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Flaviviruses pose a global threat to human health and the development of a broad spectrum drug
would decrease the disease burden. The small molecule, 1,8-dinitro-4,5-dihydroxyanthraquinone
has shown to bind the proteases of the dengue and West Nile viruses while also reducing their
titers in cell-based assays. Structure-based analog design will likely be performed in the near
future to increase its activity. However, the binding mechanism and conformation of the lead is
unknown. The virtual screen that discovered this inhibitor showed it as having an unorthodox
bend in the middle of the anthraquinone structure upon binding the protease. Upon further
investigation, tautomerism and a bent configuration may exist in the small molecule. The
structure of the small molecule was investigated for structural significance upon binding the
dengue and West Nile protease and to see how it affects virtual screening efforts when using
AutoDock as the structure-based docking program. It can be concluded that a stable tautomer
does not exist in our crystal and that the conformation portrays a slight binding nature which

could allude to a bent structure in polar solvents. Co-crystallization of the protease and the small



molecule did not produce a crystal capable of solving the structure and virtual screening
experiments would be virtually unaffected if the tautomer or bent structure was added to a small
molecule database. The tautomer and bent structure may still provide slight differences in the

binding affinity upon binding the West Nile NS2B-NS3 protease.
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CHAPTER 1

Introduction

1.1 EMERGING AND REMERGING FLAVIVIRUSES

The dengue and West Nile viruses currently represent important emerging and remerging
infectious diseases and are currently NIH Category A and B Priority Pathogens, respectively.
Dengue virus thrives in subtropical and tropical regions and exists in approximately 100
countries (NIH 2009), putting more than 2.5 billion people at risk (Gubler 2002a). Annually,
dengue manifests nearly 500,000 cases of severe illness in the form of dengue hemorrhagic fever
or dengue shock syndrome from the estimated 50-100 million that are infected (Gubler 2002 a, b,
Halstead 1997). West Nile virus became the most widely distributed Flavivirus on the globe
after its introduction in New York in 1999 and its expansion throughout most of the Americas
(Hayes et al. 2005, Ebel et al. 2001, Laciotti et al. 1999). The enzootic cycle of birds and
mosquitoes gave West Nile virus the ability to spread quickly from the US and Canada to the
Central and South American countries in less than a decade (Bosch et al. 2007, Komar and Clark
et al. 2006, Morales et al. 2006, Laciotti et al. 1999). Both viruses display a clear global health
threat and are only two of many in the Flavivirus genus that are considered either currently or
potentially pathogenic to humans.

The Flavivirus genus includes over seventy viruses, of which twenty-nine (Weissenbock
et al. 2009, Dobler et al. 2009, Gould and Solomon et al. 2008) are known to inflict disease in
humans. Some cause epidemics across the globe and can include high mortality rates that
usually incorporate a form of encephalitis or hemorrhagic fever. Included are the virulent
dengue, yellow fever, West Nile, Tick Borne encephalitis and Japanese encephalitis viruses.

Most flaviviruses are considered arboviruses because they rely on mosquitoes or ticks to



complete their transmission cycle (Figure 1.1). Humans are only incidental hosts, as flaviviruses
typically lack the ability to produce high enough titers to transmit from human to human.
Dengue virus, however, is an exception since it lost the requirement for enzootic activity and can
utilize humans as their reservoir and amplification hosts (Weaver and Reissen 2009). The
potential for additional flaviviruses to evolve into infectious pathogens depends on many factors
ranging from viral genetics to various epidemiological factors (Weaver and Reissen 2009). For
instance, although West Nile and Japanese Encephalitis are both members of the Japanese
encephalitis virus serocomplex (ICTVdB) (Figure 1.1.1), their geographical range and virulence
have considerable differences. Although West Nile virus maintains a presence on every
continent except Antarctica, it only develops into a severe neuroinvasive disease in less than one
percent of all cases (Mostashari et al. 2001). Conversely, Japanese Encephalitis virus remains
mostly anchored within the southeastern Asia region, while generating approximately a 33%
mortality rate (Tsai 2000). Numerous flaviviruses have not yet been associated with human
disease and remain segregated in their respective regions (Dobler et al. 2009, Weissenbock et al.
2009). However, their potential to emerge into threatening human pathogens is unknown and
subject to change depending on how their genomes and epidemiological factors transform over
time. Therefore, small molecules that inhibit both the dengue and West Nile viruses may

improve future broad spectrum drug development efforts against flaviviruses.
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Figure 1.1.1. Phylogenetic relationships of the genus Flavivirus based on full genome
sequences and vector classification. Adapted from (Cook and Holmes 2006).

Flaviviruses maintain a similar ~11 kB positive sense RNA genome that is packed into a
nucleocapsid and ultimately surrounded by a virion consisting of an outer glycoprotein shell and
an inner host derived lipid bilayer (Gollins and Porterfield 1986, Ishak et al. 1988). Viral entry is
a three stage process: receptor binding, receptor-mediated endocytosis, and fusion of the viral
and host cell membranes. Completion of the third step releases viral RNA into the cytoplasm
where it mimics the host’s mRNA and translates into a single polyprotein precursor by using the
host’s cellular machinery. The polyprotein weaves through the membrane of the ER Lumen
leaving large amino acid sequences free on both sides. Host and viral proteases cleave the non-
membrane bound polyprotein portions allowing for the formation of three structural (C-prM-E)
and seven non-structural proteins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) (Figure 1.2). The
structural proteins eventually form part of the mature virion, whereas, the non-structural proteins
conduct polyprotein processing, viral RNA synthesis, and viral morphologenesis (Murray et al.
2008, Lindenbach et al. 2007). Inhibiting these processes is possible with the design of small

molecules that bind in strategic locations on the proteins essential for proliferation (Sampath and



Padmanabhan 2009). These proteins serve similar functions and maintain similar amino acid
sequences among flaviviruses. Thus, broad spectrum antivirals may become achievable for
flaviviruses (Ojwang et al. 2005, Shi et al. 2002).
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Figure 1.2.1. Diagram of the Flavivirus polyprotein organization and processing.

The top and bottom figure shows the linear organization of the structural and non-structural proteins
within the open reading frame and as the cleaved products, respectively. The middle figure shows the
polyprotein weaved through the ER lumen membrane. The arrows denote cleavage locations as
predicted from numerous biochemical and cellular analyses. Lower right figure: The truncated,
active form of NS2B-NS3pro is effectively studied by using only 18 residues of the NS2B and 180
residues of the NS3 protein attached by a glycine linker. Figure adapted from (Assenberg et al. 2009).

Despite the disease threat, effective treatments are lacking to combat flavivirus
infections. Vaccines exist for YFV, JEV, and TBEV, except outbreaks continue to occur in
developing countries (Stephenson 2006). Dengue virus and WNV vaccines are progressing but
many years may pass before successful candidates emerge from clinical evaluation (Webster et
al. 2009, Kramer et al. 2008, Martin et al. 2007, Monath et al. 2006). Dengue virus is especially
challenging as it is currently believed that immunity of one dengue serotype may promote severe
dengue disease when infected by a second serotype, a process known as the antibody-deficient
enhancement of infection (Brown et al. 2009, Goncalvez et al. 2007, Vaughn et al. 2000).

Antivirals are being pursued to inhibit important viral proteins and functions, but none have yet



been proven successful (Puig-Basagoiti et al. 2009, Li et al. 2009, Lescar et al. 2008, Dong et al.
2008, Malet et al. 2008).
1.2 NS2B-NS3 PROTEASE AS AN ANTIVIRAL TARGET IN DENGUE VIRUS AND
WEST NILE VIRUS

Once cleaved from the polyprotein, the 618 amino acid NS3 protein folds into a protease
domain on the N-terminal end accompanied by a helicase domain on the remaining C-terminal
end (Assenberg et al. 2009). The 180 residue NS3 protease requires a central 40 residue portion
of the NS2B polypeptide as a co-factor and remains active when separated from the helicase
domain (Li et al. 2005, Leung et al. 2001, Yusof et al. 2000, Li et al. 1999, Arias et al. 1993,
Falgout et al. 1993, 1991, Chambers et al. 1991). A genetically engineered Glycine4-Serine-
Glycine4 linker between the C-terminal region of NS2B and the N-terminal of NS3 yields an
active, recombinant NS2B-NS3 protease (NS2B-NS3pro) (Leung et al. 2001). The NS2B-
NS3pro is identified as a trypsin-like serine protease and contains a catalytic triad composed of
HisSI—Asp75—Ser135 (Bazan and Flatterick 1989, Gorbalenya et al. 1989). The heterodimer
complex is necessary for viral proliferation as it cleaves at least five different polyprotein sites
(Fig. 2): NS2A-NS2B-NS3-NS4A-NS4B-NS5 with a preference for Arg/Lys-Arg/Lys-Arg |
Gly/Ala at the P2, P1, and P1’ sites (“|” denotes the cleaved bond) (Shiryaev et al. 2007,
Chambers et al. 2005, Chambers et al. 1993, Falgout et al. 1993, Zhang et al. 1992, Chambers et
al. 1991, Falgout et al. 1991, Wengler et al. 1991, Chambers et al. 1990, Preugschat et al. 1990).
Due to the important role played by the NS2B-NS3pro, it is as a key target for drug development
(Leyssen et al. 2000). Phylogenetic clades were developed for the flavivirus NS3 protein based
on cross neutralization and genetic analysis showing that the NS3pro shares structural

similarities and is highly conserved among mosquito-borne flaviviruses with an amino acid



sequence identity of >70% between DV, WNV, JEV, and YFV (Gaunt et al. 2001, Kuno et al.
1998, Ryan et al. 1998). Antiviral therapies against proteases in general proved successful for
the HIV protease with the development of several approved inhibitors (Abbenante and Fairlie
2005, Wlodawer 2002, Leung et al. 2000). Additionally, inhibitors for the HCV serine protease
have seen limited success (Chen et al. 2009, Abbenante and Fairlie 2005, Lamarre et al. 2003,
Leung et al. 2000). For these reasons, NS3 protease has been acknowledged as one of the prime
targets for antiviral development.
1.3 INHIBITOR DISCOVERY FOR THE WEST NILE VIRUS AND DENGUE VIRUS
PROTEASE

