against dengue protease. 
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(A) 

 
 
(B) 

 
 
Figure C.1.  Examples of docking result of hit obtained from fragment based 
screening with different target residues. (A) Fragment targeting S135. (B) Fragment 
targeting R54. 
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Appendix D:  Design of P site cyclic peptide inhibitors against dengue 

NS3/2B protease 

D.1 Preface 

Dengue protease shares similar P site substrate sequence preferences with human 

serine protease, however, the dengue protease active site structures are different from 

these human proteases’. Dengue protease has a flat and solvent exposed S1 pocket, 

however, the shapes of these human proteases’ S1 pockets are relatively narrow (Fig. 

D.1). Therefore, by cyclizing P site peptide (tetra-peptide with cyclization among N 

terminus capping and modified P1 side chain as an example) (Fig. D.2), I expect this P 

site macro-cyclic inhibitor to bind to dengue protease but  too big to fit into human serine 

proteases’ active sites. 

 

D.2 Methods and Results 

P site cyclic inhibitors were designed by connecting P1 and P4 side chains, or P1 

side chain and N terminal capping group. The linkers include five member rings and six 

member rings (Fig. D.3, Fig. D.4). These designed compounds were modeled onto 

DENV3 protease active site and followed by energy minimization using protein 

preparation wizard in Maestro (Sastry et al., 2013). Compounds with favorable binding 

mode were chose, and chemists Dr. Linah Rusere and Jacqueto Zephyr are working on 

the synthesis.  
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Figure D.1.  Surface comparison of serine proteases’ active sites. DENV3 protease’s 
inhibitor is labeled based on corresponding substrate residue positions. Furin substrate 
residues are labeled. The n terminus beyond P4 position of both ligands are removed for 
visualization purpose. 
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Figure D.2.  Modeling of P site macrocyclic inhibitors onto dengue and human 
serine proteases. (A) Chemical structure of selected protease inhibitor. (B) Modeling of 
inhibitor onto DENV3 protease (3u1i), furin (1p8j), thrombin (2afq) and trypsin (1trn).  
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Figure D.3.  Chemical structures of P site cyclic peptidomimetic inhibitors with 
P1−P4 macro-cyclization.  
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Figure D.4.  Chemical structures of P site cyclic peptidomimetic inhibitors with 
P1−N terminus capping macro-cyclization. 
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Appendix E:  Design of linear P site inhibitors against dengue NS3/2B 

protease 

E.1 Preface 

A potential reason I did not get any dengue NS3/2B protease apo- or ligand bond 

crystal was that I did not have a tighter binder to stabilize the flexible NS2B co-factor 

domain. Beside introducing a disulfide bond between NS2B and NS3 domains as 

described in appendix B, I designed a series of linear P site inhibitors to interact and 

stabilize the co-factor. Low micromolar P site inhibitors with c-terminus aldehyde 

capping group have been investigated, and the structural information was available (Yin 

et al., 2006a, Yin et al., 2006b, Noble et al., 2012). However, due to the cyclization and 

hydration issues, we could not get pure aldehyde compound (Fig. E.1).  Beside aldehyde 

compounds, linear P site inhibitors without c-terminus capping group have also been 

shown to inhibit dengue NS3/2B protease with low- to sub-micromolar Ki values 

(Hammamy et al., 2013). Therefore, I proposed to use P site peptidomimetic inhibitors 

without c-terminus capping to stabilize the NS2B co-factor and help us identify favorable 

crystallization conditions for dengue NS3/2B protease.  

 

E.2 Methods and results 

Working with Dr. Akbar Ali in our lab, we designed a series of P site 

peptidomimetic inhibitors without c-terminus capping. Akbar taught me how to used 

solution-phase methods to synthesize these compounds. 
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These inhibitors were tested against dengue NS3/2B protease using assay 

described in chapter 3.5.3., and the Ki values are in micromolar range (Table E.1). The 

crystallization trials of these inhibitors against dengue NS3/2B protease were performed 

using commercial crystallization screening kits, however, no hit was obtained. Further 

compound optimization is required to identify tighter binders for crystallization purpose. 
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Table E.1.  The inhibition constants of linear P site inhibitors against dengue 
NS3/2B protease. 
 
Compound Ki value (µM) 
AI-13 237.5 ± 23.9 
AI-25 166.5 ± 10.4 
AI-26 109.7 ± 11.2 
AI-27 142.3 ± 30.5 
AI-34 137.1 ±   8.3 
AI-35 336.6 ± 85.0 
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