Discovering protease inhibitors against flaviviruses is challenging and research efforts
have included high-throughput screening, inhibitors designed to mimic peptide substrates, and
ligand or structure based virtual screening (Tomlinson et al. 2008a, Yin et al. 2006 a,b, Knox et
al. 2006, Chanprapaph et al. 2005, Ganesh 2005, Leung et al. 2001). A previous study utilized
structure-based virtual screening as a method of drug discovery and generated many hits against
the solved structure of the inactive Dengue virus, serotype 2 (DV2), NS3 protease. Two of those
hits exhibited antiviral activity against DV2 (Tomlinson et al. 2008b) and WNV (unpublished
data) in cell based assays. Furthermore, kinetic assays conducted with both small molecules
confirmed uM inhibition levels against the WNV and DV2 proteases (unpublished data). These
results are promising as these two compounds display broad spectrum inhibition among two
flaviviruses. However, it is still unknown as to which intermolecular contacts are being made
between the small molecules and the protease or what the binding mechanism is. A structural
investigation of the small molecules bound to the protease can aid in elucidating such details and

highlight intermolecular contacts important to the binding affinity. Additionally, when the co-



complex is compared to the structure of ARDP0006 in solution, conclusions can be made as to
how the small molecule is binding based upon the small molecule’s structural changes. These
details can assist in future analog design and optimization by pointing out important
intermolecular contacts being made to the protease. Structure determination has enhanced
analog design and lead optimization for numerous targets including the viral proteases of HIV
and another Flaviviridae virus, HCV (Njoroge et al. 2008, Mitsuya et al. 2007, Thaisrivongs and
Strohbach 1999, Kim et al. 1995). Drug optimization is a slow process and includes thorough
knowledge and characterization of the target’s active site and optimal binding interactions,
including: steric hinderances, electrostatic forces, hydrophobicity, and the free energy of binding.
For example, a drug candidate, VX-478, of the HIV-1 protease was developed after the
following interactions were optimized: binding to aspartate residues, binding to a critical water
molecule, minimizing of steric hindrances, and optimizing hydrogen bonding (Kim et al. 1995).
Optimization of protease inhibitors for DV and WNV will take much effort. However, we must
correctly assess the structure of our lead before fully understanding: how it interacts with the
NS2B-NS3 protease, what interactions are preferred by the protease, and how to optimize
interactions.

Reinvestigation of the lead 1,8-Dinitro-4,5-dihydroxyanthraquinone (designated as
ARDPO0006) from the virtual screening raised some questions about its structure in the docked
pose (figure 1.3.1). Virtual screening methods which allow for unacceptable small molecule
conformations can lead to inadequate results. Additionally, tautomerism can theoretically exist
in ARDP0006, which could alter the structure or change its binding properties. Fortunately,

ARDPO0006 was found to reduce WNV and DV titers in cell-based assays and bind the protease



in biochemical experiments. However, a further structural description of ARDP0006 is needed

to compare with the virtual screening result.

)

Figure 1.3.1. The bent structure of ARDP0006 disagrees with the x-ray determined structure.

a) The predicted docking pose of ARDPO0006 in the active site of the DV2 NS3pro (Tomlinson et al.
2009b). b) The structure of ARDP0006 was previously solved via x-ray crystallography. The mean
atomic deviation from the plane of the anthraquinone nucleus (C1-C14) is 0.028 A. (Brown and
Colclough 1983). c¢) The docked ARDP0006 shows a bent structure. Figures in ¢) by (PyMOL
2005). The docked result of ARDP0006 in c) was provided by Suzanne Tomlinson in PDB format.

Despite  ARDP0006’s structural uncertainties, a structural model, generated by a
preliminary docking study, was created to envision possible binding sites for ARDP0006 (figure
1.3.2). There are three important subsite pockets (S1, S2, S3) in the active site and, when those
subsites are mapped onto the 3D structure of a WNV NS2B-NS3 protease, we can visualize
possible binding poses in which ARDP0006 would interfere with the binding of substrate-based
inhibitors. The substrate-based inhibitor shown in complex with the protease (figure 1.3.2) is the
result of a co-crystal structure previously solved (Erbel et al. in 2006, PDB: 2FP7). The

substrate-based inhibitor contains the preferred three residues, Lys-Arg-Arg, that typically

8



proceeds the cleaving bond and, therefore, mimics naturally binding peptides as the P3, P2, and

P1 residues, respectively (Shiryaev et al. 2007, Erbel et al. 2006, Knox et al. 2006).

Figure 1.3.2. Possible binding poses of ARDP0006 that can interfere with the binding of the
substrate-based inhibitor. a) The crystal structure of WNV NS2B-NS3pro was co-crystallized with a
substrate based inhibitor that includes the P3, P2, and P1 residues typically recognized by the active
site (Erbel et al. 2006). The substrate-based inhibitor represents the possible binding pose of
naturally occurring, cleavable peptides. c¢) Three ARDP0006 small molecules were modeled into the
active site at three possible binding subsites (S1-Cyan, S2-Red, S3-Orange) to show how it can bind
in several locations and still interfere with the substrate-based inhibitor, therefore creating small
molecule inhibition. The subsites, S4-Green and are additional subsites in the protease.
The surface residues associated with indicated subsites can be referenced to (Knox et al. 2006,
Chappelle et al. 2005 Nall et al. 2004). Figures were created in (PyMOL 2005).

1.4 PROTON TAUTOMERISM
1.4.1. Small molecule inhibitors and structure based virtual screening

Small molecules with proton tautomerism maintain an equilibrium between isomers that
are intrerconvertable in which hydrogens have the ability to bond with other atoms within the
molecular structure (JUPAC 1997). In general, tautomers are capable of altering many
properties of the molecule including hydrophobicity, pKa (Jang et al. 2002), overall structure,

absorbance spectra (Ezaby et al. 1970), molecular fingerprinting (Oellien et al. 2006), and



electrostatics (Martin 2009). Mobile hydrogens create a shift of proton donors and acceptors
within a molecule and can change the shape of the molecule by altering various properties of the
involved bonds. Tautomer ratios in solution may flux significantly as changes in the solvent
environment are made such as pH, concentration, and temperature. More importantly, proteins
can prefer to bind a particular tautomer with differing strengths, thus creating concerns for small
molecule inhibitor development and virtual screening. For example, the matrix
metalloproteinase 8 binds to the minor isomer of the tautomer equilibrium (figure 1.4.1a)
(Brandstetter et al. 2001); and a macrophage inhibitory factor acquires a separate affinity for
each molecular tautomer (figure 1.4.1b) (Taylor et al. 1999).

Recent evaluations of potential tautomers in molecules within various databases have
concluded that roughly 25-30% of small molecule tautomers are not included (Martin 2009,
Millettii et al. 2009, Pilot 2008, Proudfoot 2005). Compound libraries that ignore tautomeric
variants may cause potential leads to be overlooked in virtual screening studies. One study
included 2,949 marked drugs estimated an increase of the dataset by 1.64-fold when considering
each tautomer as a separate compound (Proudfoot 2005). The benefit of adding each tautomer to
a molecular database in order to enhance results may not outweigh the cost of additional time
required to conduct such a virtual screen unless the tautomers are proven to significantly improve
screening results. In a small study, AutoDock predicted nearly identical binding energies, but
separate poses for two proton tautomers of zanamivir, a neuraminidase inhibitor (Kalliokoski et
al. 2009). With further evaluation, Kalliokoski et al. concluded that the time cost of considering
each tautomer in structure based virtual-screening with AutoDock outweighs the benefits and

suggested the best predicted form of a molecule provides adequate results.

10



Numerous cases like those displayed in figure 1.4.1 have given reason to further evaluate
tautomerism and its effects on virtual screening (Kalliokoski et al. 2009, Oellien et al. 2006,
Knox et al. 2005, Pospisil et al. 2003) and has prompted the development of new software and
methodologies for tautomer enumeration and prediction (LigPrep, QUAKPAC, TAUTOMER,
Milletti et al. 2009, Kalliokoski et al. 2009). Since it is unknown if ARDP0006 binds the NS2B-
NS3 protease as a tautomer, we conducted a docking experiment to observe if the tautomer

would produce different docking results.
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Figure 1.4.1. Examples of small molecule tautomers binding and docking differently: a) Matrix
metalloproteinase 8 recognizes the minor conformation of the tautomer equilibrium (Brandstetter et
al. 2001); b) Two tautomers recognized by macrophage inhibitory factor bind with deferring
affinities (Taylor et al. 1999); c) Two proton tautomers of zanamivir, a neuraminidase inhibitor,
cause AutoDock to generate a different poses while the predicted binding energies are nearly
identical (-8.96 and -8.97 kcal/mol) (Kallioski et al. 2009).

1.4.2. Anthraquinones

Anthraquiones are a class of natural molecules with numerous derivatives, and cause
several biological effects including antiviral (Hsiang et al. 2008, Shuangsuo et al. 2006, Semple
et al. 2001), anticancer (Bhasin et al. 2008, Xio et al. 2008, Wu 2003), anti-inflammatory (Park et
al. 2009), immunosuppressant (Huang et al. 1992), and vasorelaxant (Huang et al. 1991) activity.
Due to the many applications of anthraquinone molecules, several structural derivatives have
been determined and a few tautomer studies were conducted by utilizing x-ray crystallography,

NMR, and spectroscopy methods (Ismail et al. 2009, Ng et al. 2005, Zain et al. 2005, Wu et al.
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2003, Marzocchi et al. 2003, Yatsenko et al. 1997 & 1996, Farifia et al. 1992, Ulicky et al. 1987,
Smulevich et al. 1987, Ezaby et al. 1970). Anthraquinone tautomerism influences absorbance
spectra and spectroscopy methods have detected a dependency on the molecule’s substituients,
solvent polarity, and solvent pH (Yatsenko et al. 1997, Ezaby et al. 1970). However, precise
determination of atomic positions and tautomer equilibrium is difficult with spectroscopy. With
the use of x-ray crystallography, the 1,10 [la] and 1,4 [Ib] tautomers of Mordant Black 13 dye-
free base and its butyl derivative were found in near equal amounts (Trafeenko et al. 1991 &
1987), and the 1,10 [Ila] and 9-imino, 10 tautomers [IIb] of an anthraquinone derivative were
structurally determined (figure 1.4.2) (Yatsenko et al. 1997). Structural determination of these
particular molecules reveals that tautomers can exist in crystal form in hydroxyanthraquinones

similar to ARDPOO006 in a stable conformation.

RNH O RNH O NH, O
NHR NHR ’
OOy =00 T
—
0 HO . _ Ph, p-BuC,H, OH O O N(R)Ac
[1a] [1b] [Ia]

Figure 1.4.2. Tautomers of anthraquinone variants were determined with x-ray crystallography: 4-
hydroxy-2,9-diphenylamino-1,10-anthraquinone [la], 4-hydroxy-2,9-di(4-n-butylphenyl) amino-1,10-
anthraquinone [Ib] (Tafeenko et al. 1991, 1987), 4-(N-acetyl-p-tolylamino)-9-amino-1, 10-
anthracenedione [Ila], 4-hydroxy-l-phenylamino-10-mesitylimino-9(10H)-anthracenone  [IIb]
(Yatsenko et al. 1997).

Although tautomerism is unknown to exist in ARDP0006, a mobile hydrogen has
potential to have an effect on its overall structure. ~ Although improbable due to pi bonding
characteristics of anthraquinone’s apparent three ring conjugated system, the bent structure has
been considered for two reasons. Firstly, the two carbonyl carbons are not designated to include

double bonds with their connecting carbons. This allows for the possibility of the anthraquinone
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molecule to bend due to the lack of a resonance indication in the center ring. In literature, if the
aromaticity is addressed, only the two outside rings are designated as aromatic structures (Ismail
et al. 2009 a, b, Zain et al. 2005, Ulicky et al. 1987). Secondly, an unusual and unexplained case
exists where an anthraquinone base is known to have a dihedral angle between the two outer
benzene rings of 22.02° (Cao et al. 2007). The tautomer is important because, as indicated in the
modeled tautomer (figure 1.4.3b), it would cause double bonds to shift and would create a more
convincing conjugated bond system for the bottom portion of the central ring. Minor physical
changes, like the one displayed in figure 1.4.3, which involves tautomerism and a bent
anthraquinone conformation, can affect the molecule’s binding affinity and mechanism with the

protease and needs to be investigated.

Figure 1.4.3. Possible planarity influences from tautomerization. a) displays the conventional
conformation for ARDP0006. b) displays the tautomer conformation with the double bonds oriented
in such a wav that might enforce nlanaritv in the middle rine. Fieures modeled in (PvMOL 2005).

1.4.3 Virtual Screening

Structure based-docking is a tool that has been utilized extensively in coordination with
virtual screening for drug discovery for the last two decades (Kitchen et al. 2004, Bajorath 2002,
Gohlke and Klebe 2002, Langer and Hoffmann 2002, Walters et al. 1998). Evaluations of
several docking programs have concluded success rates ranging 35%-70% for correctly docked
poses (depending on the evaluation method) and a lack of accurate scoring functions (Cheng et

al. 2009, Warren et al. 2006). However, this study concentrates on the docking pose
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comparisons of the various ARDP0006 structure variants, not necessarily the accuracy of a
correctly predicted pose. Docking as a methodology for the binding predictions of small
molecules to protein sites has come a long way since it was pioneered in the early 1980’s (Kuntz
et al. 1982), and the importance of tautomerism may prove important to the future of virtual
screening. This small docking study serves as our method for determining the importance of
tautomerism when docking ARDP0006, and if the tautomeric form of ARDP0006 should be
included in small molecule databases. Comparisons are made between the docking poses
generated from three different conformations of ARDP0006: the crystal structure, tautomer
modeled based on the crystal structure, computationally designed ARDP0006.

We found it useful to dock with the ARDP0006 compound found in a database of
compounds in order to show the effect different ARDPO006 structures had when virtual
screening uses a database, but ARDP0006 was not found in the database that our lab has access
to. Therefore, ARDP0006 was designed in PyYMOL (Delano 2002) and minimized in CHARMM
(Brooks et al. 2009). This still represents a compound purely designed computationally.

AutoDock 4.0 (Huey et al. 2007, 2004) was used for this docking study. It is based on a
semi-empirical free energy force field, and uses a Lamarckian Genetic Algorithm (LGA). It is
widely cited in over 250 citations (as of November 15, 2009) and played an integral role in the
discovery of an approved drug to treat HIV integrase (Rao et al. 2002).

1.5 RATIONALE
1.5.1 Background problem

The small molecule 1,8-dinitro-4,5-anthraquinone, ARDP0006, was generated from a

previous virtual screening project and has in-vitro and ex-vivo activity against the dengue and

West Nile viruses (Tomlinson et al. 2008b & unpublished data). Future experiments may entail
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optimization and analog design which can be enhanced significantly by comparing the structural
details of ARDPO0006 in solution and in complex with the viral proteases. However, some
structural uncertainties of unbound ARDPO0006 are present and needed to be investigated in
further detail. For example, there is the possibility of the protease preferring to bind a particular
tautomer. If the structure of ARDP0006 is different than the assumed structure (figure 1.4.3a)
while in solution, but binds the protease in the assumed form, we would be overlooking possible
binding mechanisms that will be useful in optimizing the lead. Once the structure of ARDP0006
is known when in solution, and when bound in complex with the protease, we can begin to
establish a binding mechanism.

The computationally designed and docked model of ARDP0O006 has two notable
differences compared to the x-ray crystallized solved structure (Brown and Colclough 1983).
The previously docked computationally designed structure is unconventionally bent at its center
and both hydroxyl hydrogens are rotated outward. According to the crystal structure, the mean
atomic deviation from the plane of the anthraquinone nucleus (C1-C14) is a mere 0.028 A, and
the hydrogens are hydrogen bonded to the central carbonyl oxygen (Chapkanov 2007, Brown
and Colclough 1983). The structural differences impede our ability in understanding how it
binds to the protease (figure 1.3.1) and raises the question as to how accurate the docking is for
this molecule. Angstrom level resolution of a co-crystal complex will most likely not elucidate
the atomic details well enough to determine which tautomer the protease binds to if a tautomer is
possible, so the structural details of ARDP0006 need to be elucidated to better understand the
anthraquione tautomerism possibilities between the hydroxyl and carbonyl at the angstrom level.

Furthermore, since there is a possibility that the protease prefers to bind a tautomer structure of
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ARDPO0006 (figure 1.4.3b), an evaluation should be made as to if the structure based docking

results would be significantly enhanced or changed when including the tautomer.

1.5.2. Central hypothesis

Based on the evidence that tautomers can change the binding properties of small molecules and

that tautomers exist for other anthraquinone derivatives, we hypothesized that the crystallized

and tautomer form ARDP0006 would produce different predicted intermolecular contacts than

the computationally designed molecule when docked to the NS2B-NS3 protease of the West Nile

virus.

1.5.3. The following aims were used to test this hypothesis.

Aim 1: Structural Characterization of ARDP0006
X-ray crystallography was utilized to solve the structure of the lead, ARDPO0006.
Although the structure was previously solved, a more thorough description was needed.
The atomic details of our structure are supplemented with an assessment of other
structures, thus producing conclusions on the form of ARDP0O006 in solution. X-ray
crystallography was used for because it was found useful in finding a stable tautomer in
two similar anthraquinone structures (Yatsenko et al. 1997, Trafeenko et al. 1987)

Aim 2: Structural Characterization of ARDP0006 targeting NS2B-NS3pro of WNV
X-ray crystallography was attempted to solve the structure of the WNV NS2B-NS3
protease bound to the lead, ARDP0006. This aim was constructed to reveal where the
leads bind on the protease and highlight the important interactions between the

compound and the protease.
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Aim 3: Determination of predicted docking pose differences of ARDP0006 in the in-silico,
crystallized, and tautomer form, to the WNYV protease
AutoDock was utilized to conduct docking experiments in order to predict binding poses
of three ARDPO006 structures in the crystal structure of the NS2B-NS3 protease of
WNV. This aim addresses the issue: Do the slight 3D structural differences of the
crystal form, tautomer form, and in-silico form of ARDP0006, produce different
docking predictions? In-silico ARDP0006 refers to the computationally designed 3D

structure.
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CHAPTER 2

Methods

2.1 X-RAY CRYSTALLOGRAPHY OF ARDP0006
2.1.1 Crystal Method for ARDP0006.

The compound, 1,8-Dinitro-4,5-dihydroxyanthraquinone, was commercially purchased in
powder form from Sigma Aldrich® (www.sigmaaldrich.com; CAS: 81-55-0). The compound,
like many anthraquinone derivatives, is only soluble at low concentrations in water. Therefore,
9.90 mg were mixed in 100% DMSO to create a 1 mL solution at a concentration of 30 mM. A
second solution was created by mixing 100 pL of the previous solution with 100 pL. of DMSO in
order to create a solution with 100% DMSO and 15 mM ARDPO0006. A third solution was
created by mixing 100 pL of the first solution with 100 pLL of ddH2O in order to create a solution
with 50% DMSO and 15 mM ARDP0O006. Twenty-five pl. drops of each of the three
ARDPO0006 solutions were centrally positioned on glass cover slips and placed in a non-sealed,
but covered, container along with 20 mL of 100% EtOH in a small, uncovered beaker. The
drops were allowed to dehydrate at room temperature, overnight for about 16 hours while the

EtOH aided in the dehydration process.

Figure 2.1.1. Diagram of the experimental set-up for obtaining ARDP0006 crystals.
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2.1.2 X-ray Detection.

Promising crystals were submerged in paraffin oil with the use of a cryoloop and
mounted in line with a MacScience MO6XHF (1.2 kW Cu 100 micron ultra fine focus) x-ray
generator equipped with a Bunker SMART 2K CCD detector and a Cryo Industries of America
CRYOCOOQLER which is located at UTMB’s Sealy Center for Structural Biology and Molecular
Biophysics X-ray Crystallography Core facility. X-ray diffraction was performed at 105 K with
the use of liquid nitrogen. Eight data collection runs were performed on the crystal of choice.
The four high-resolution runs were performed at three different phi angles, 26 of 100°, ® at 100°,
an o step of 0.5°, exposure times of 90 seconds, and a total of 360 frames per run. The four low-
resolution runs were performed at four different phi angles, 26 of 100°, ® at 50°, an ® step of
0.5°, exposure time of 60 seconds, and a total of 250 frames per run. Data collection was
processed with PROTEUM (Brunker 2002), cell refinement on SAINT-Plus (Brunker 2001), and
data reduction by SAINT-Plus. The program used to solve the structure via direct methods and
to refine the structure was SHELX97 (Sheldrick 1997). Three refinements were performed
including isotropic and anisotropic determination and an absorbance correction estimated by
WinGX. All six hydrogens were located after the first refinement and were refined during the
second. ORTEP-3 (Farriugia 1997) was used for molecular graphics and thermal plotting.
WinGX was used for file and program organization and coordination during and after the

structure solving process (Farrugia 1999).
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2.2 X-RAY CRYSTALLOGRAPHY OF THE NS2B-NS3 PROTEASE IN COMPLEX
WITH ARDP0006
2.2.1 Expression and Purification of WNV S2B-NS3 protease.

Frozen glycerol stocks of XL1-blue competent cells containing the correct plasmids were
obtained from Suzanne Tomlinson and stored in -80°C. The plasmid construct for the West Nile
NS2B-NS3 protease was originally obtained from Dr. Padmanabanhan’s laboratory. Expression
and purification of both proteases were based on a previously described protocol (Yusof et al.
2000). Two test tubes containing 10 mL of 2xYT media and 50 pg/mL carbenicillin were
inoculated with the glycerol stock, grown overnight at 37°C, and used to inoculate 2 L of 2xYT
media with 50 pg/mL. The cultures were grown for nearly 4 hours at 37°C and 250 rpm until
ODgqo 1s 0.7-0.8 AU, induced with 0.5 mM IPTG, and incubated for an additional 4 hours at
37°C and 250 rpm. The bacterial cultures were then centrifuged for 30 minutes at 3000 rpm, and
the pellet is stored in -80°C.

Purification begins by resuspending the pellet in 10 mL of buffer A (500 mM NaCl and
50 mM HEPES-HCI [pH 7.0]), adding the lysis components (300 pg/mL lysozyme, 30 pg/mL
DNase, and 10mM MgCl2), and stirring the mixture at 4°C for 30 minutes. Triton-X 100 was
added to a final concentration of 0.5% (v/v) and the mixture was stirred again at 4°C for 30
minutes to complete the lysis step. The solution was centrifuged for 20 minutes and 15,000 rpm
at 4°C. The soluble fraction was applied to a nickel affinity column (1 mL of Nickel Sephadex
beads were purchased from Amersham Biosciences - http://wwwb6.gelifesciences.com/) pre-
equilibrated with buffer A. The contaminating proteins were washed with 20 mL buffer A. Four
additional buffers were made to complete the purification. Those four buffers were made with

the contents of buffer A and increasing concentrations of imidazole (10 mM, 20 mM, 30 mM,
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and 150 mM). In order from lowest concentration of imidazole to highest, 20 mL were poured in
a stepwise fashion over the column to further elute contaminating proteins. The buffer A-150
mM Imidazole solution was then used to elute NS2B-NS3pro in 10 individual, 1 mL aliquots.
The least contaminated fractions were pooled (analyzed by 2D SDS-PAGE) and concentrated to
~1-2 mL while also performing buffer exchange into buffer B (crystallization buffer: 50 mM
NaCl, 10 mM HEPES-HCL [pH 7.5], and 10% glycerol (v/v)). The protein solution was then
applied to a  Biosep-SEC 3000  gel-filtration  column  (Phenomenex® -
http://www.phenomenex.com/) with a 0.2-0.5 mL injection per run in buffer B. The peak
fractions were then pooled and concentrated to the desired concentration for crystallization. The
protein solutions were concentrated with Millipore’s Amicon Ultra-15 centrifugal filter devices
and the concentration was determined by UV spectrometry.

2.2.2 Protein and ARDP0006 preparation and crystal development.

A stock solution of ARDP0006 9.90 mg were mixed in 100% DMSO to create a ImL
stock solution at a concentration of 30 mM. After protein purification, the WNV NS2B-NS3
protease was concentrated to 30 mg/mL. A mixture of 400 pL protein, 60 pL inhibitor solution,
and 140 pL of crystalline buffer yielded a 20 mg/mL protein/3mM inhibitor solution. The
solutions were kept in 4°C until crystal plates were created. First, large crystallography screens
were performed at room temperature on the Phoenix Rigaku Edition crystallography robot
owned by UTMB’s Sealy Center for Structural Biology and Molecular Biophysics. We screened
using 96-well plates, hanging drop method, and 0.4 uL drops (0.2 uL of protein solution plus 0.2
uL of well solution). Crystals developed after 2-4 weeks. All promising conditions were
optimized and scaled-up to 4 uL drops in 24-well plates utilizing the hanging drop method. The

plates were immediately stored in 4°C.
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2.2.3 X-ray Detection.

The one crystal suitable for collecting x-ray data formed in one of the large screens with
the 0.4 uL drops (see results for details). The small crystal was mounted in paraffin oil and
flash-frozen under a cryostream of nitrogen gas in line with the x-ray generator. X-ray diffraction
was performed at 100 K on a MacScience MO6XHF (1.2 kW Cu 100 micron ultra fine focus) X-
ray generator and a MacScience DIP2030H-VLM dual 30 cm diameter imaging-plate detector
located at UTMB’s Sealy Center for Structural Biology and Molecular Biophysics X-ray
Crystallography Core facility. This system is suitable for protein crystals of cell dimensions 30-
400 A, can diffract up to 1.3 A, and is equipped with a Cryo Industries of America
CRYOCOOQLER. A single frame, 22 hours exposure was taken in order to determine how well
the crystal diffracted. Although some diffraction was observed, the data was too weak to
continue.

2.3 STRUCTURE BASED DOCKING
2.3.1 Small molecule, ARDP0006 preparation.

An output PDB file was created from the ARDP0006 structure solved and refined by x-
ray crystallography. From that structure, the tautomer structure was created simply from moving
the hydrogen from O6 to the double bonded oxygen, O8 by using PyYMOL (Delano 2002). Bond
lengths change when double and single bond characteristics are altered, so those bond lengths
were corrected according to (Allen et al. 1987). The in-silico conformation was designed in
PyMOL (Delano 2002) and minimized in CHARMM (Brooks et al. 2009).

2.3.2 Docking with AutoDock 4.0.
The protein and small molecules were prepared for docking with AutoDock 4.0 while

utilizing AutoDockTools 1.5.4. (Sanner 1999). Three separate docking experiments were
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prepared and performed while each had its own respective directory: the protease with
ARDPO0006-crystal solved, the protease with ARDP0006-tautomer, and the protease with
ARDPO0006-computationally designed and minimized. The PDB used for docking was 2FP7. It
represents the 3-D crystal structure of an active WNV NS2B-NS3 protease bound to a peptide
inhibitor and was determined by x-ray crystallography (Erbel et al. 2006). PyMOL was used to
remove the peptide substrate from the protease prior to docking experiments. PyMOL was also
used to ambiguously place each of the ARD0006 molecules (crystal structure, tautomer, and in-
silico designed molecule) near the S1 pocket of the protease. Each ARDP0006 molecule was
saved in its own separate PDB file and without the protease. The protease was then opened in
AutoDock to prepare the molecule for docking: all hydrogens were added to the molecule and
each amino acid was thoroughly inspected to eliminate errors (i.e. missing atoms, only one
conformation exists, etc). The PDB file was then saved. The same steps were performed for
each small molecule PDB file. The PDBQT files were created for the protease and each small
molecule. The grid parameter files were created without allowing for any flexible residues. A
large grid box was created which included all four subsite pocket as indicated in figure 1.3.2.
AutoGrid was run separately for each ARDP0006 molecule with the protease. Upon successful
AutoGrid completion, the docking files were prepared and repeated for each molecule. Default
values were used for docking parameters except the Genetic Algorithm was increased to 50 and
energy evaluations per the Genetic Algorithm run were increased to 1,000,000; which is much
more intensive than the default values of 10 GA runs and 250,000 energy evaluations. Upon
completion, 50 conformations were provided and grouped in clusters divided by predicted by
energies and predicted pose similarities. The largest clusters coincidentally were the clusters that

contained poses with the lowest predicted energies. This made choosing conformations simple.
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Chosen conformations had the lowest predicted energy and were within the largest cluster size.
The chosen conformations were written in PDB files and input into the LigPlot and LigEd
programs (Wallace et al. 1995) along with the protease PDB file in order to help identify
intermolecular contacts. The PDB files were also used in PyMOL to prepare figures that
visualize the intermolecular contacts for the small molecule conformations. This ultimately

displays bonding differences among the chosen conformations with the protease.
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CHAPTER 3

Results

31 STRUCTURE DETERMINATION OF ARDP0006 WITH X-RAY
CRYSTALLOGRAPHY

Many purple crystals grew from each of the three solutions (30 mM ARDPO0006 in 100%
DMSO, 15 mM ARDP0006 in 100% DMSO, and 15 mM ARDP000S5 in 50:50 DMSO:ddH20),
but most were thin, splintering rods. The 50% DMSO solution yielded a rectangular prism, rod-
like purple crystal (450 x 70 x 50 um), which was mounted in paraffin oil and flash frozen for
data collection. Over 48 hours of data collection yielded 9976 reflections, 100% completeness
and 0.83 A resolution. Further details are shown in table 3.1.1.

The crystal packing was complex and assembled with various interactions (see figure
3.1.1). Four parallel molecules were stacked in three sheets with two molecules in the center
layer sitting planar with each other. The top and bottom molecules were approximately 3.25(2)
A from the center sheet. The stacking alignment of the aromatic rings was staggered such that
the rings asymmetrically overlapped, creating weak n-n interactions. The O8 and O6 atoms of
one ARDP0O006 molecule were centrally located beneath two adjoining rings of another
anthraquinone molecule with an average distance to the six ring carbons of 3.575(2) A. This can
be referred to as anionic-m interactions in a parallel-displayed structure (Mooibroek et al. 2008).
This is possible in n-electron depleted ring structures, which is characteristic of ARDP0006, and
will be validated in the discussion section. The block of four molecules was rotated and
repeated to create the crystal (figure 3.1.1a). Non-classical hydrogen bonds were formed

between the carbon hydrogens, H4, H5, H6, H3 and the nitro oxygens, O4, O3, Ol, and the
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carbonyl oxygen, O7, respectfully (see details in figure 3.1.1 and table 3.1.2). The resonance
nature of the nitro substituents cause both oxygens to remain partially negative and permitted
them to bind with the carbon hydrogens. These interactions provided some influence on the final
positions of the nitro groups which resulted in the nitro torsion angles to the anthraquinone base
to be 83.3(3)" (C7-C8-N2-04) and 123.8(3)° (C13-C1-N1-0O2). Furthermore, the O6H1 and
O5H2 hydroxyl groups intermolecularly interacted with O6 and O2 in nearby molecules,
respectfully, but interactions were considered very weak because H1 and H2 were strongly
hydrogen bonded intramolecularly with O8. This was evidenced by their positions and atomic
displacement values shown in figure 3.3.1c (parameter details are located in tables 1 and 2 of the
Appendix). The shortness of the hydrogen bonds (1.822A and 1.807A) is indicative of their
strength and consequently prevented O8 from developing significant intermolecular contacts
within the crystal.

Investigation of the ARDP0006 atomic structure revealed many bond distances matched
their respective common values, but some were not within their range of expected lengths. Bond
distances were compared with an extensive collection of x-ray and neutron diffraction results
that had been extracted from the Cambridge Structural Database (CSD) (Allen et al. 1987). It
has been widely referenced with over 500 citations. In ARDPO0006, the carbonyl C9=07 bond
distance of 1.212(3) A complies with typical Csp’=0 lengths and common benzequinoids, but
the C10=08 bond was abnormally long with a length of 1.241(2) A. The C-C bonds that created
the two outer benzene-like rings of the anthraquinone nucleus ranged from 1.364(3) A to
1.406(3) A and were within expected bond ranges for anthracenes (1.360 A-1.440 A) (Allen et
al. 1987). The two C-C bonds connecting the carbonyl carbon to the outer rings on the nitro side

of ARDP0006 (C13-C9-C12) were notably much longer for benzenoid dimensions at 1.478(3) A
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Table 3.1.1. Experimental Details: 1,8-dinitro-4,5-dihydroxyanthraquinone (ARDP0006)
(Brown and Colclough 1983)

Our Solved Structure

Crystal Data
Chemical Formula C4HN,Og
M, 330.21 -

Cell Setting, Space Group
a,b,c (A)

Monoclinic, P21/c
6.630, 11.970, 15.450

Monoclinic, P21/a
15.664, 12.056, 6.704

@) 35.30 34.20
V (A% 1220.83 1262.62
zZ 4 4
Radiation Type Cu 100 Ka Cu 100 Ka
p (mm™) 1.324 1.29
Temp (K) 105 -
Crystal Form, color Prism, Purple Prism, Purple
Crystal Size (mm) 0.450 x 0.070 x 0.050 20x0.2x0.2
Solution grown in 50% DMSO phenol
Data Collection
Diffractometer Brunker SMART 2K CCD Weissenberg Camera
Reflections:
Measured, Independent, 9976, 2136 2316, 171
Reflections with: Fo > 46(Fo): 2110 1> 30(I): 1862
Rmerge 0.0349 0.044
Resolution 0.83 A -
Refinement
Method Direct Methods. Patterson Synthesis.
Least Square Calculations Least Square Calculations
Robserved 0.0543 0.058
wR(F?) 0.1518 0.50
S 1.0680 -
Reflections used 2110 1862
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Figure 3.1.1. ARDP0006 was solved with x-ray crystallography. a) and b) show the crystal packing of
the crystal where b) shows four parallel molecules stacked in a staggered fashion in three layers. The
middle planar sheet is created by the two molecules with overlapping hydrogens in the center of the
figure. c) The positions and anisotropic values of the atoms are represented as irregularly shaped
atomic spheres. Important bond lengths are included in A: C=0, C-0, CO-H, OH:+0. d) The crystal
maintains a near planar anthraquinone nucleus. The ellipsoids are drawn at the 50% probability level.
The figures were created in ORTEP-3 (Farriugia 1997).

and 1.485(3) A, but were within the normal quinoid range of values (Allen et al. 1987).
However, the C10-C11 and C10-C14 bonds of 1.454(3) A and 1.458(3) A were shorter than
benzequinoid bonds but still longer than anthracene or benzene bonds. They also did not

correlate well with any of the Cyomaic Or quinone bond systems in the referenced collection. All
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bonds within the nitro substituents (C1-N1, C8-N2, N1-O1, N1-0O2, N2-O3, N2-0O4) maintained
normal Cyromaic-NO; values, but both C-OH bond lengths in ARDP0006 of 1.329(2) A were
shorter than the average C,romaic-OH distance of 1.362 A. The H1 and H2 atoms hypothetically
had the ability to rotate freely in solution making contacts with other molecules as the crystal
formed, but they developed an intense attraction to the centrally located carbonyl oxygen, O8
with hydrogen bond lengths of 1.807(2) A and 1.822 (4) A. The lengths to their respective
hydroxyl oxygens were 0.855(4) and 0.842(3) which is shorter than the 0.967 A average length
of O-H bonds. However, the thermal parameters show variability in their positions between the
hydroxyls and O8 (figure 3.1.1c). HI1 seems to experience more movement than H2 in the
crystal, but there is no evidence that supports permanent transfer to O8. Seven bonds within
ARDPO0006 were inconsistent with their respective values according to the CSD (C10-C11, C10-
C14, C10=08, C4-O5H2, C5-O6H1, O6-H1, and O5-H2) and they are regionalized around the
carbonyl, C10=08. These peculiarities provided further insights into the structural details once
our results were further explored and related structures were examined. These details will be
elaborated in the discussion.

The structure’s overall planarity was investigated. As figure 3.1.1d suggests, the
anthraquinone nucleus was virtually flat with small deviations in bonded C1, C2, and C13 atoms.
The ring involving C1 is aromatic, but the torsion angle indicates the attached O1-N1-O2 nitro
group was twisted more than the other nitro by 40.5° and influenced the planarity of the ring.
Crystal contacts and steric hindrances influence the positioning of the nitro. Hydrogen bonds are
probable between the O1 atom and H6 and H3 and between the O2 atom and H2, H3, and H4 in
nearby anthraquinones. More importantly, both nitros situated themselves such that they avoided

interference with the m-stacking of the four molecule layers. Furthermore, torsion angles were
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measured to understand the planarity in detail. The anthraquinone nucleus was not entirely
planar and not uniformly bent. The torsion angles indicated that the molecule was bent at the
C9 atom with an angle of 6.0° and, in contrast, was bent at the C10 atom with an angle of 0.1°
(torsion angle details are found in table 4.1.2 and table 3 of the appendix). Additionally, the O7
carbonyl atom was elevated out of the anthraquinone plane with a torsion angle of 10.9° while
the O8 atom was only elevated by 0.8°. Crystal packing was not influencing the position of O7
so steric effects from the nitro groups were the only remaining explanation. However, the subtle
bending and twisting of the central ring and the C9=07 carbonyl in the anthraquinone base of
ARDPO0006 was not caused by the N1 nitro, and was somewhat unexpected since the
anthraquinone base was seemingly a three ring conjugated system. The atoms involved with the
intramolecular hydrogen bonds maintained a planar configuration while the central ring and
carbonyl group on the nitro side of the molecule were allowed to bend at the pivoting atom, C9.
This indicated that a form of aromatic stabilization involving the C10 atom was caused by the
hydrogen bonds.

Table 3.1.2 Hydrogen Bonding of the ARDP0006 crystal

D—H---A D—H H---A D---A D—H---A
Intramolecular Contacts (A)
O6—H1---08 0.855(4) 1.822(4) 2.556(4) 149.22(4)
05—H2---08 0.842(3) 1.807(3) 2.569(3) 148.65(3)
Primary intermolecular Contacts (A)
06—H1---06i 0.855(4) 2.479(4) 2.582(4) 88.34(4)
0O5—H2---02ii 0.842(3) 2.442(3) 2.946(3) 120.39(3)
05—H2---O7iv 0.842(3) 3.295(3) 3.190(3) 75.78(3)
C3—H3---07i 0.974(3) 2.693(3) 3.275(3) 118.35(3)
C6i—H6i---Olii 1.037(4) 2.681(4) 3.408(4) 130.99(4)
C7iii—HS5iii--- O3 0.967(3) 2.534(3) 3.304(3) 134.93(3)
C2—H4.--O4ii 1.003(3) 2.585(3) 3.076(3) 110.76(3)
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The structural data of ARDP0006 was not identical to the same compound (1,8-dinitro-
4,5-dihydroxyanthraquinone) previously solved (Brown and Colclough 1983), but the structures
correlated with similar dimensions. The advantages for our structure included: more reflections,
lower residual factors for the merged data and refinement process, much improved isotropic
temperature parameters, the addition of refined anisotropic thermal parameters, and a better
understanding of the crystal packing and planarity of the overall molecule (additional details are
compared in table 3.1.1). Both crystals were solved with virtually identical space groups (P2,/c
vs P2;/a). There were two notable differences between the two structures. The two C-OH bond
distances were first noted as being different and were shorter by an average of 0.015 A in
ARDPO0006. The C-OH length disparities were a direct result of a delicate intramolecular
hydrogen bonding network. The second difference was noticed in the nitro torsion angles to the
anthraquinone plane which happen to be 83.3° and 123.8" in our structure and 83.8" and 62.9° in
the previously determined structure. Both structures similarly acquired one N-O bond slightly
longer than the other N-O bond in both nitro groups. The oxygens of each nitro group made
asymmetric intermolecular contacts in the crystal and slight differences were appropriate without
further explanation. Nevertheless, both atomic structures sustained the same seven bond
discrepancies on the hydroxyl side of the molecule of which do not belong to appropriate bond
systems in the CSD data collection.

3.2 STRUCTURE DETERMINATION OF WNV NS2B-NS3 PROTEASE IN COMPLEX
WITH ARDP0006.

We aimed to determine the exact binding location and correlating intermolecular contacts

experimentally by utilizing x-ray crystallography. The results would have elucidated the

structure of ARDP0006 when bound and would have significantly aided structure-based analog
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design since the intermolecular contacts would be displayed. By understanding what
conformation the molecule is in while in solution (aim1) and when bound to the protease (aim 2),
we would have obtained clues on the binding mechanism and a better understanding of which
binding interactions were taking place.

For our co-crystal trials, it was necessary to obtain large quantities of protein at high
purity. The NS2B-NS3 protease construct was engineered with a Histidine tag so we could
utilize Ni affinity chromatography. This was the primary method of purification, but high purity
was not obtained until a High Pressure Liquid Chromatography (HPLC) step was performed.
This yielded a protein solution with greater than 95% purity (figure 2.2a).

Obtaining protein co-crystals requires a delicate balance of protein, buffer, salt,
precipitant, pH, and temperature. Screening for the correct ingredients requires large amounts of
protein, so large screens were conducted with drop sizes of 0.4 puL per well on 96 well plates.
Upon the discovery of small microcrystals, smaller screens with larger, 4 uL drops were created.
Fortunately, crystals were found in two conditions. The microcrystals in figure 2.3.1b-iii were
produced in the following conditions: 20 mg/mL NS2B-NS3 protein, 5S0mM NaCl, 10mM
HEPES, 0.1M sodium acetate, 1.3M tri-sodium citrate, 0.1M bis-tris. The other two figures in
2.3.1b were produced in the following conditions: 20 mg/mL NS2B-NS3 protein, S0OmM NaCl,
10mM HEPES, 5% glycerol, 0.2M ammonium sulfate, 20.9 w/v PEG 4000, 0.1M Tris, and pH
7.44. The thin, rod-like crystal in the left figure was mounted in paraffin oil under a cryostream
of nitrogen gas and the space group was estimated to be P2, with unit cell parameters were
estimated as: a = 73 10%, b=77 10%, c=153 10%, and B=102°. The diffraction pattern, seen in figure
2.3.1c was too weak to obtain sufficient data which is understandable for such a small crystal

with dimensions of Sum x S5pm x 120um. The promising larger crystal in figure 2.3.1b-ii has a
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width of 80 um and length of 250 um, but diffraction was unattainable. The microcrystals in

figure 2.3.1b iii were too small to mount and obtain x-ray data.

a) & oo

1 2 3 4 5 & T ] 210 11 17 13 4

Figure 3.2.1. Progress towards X-ray determination of the protease and inhibitor complex. a) This
shows an SDS-PAGE of purified WNV NS2B-NS3pro in lanes 1-6 and 8-14. Size of the protease is
27kD. B) Crystals were obtained. c¢) shows a weak diffraction pattern giving promise towards
finding optimized and diffractable crystals.

3.3 STRUCTURE BASED DOCKING WITH AUTODOCK

Before docking, three ARDP0OO006 structures were created and prepared for docking: (1) a
molecule was designed with PyYMOL and minimized with CHARMM (figure 3.3.1a); (2) a PDB
file was generated from the x-ray crystal structure solved in aim one (figure 3.1.1b); and (3) the
crystal structure, (2), was altered to include the tautomer variant (figures 3.3.1c). The tautomeric
hydrogen was assumed and designed to make an intramolecular hydrogen bond with the newly
formed carbonyl because there is no reason why it should not reflect the same hydrogen bonding
activity as the original crystal structure when disregarding possible solvent contacts being made.
Structure (1) was created computationally and energetically minimized which resulted in a stable

and planar molecule with both intramolecular hydrogen bonds. This result did not reproduce the
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computationally generated bent structure as seen from the previously docked result in figure
1.3.1a and 1.3.1c which leads to the noticeable conclusion that either the two programs used
vastly different calculations in finding a stable conformation or the bent structure was a product
of the docking enumeration of ARDP0006 into the provided protease target. Structures (2) and
(3) were essentially identical with the exception of the transferred hydrogen from O6 to O8 and
the newly formed C5=06 bond which was altered to reflect a common carbonyl bond length of
1.217 A, The two primary differences between the three structures included the rotated nitros
with respect to the anthraquinone and the tautomer variant in (3). AutoDock was allowed to
rotate the C-N bonds and hydroxyl bonds during docking, so neither of the two differences was
significant. Notably, both (1) and (2) include a planar anthraquinone nucleus and both hydroxyls
are turned inward to create hydrogen bonds with the carbonyl oxygen. These two similarities
were retained throughout all three docking experiments despite freedom allowed for the hydroxyl
bond rotation.

Three docking experiments were conducted with molecules (1) — (3). Each was docked
separately into the active WNV NS2B-NS3 protease crystal structure that was previously solved
by x-ray crystallography when in complex with a peptide inhibitor (Erbel et al. 2006, PDB:
2FP7). An additional three docking experiments were performed in the same manner but with
the previously solved apo crystal structure of the DV NS3 protease lacking the NS2B cofactor
(Murthy et al. 1999; PDB: 1BEF). These dockings would have been effectively compared
against the WNV NS2B-NS3 protease dockings and the original screening result, but the x-ray
structure representative of the Murthy DV NS3 protein model was recently found to be fake

(Grant 2009) and the results are not shown.
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Figure 3.3.1. ARDP0006 molecules prepared for docking: the computationally designed model with
PyMOL and minimized with CHARMM is cyan. The structure solved by x-ray crystallography is
orange. The tautomer variant is green. (models were prepared in PyMOL).

The docking experiment with the WNV protease returned fifty conformations with
1,000,000 energy evaluations per conformation for each of the three docking experiments. The
predicted poses were grouped into about half a dozen clusters with similar poses and predicted
binding energies. A fairly common practice for selecting a pose is to choose the largest cluster
and then the lowest energy conformation in the cluster. The predicted pose with the lowest
energy is not necessarily the most sought after pose because energy rankings and docking scores
are not regarded to be as reliable as the predicted poses (Cheng et al. 2009, Warren et al. 2006,
Kontoyianni et al. 2004). The predicted poses and energies were very similar among the three
ARDPO0006 docking experiments. Of the total 150 predicted poses, 133 were found to bind in
the S2 pocket of the protease, which gives a strong basis for choosing conformations bound there
(table 3.3.1). Fortunately, the largest clusters for each docking experiment included the lowest
predicted AG calculations and the poses in those clusters all possessed common poses. The three

chosen conformations for evaluation, shown in figure 3.3.2a, were in the largest cluster and
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obtained predicted binding energies within 0.30 kcal/mol of each other, which is practically
negligible for computational predictions. As the figure 3.3.2a shows, the poses are nearly
identical with a very low average RMS between the three molecules of 72 nm (nitro atoms and
hydrogens were excluded). This variation of poses is much less than the pose variation of the
same ARDP0006 molecule generated from the docking experiment. All 44 docked poses of the
crystal structure in the S2 pocket are shown in figure 3.3.2b and clearly display more variety than
the poses in 3.3.1a. Thus, the computationally designed and minimized, crystal structure, and
tautomer structural variations of ARDP0006 do not provide any valuable differences or

advantages in binding predictions.

Table 3.3.1. Docking pose predictions of the 3 ARDP0006 structures.

Crystal
ARDPO0006 Conformation in-silico Tautomer Total
structure
# of poses docked in S2
43/50 44/50 46/50 133/150
pocket of 2FP7

Figure 3.3.2. Docking results. a) Each of the three conformations docked in the previously
determined crystal structure of the WNV NS2B-NS3 protease (2FP7). Colors correlate to figure
4.3.1: Cyan=in-silico, orange= x-ray crystal structure, Green=tautomer. b) Multiple docking poses of
ARDPO0006’s crystal structure docked into the WNV NS2B-NS3 protease. Figures designed in
AutoDock 4.0.
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CHAPTER 4

Discussion

4.1. STRUCTURE BASED DETERMINATION OF ARDP0006 WITH X-RAY
CRYSTALLOGRAPHY
4.1.1. X-ray crystal structures of anthraquinone derivatives

The following discussion of ARDP0006 involves comparisons with many anthraquinone
derivatives. Although dozens of anthraquinone structures are known, only seven, besides
ARDPO0006, are included for detailed evaluation. Of the molecules chosen, five are 4,5-
dihydroxyanthraquinone analogs (compounds [I]-[V]) and three lack hydroxyls at the 4 and 5
positions of the anthraquinone base (compounds [VI] — [VIII]). The compounds are listed in
table 4.1.1 and their bonds and correlating properties are listed in table 4.1.2. Compounds [II] —
[VIII] contain simple substituents in order to minimize compounding chemical and electronic
effects on the nature of the anthraquinone. Included is alizarin black-B [I] (Trafeenko et al.
1987), 4,5-dihydroxyanthraquinone [II] (Zain et al. 2005), 1-nitro-4,5-dihydroxyanthraquinone
[III] (Yatsenko et al. 1996), 2-methyl-4,5,7-dihydroxyanthraquinone [IV] (Zhu et al. 2006),
ARDPO0006 [V], 1,4-dimethoxyanthraquionone [VI] (Cao et al. 2007), anthraquinone [VII]
(Prakash 1967), and 2-hydroxy-1-methoxyanthraquinone [VIII] (Liu and Jiao 2009).

Alizarin black-B, [I], is more complex structure while including an amine at C9, a
carbonyl at C8, two phenols, and an intramolecular hydrogen bond involved between the amine
at C9 and a nearby carbonyl. Compound [I] was included in this comparison for three reasons: it
still obtains a carbonyl and hydroxyl group on C10 and CS5, it was crystallized with a tautomer

transition state between the carbonyl and hydroxyl oxygens, and obtains valuable bond
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information for comparison. More specifically, [II] was chosen due to the simplicity of
obtaining only the 4.5-dihydroxy- substituents; [III] was included because it is only one nitro
short of being identical to ARDP0006; [VI] was chosen because it is the only known
anthraquinone crystal structure to possess a significant bend between the outer benzene rings
(22.02°); and [VII] was selected because it is the original anthraquinone base with no

substituents that would interfere with the electronic structure and, ultimately, the bond lengths.

Table 4.1.1: X-ray crystal structures of anthraquinone derivatives chosen for comparisons

0 Ph“NH
O —H— [}

[IV]
OCH; @
oH
W
I
O
[V] [VI] [VII] R=12.5%) [VIII]

[I]: alizarin black-B (Trafeenko et al. 1987); [II]: 4,5-dihydroxyanthraquinone (Zain et al. 2005); [II1];
1-nitro-4,5-dihydroxyanthraquinone (Yatsenko et al. 1996); [IV]: 2-methyl-4,5,7-

dihydroxyanthraquinone (emodin) (Zhu et al. 2006); [V]: ARDP0006; [VI]: 1,4-dimethoxyanthracene-
9,10-dione (2007 et al. Cao); [VII]: anthraquinone (Prakash et al. 1967); and [VIII]: 2-hydroxy-1-
methoxyanthraquinone (Liu and Jiao 2009).

4.1.2. Hydrogen bonds induce resonance

The x-ray crystallography results of ARDP0006 required further explanation about the
nature of its structure. The carbonyl bond elongation (noted as C10=08 in ARDP0006) has been
observed in several anthraquinones, along with the other six bond peculiarities surrounding the

carbonyl (table 4.1.2), and has been directly credited to intramolecular hydrogen bonding
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(H1---O8---H2) (Ismail et al. 2009, Zhu et al. 2007, Boonnack et al. 2005, Zain et al. 2005, Ng et
al. 2005, Yatsenko et al. 1996, Ulicky et al. 1987). A resonance model proposes that the
hydrogens induce electron delocalization and that 4,5-dihydroxyanthraquinones consist of two
electronic configurations (Ulicky et al. 1987). The first and primary resonance form consists of
the typical anthraquinone representation with aromatic structures as the outer two rings and
equivalent carbonyl bonds attached to the center ring. The second resonance form includes five
important features that verify each bond irregularity in the 4,5-dihydroxyanthraquinones
(comparisons can be seen in table 4.1.2). 1) The n-bond of the C10=08 bond becomes
polarized. The oxygen atom converts from sp2 hydridization to sp3 so it can accommodate the
transferred electron.  This 1is supported because the C10=08 bond lengths in 4,5-
dihydroxyanthraquiones are typically in the range of 1.240-1.255 A, which closely resembles
anionic-delocalized double bond character (1.235-1.255 A) (Allen et al. 1987). 2) Consequently,
a positive charge delocalizes within the anthraquionone nucleus which subtly increases the local
dipole moments of substituents, including the carbon hydrogens. 3) The benzene m-electron
cloud extends from the two outer rings to C10 which includes the C10 p-orbital electron in the
conjugated system. This resonance characteristic is supported in many structures with the
observed shortening of the C11-C10-C14 bonds to the approximate length of 1.455A (table 4.1.2
compounds [I] — [V]). 4) The anthraquinone nucleus is electron deficient due to the collective
efforts of the delocalized positive charge and the electron withdrawing nature of the nitros. 5)
The hydroxyls are electrostatically attracted to the positively charged ring structures which
tightened the C-O-H bonds. The partial zwitterionic character also influenced crystal packing.
The nitro groups were attracted to the increased dipole of the H1, H2, H3, and H4 atoms while

O8 and O6 made weak anionic-n interactions with anthraquinone ring structures. This resonance
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model helps in understanding the unconventional bond dimensions in ARDP0006 and agrees
with several analogous 4,5 dihydroxy- structures.

In contrast, several related anthraquinone structures lack the hydroxyl-carbonyl
interactions and indirectly provide insight into the tautomerism and planarity of ARDP0006. A
correlation between two of the central ring C-C bonds and the C10=08 carbonyl length was
previously made in order to estimate bond order and imply a percentage of the second resonance
structure as a part of the overall structure (Ulicky et al. 1987). They denoted A as the difference
between the bond length C10-C11 and C11-C12. Smaller difference calculations successfully
correlated with longer C10=08 bond lengths which suggested a larger percentage of the
resonance structure. Although this estimate is simplistic and imprecise for estimating bond
order, it was effectively carried out to further prove the relevance of the resonance model and to
attempt in making connections with the tautomerism and planarity of the anthraquinone nucleus.
The discussion is supplemented with and supported by a thorough analysis of comparable
anthraquinone structures solved by x-ray crystallography (comparisons can be viewed in table
4.1.2).

The hydrogen bond induced resonance structure clearly cannot exist if an anthraquinone
lacks the hydroxyls near either quinone carbonyl. Compounds [V] — [VIII] further support the
resonance model because they do not comprise of the seven peculiar bond distances in
compounds [I] — [V] and conversely portray typical quinoid Csp2=0, benzenoid, and quinoid
central ring C-C bond lengths with averages of 1.222A, 1.378A, and 1.478A, respectfully (Allen
et al. 1987). Table 4.1.2 was created to organize relevant structural information and ranked each
examined anthraquinone by their A calculation from smallest to largest. The compound with the

smallest A calculation was alizarin black-B, [I], with a value of -0.046 and the largest was
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compound [VIII] with a value of 0.093. Each of the 4,5-dihydroxy- compounds had values of
0.054 and smaller while the non-4,5-dihydroxy- molecules obtained values of 0.072 and larger.
Carbonyl bonds in the resonance containing structures ranged from an abnormally long length of
1.301(3) A to 1.241(2) A corresponding well with A values of -0.046 and 0.054, respectfully.
More importantly, the anthraquinones lacking the resonance form showed no direct relationship
between A and their carbonyl lengths. Their carbonyl lengths were 1.215(2) A, 1.213 A, and
1.219(2) A which corresponded to a A value of 0.072, 0.082, and 0.093, respectfully. Thus,
simple approximate cutoff values can be established such that, if the A value is near 0.070 or
larger, then the resonance structure contribution can be removed from consideration. Moreover,
if the A value is near 0.005 or becomes negative, the percentage of the resonance structure is
suggested to be near 50% or more (Ulicky 1987) and, due to the crystallized intermediate
hydrogen in [I], tautomerism should be considered. ~From this simple approximation,
ARDPO006 contains approximately 25% of the resonance structure and no consideration for

tautomerism.
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Table 4.1.2. (1] (1] (0] | [IV] | [V] | [VI] | [VI] | [VII]
Anthraquinone
comparisons 4,5-Dihydroxyanthraquinones Non-4,5 Dihydroxyanthraquinones
H-Bonded quinone Yes Yes Yes Yes Yes No No No
oxygen?

Ranked from smallest to largest: The difference (A) of two significant bond distances (d) in the central ring (A).
A= d(C10=C11) - d(C11=C12)
A -0.046 0.041 0.046 0.046 0.054 0.072 0.082* 0.093

Significant bond length comparisons between crystal structures of 4,5-dihydroxy- and non-4,5-dihydroxy- anthraquinone (A)
C9=07 1.262(3) | 1.219(5) 1.210(3) 1.222(4) | 1.212(2) | 1.2152) | 1.213 1.219(2)
C10=08 1.301(3) | 1.248(5) 1.242(2) 1.266(4) | 1.241(2) | 1.215(2) | 1.213 1.218(2)
C9-C12 1.423(3) | 1.478(4) 1.492(3) 1.490(4) | 1.478(3) | 1.490 (2) | 1.495 1.485(3)
C9-C13 1.467(3) | 1.478(4) 1.490(3) 1.480(4) | 1.485(3) | 1.487(2) | 1.472 1.479(3)
C10-C11 1.395(3) | 1.447(3) 1.465(3) 1.450(4) | 1.458(3) | 1.490(2) | 1.472 1.487(3)
C10-C14 1.460(3) | 1.447(3) 1.462(3) 1.455(4) | 1.454(3) | 1.487(22) | 1.495 1.487(3)
Cl11-C12 1.439(3) | 1.406(3) 1.419(3) 1.404(4) | 1.404(3) | 1.417(3) | 1.401 1.392(3)
C13-Cl4 1.410(3) | 1.406(3) 1.407(3) 1.413(4) | 1.406(3) | 1.392(3) | 1.401 1.408(3)
C4-0O5H2 1.306(3) | 1.343(4) 1.331(3) 1.358(4) | 1.329(3) _ B B
C5-O6H1 - 1.343(4) 1.337(3) 1.355(4) | 1.329(3)
n-stacking in crystal? N/A Yes Yes Yes Yes No Yes Yes

Anthraquinone planarity — Torsion angles ()
@1(C8-C12-C9-C13)° N/A 0.4(3)° 3.7(2)° 1.1° 6.0(2)° 21.7(2)° N/A 3.0(2)°
¢2(C5-C11-C10-C14)° N/A 1.0(3)° 0.6(2)° 0.8° 0.1(2)° 24.1(2)° N/A 2.1(2)°
A(912)°=ol- 92 N/A -0.6° 3.1° 0.3° 5.9° -2.4° N/A 0.9°
Carbonyl planarity with the anthraquinone plane — Torsion angles ((P)

¢3(C8-C12-C9-07)° N/A 1.0(3)° 6.5(2)° 1.9° 10.9(2)° | 25.5(2)° N/A 3.3(2)°
@4(C5-C11-C10-08)° N/A 0.4(3)° 0.3(2)° 0.9° 0.8(2)° 25.5(2)° N/A 1.6(2)°
A( (34)°= @3- (4 N/A 0.6° 6.2° 1.0° 10.1° 0.0° N/A 1.7°

*This A calculation was averaged between C9-C12 and C9-C13 whereas A={[d( C9-C12)+d(C9-C13)]/2} — d(C11-C12).

#Compound [I] is unique and contains a carbonyl on C8 instead of C9 and it is H-bonded to the amine on C9. Thus, C9=08 is

really C8=08for [I] and its distance is longer than typical Csp2=0 bonds. However, C10=08 is the point of interest.
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4.1.3. Conformational implications deduced from the crystal structure

Without the stabilizing nature of resonance, the anthraquinone nucleus may prefer to
bend in solution at the pivotal atomic positions, C9 and C10. After searching for anthraquinone
structures in literature, 1,4-dimethoxyanthraquionone (Cao et al. 2007), [VI], was the only
structure found not to form its crystal with n-m stacking interactions. Coincidentally, [VI] was
reported to have a 22.02° angle between the two outer benzene rings. Factors contributing to the
bent structure were not reported or apparent in the crystal packing interactions so evidence points
to the lack of the stabilizing n-n stacking interactions in the crystal. This suggests either a form
of non-planar resonance or an absence of localized n-bonding for the center ring. In addition,
some structure reports included a measurement of the dihedral angle between the two outer
benzene rings which ranged from 0° to about 5°. Furthermore, the carbonyls in some structures
were non-planar. Thus, bent anthraquinones may be a favorable conformation when not in
crystal form.

Since the anthraquinone structures seems to have a bending nature and the hydrogen
induced resonance should establish some degree of planar stability, then one side of the molecule
may be more planar than the other, as long as some twisting is allowed. Measuring torsion
angles on both sides of the molecule is a good method of determining if the planarity is
symmetric. The measured angles were expected to be small due to the fact that the molecules
were crystal packed in parallel to each other with n-n stacking interactions. However, a small
trend in the measurements has given reason to believe that the nonequivalent planarity could be
magnified when the molecules are in solution. This would further indicate that the 4,5-

dihydroxy- resonance structure in ARDP0006 could stabilize its planarity in solution. The
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possibility that ARDP0006 may bend to nearly 20° is important to the binding affinity including
the overall fit, steric hindrances, and distances between atomic electrostatic attractions.

Bond lengths and angles for some structures were not specified in literature, so to further
investigate the structural details, the Crystallographic Information Framework (CIF) files of the
selected structures were downloaded from the International Union of Crystallography website
(http://journals.iucr.org/) and all measurements were made using ORTEP-3. The torsion angles
involved at the pivotal C9 and C10 atoms were measured in order to assess the bending nature of
the anthraquinone base and carbonyls on both sides of the molecule. Torsion angles and
parameters were designated as follows: 1= @(C8-C12-C9-C13) represents torsion angle of the
non-resonance side of the anthraquinone nucleus in all the compounds; ¢2= @(C5-C11-C10-14)
represents torsion angle of the opposite side which happens to be the resonance side of
compounds [I] — [V]; ¢3= ¢(C8-C12-C9-0O7) represents the carbonyl oxygen angle of elevation
from the plane of the anthraquinone on the non-resonance side of each molecule, p4= @(C5-C11-
C10-08) represents the carbonyl oxygen angle of elevation from the plane of the anthraquinone
on the opposite side which happens to be the resonance side of compounds [I] — [V];
A(@12)=(p1-92) and A(p34)=( ¢3-¢4) is the difference in angles between the resonance side and
non-resonance side of the molecule with respect to the anthraquinone bend and the carbonyl
bend. All measurements are included in table 4.1.3.

A subtle trend was observed such that the resonance side is slightly more planar than the
non-resonance side of molecules [II] — [V]. The largest A(¢p12) and A(p34) values were found in
[IIT] and [V] as 3.1° and 6.3°, and 5.9° and 10.1°, respectfully. Molecules [II] and [IV] have no
substituents to disturb the m-m stacking interactions which allowed their molecules to become

more tightly packed and maintain a more planar conformation. Thus, their ¢ and A(p) values
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were low. Compounds [VI] and [VIII] showed an average A(¢) of 1.67° which is expected since
they have no clear reason to produce different A(p) values except for their respective crystal
packing interactions. Compounds [I] and [VII] could not be assessed due to the lack of
information and inability to obtain their CIF files. Compounds [I], [1II] and [V] are the only
structures in the selected set of anthraquinones whose substituents are largely out-of-plane and
interfere with the n-n stacking. Accordingly, [III] and [V] have the larger ¢ and A(@) values, but
the torsion angles are still much less than in [VIII]. This evidence marginally supports the
concept that anthraquinones in solution may be capable of bending up to 20° and the induced
resonance would stabilize their planarity in 4,5-dihydroxyanthraquinones. At the very least, this
indicates reasonable doubt that the anthraquinones favor planar conformation in solution. All
measurements and calculations are in table 4.1.2.
4.1.4. Tautomer implications deduced from the crystal structure

Clearly both hydroxyl hydrogens strongly interact with the carbonyl and induce a
resonance structure, but tautomerism is observed when one of the hydrogens transfers from the
hydroxyl to the carbonyl. The atomic displacement ellipsoid of HI showed more positional
deviation than H2 between its hydroxyl and O8. Two nearby oxygens, 02" and 07", were
weakly attracted intermolecularly with H2 while H1 was only weakly involved with one nearby
oxygen, O6'. This possibly restrained H2 from interacting with O8 as strongly as H1 did (figures
3.1.1c and table 3.1.1 confirm these hydrogen bonding details). When plotted with ORTEP-3,
the 50% atomic displacement ellipsoid of H1 extends halfway to O8. This clearly displays the
hydrogen’s attraction to O8, but there is no evidence of any hydrogen permanently anchoring to

O8 in the crystal, which would be indicative of an energetically favorable and stable tautomer.
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Excited state charge transfer or proton exchange may be occurring in a small portion of
ARDPO0006 molecules in the crystal. Previous spectroscopy experiments including Raman
spectroscopy, infrared, and UV-VIS have also observed strong hydrogen bonding in hydroxy
anthraquiones and have shown moderately dissimilar results whereas excited state tautomerism
and proton tunneling (two minima exist for the proton between the two oxygens in the ground
state) exist in non-polar solvents (Marzocchi 2003, Smulevich 1987, Ezaby1970). If the proton
was transferring equally or was equally delocalized between the two oxygens we would expect to
observe equal bond lengths for C10-O8 and C1-06, and the hydrogen would be more centrally
positioned between both oxygens like was observed in the unique crystal structure of alizarin
blue-black B (Trafeenko et al. 1987). In alizarin blue-black B, the C-O lengths for the hydroxyl
and carbonyl were 1.306(3) A and 1.301(3) A, respectfully, while the hydrogen’s anisotropic
ellipsoid spanned the entire distance between the hydroxyl to the carbonyl. If half the
ARDPO0006 molecules in the crystal structure permanently obtained the tautomer variant O8-H,
then we would have observed either nearly equal values for the C-O bond lengths or both
tautomers could have appeared simultaneously in one crystal like was observed for 4-nitro-5-
methoxyimidazole and its tautomer (Kubicki et al. 2003). Over 80 space groups ranging from
each of the seven lattice systems were chosen to solve the ARDP0006 atomic structure in an
exhaustive attempt to find a unit cell with some evidence of two individual tautomers, but none
provided a dependable model of ARDP0006 that was different than the one created by solving
the structure with the P2,/c space group. (Figure 3.1.1 shows the refined crystal structure of
ARDPO0006 solved with the P2,/c space group and is graphically represented by ORTEP-3).
Furthermore, if the hydrogens were simply attracted to O8 and restrained from proton or electron

exchange, then the structural model would not show such atomic deviation in the hydrogen’s
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position In conclusion, although H1 shows more interaction with O8 than H2 in the crystal,
there was no evidence suggesting the existence of an energetically stable tautomer where a
hydrogen atom is permanently bound to O8 in any portion of the molecules in the crystal. With
that being said, evidence suggests a small amount of either charge transfer or proton exchange
may be occurring between the hydroxyls and carbonyl which supports previous studies that
investigated tautomerism in non-polar solution. This conclusion agrees well with the A
calculation that estimated the amount of resonance structure to be nearly 25% because of the
active interaction between H1 and H2 with O8.

4.1.5. Implications for ARDP0006 in solution

Although the crystal structure and reviewed spectroscopy studies have provided an
opportunity to examine the atomic structure, electronic configuration, overall conformation, and
possible instances of tautomerism in crystal form and in non-polar solvents, the structure’s
hydrogen bonding features in a solution with more physiological-like conditions should be
investigated. In protic solvents that exhibit moderate polarity and hydrogen binding capabilities,
the hydoxyl hydrogens may interact with the solvent instead of O8. In such conditions,
ARDPO0006 may not display any fraction of the resonance induced structure and may exist in a
bent configuration. By understanding the molecule’s conformation before binding the protease
and after binding the protease will aid in elucidating the binding mechanism.

Additionally, ARDP0006 should be considered for drug absorption potential. The
molecule passes the “Lipinski’s Rule of Five” criterion which is a set of empirically derived
rules created to describe the chemical properties commonly found in a large dataset (2,245
compounds) of marketed oral drugs (Lipinski et al. 2001). However, if the ARDP0006 exhibits

zwitterionic properties and the resonance structure is present in polar solvents, then the
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molecules would be regard as poorly absorbed.

investigating the electronic configuration and structure while in polar solution.

4.2 STRUCTURE DETERMINATION OF WNV PROTEASE IN COMPLEX WITH

ARDP0006

Fully diffractable crystals were not achieved, so no structural information was obtained.
Although an inhibitor bound protease structure was not solved, a weak diffraction pattern was
collected from one small crystal and consistent with protein diffraction. X-ray crystallography
has proven to be a successful method for solving the structure of other DV and WNV NS3

protease structures (Table 2.4.1). These conclusions provide evidence that future experiments

may lead to a solved structure if larger crystals can be produced.

This gives additional motivation for

Table 4.2.1. Existing NS3 protease solved structures in the Protein Data Bank.

http://www.rcsb.org

PDB Molecules Resolution R-Value R-Free Reference
West Nile virus

3E90  NS2B-NS3 + Naph-KKR-H 2.45 0.197 0.244 Robin 2009

2GGV NS2B-NS3; H51A mutant 1.80 0.193 0.228 Aleshin 2007

21JO NS2B-NS3 + BPTI 2.30 0.212 0.264 Aleshin 2007

2FP7  NS2B-NS3 + Bz-Nle-KRR-H 1.68 0.182 0.219 Erbel 2006
Dengue virus

2FOM NS2B-NS3 1.50 0.177 0.209 Erbel 2006

4.3 STRUCTURE BASED DOCKING WITH AUTODOCK

As indicated in the results section, there is no apparent difference or advantage in

docking the crystal structure or tautomer structure of ARDP0006 over the computationally
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designed structure. To further evaluate the differences in the docking poses of both possible
ARDPO0006 tautomers, intermolecular contacts were measured between the protease and the
small molecules. For this analysis, the two poses chosen obtained the lowest binding energy
predictions but were still within the same cluster. The two small molecules were still within 0.30
kcal/mol for their predicted binding energies and obtained low RMS values, but these
conformations chosen would be the ones commonly selected from a typical virtual screening
experiment. Figure 3.3.3 displays a stereo view of the crystal structure docked and figure 3.3.4
displays a stereo view of the tautomer variant’s docked pose. As the figures show, the same
three hydrogen bonds were made with a slight distance difference of 0.1 A due to the proposed
tautomeric hydrogen. The Histidine, His-51, is close enough to attempt at making a weak n-nt
interaction depending on how the protease fluctuates upon binding either of the small molecules.
According to LigPlot (Wallace et al. 1995), Trp-50 and Asp-75 make additional hydrophobic
contacts with the anthraquinone nucleus of both ARDP0006 molecules. Thus the most apparent
contacts have been elucidated and do not display differences significant enough to affect a virtual

screening experiment.
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Figure 4.3.1. Intermolecular contacts made in docking results for the crystal structure. This

docking result is visualizing the intermolecular contacts being made between the crystal structure
of ARDP0006 and the WNV NS2B-NS3 protease in the S2 pocket in stereo view. Modeled in
PyMOL.

Figure 4.3.2. Intermolecular contacts made in docking results for the tautomer structure. This
docking result is visualizing the intermolecular contacts being made between the tautomer variant
of ARDP0006 and the WNV NS2B-NS3 protease in the S2 pocket in stereo. Modeled in PyMOL.
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The comparison above is, however, dependent on the notion that the intramolecular
bonds remain bonded in solution and upon binding the protease. If the hydrogens become
solvated and break away from the carbonyl, then three important changes would occur. 1) the
hydrogen in the original crystal structure has an opportunity to bind with the backbone carbonyl
of Gly-83 and the an acidic oxygen of aspartic acid, Asp-82 (as elucidated by the orange dashed
lines in figures 3.3.3 and 3.3.4). The distance between these potential hydrogen bonding
opportunities and the tautomeric hydrogen is too long and does not exist. 2) The nearby residue,
Asn-84, of the NS2B cofactor has a better opportunity to hydrogen bond with the O8 carbonyl
with the hydrogen of the amine side chain of the original crystal structure. The tautomeric
hydrogen ultimately shields any involvement between the O8 oxygen and Asn-84. 3) The
anthraquinone nucleus may be capable of bending with the lack of the induced resonance
structure, which would moderately affect the steric hindrances and hydrogen bond distances.
Thus, the set of docking experiments conducted in this study, where the hydrogens remain
intramolecularly bonded, is somewhat incomplete. Still the results indicate virtually no
differences or advantages between the computationally designed, crystal structure, tautomer. I
would expect to observe minor differences if the hydrogens were allowed to be unbound to OS.
However, I would suspect very little influence on the overall docking outcome because the
binding energy would only be affected slightly and the molecule would most certainly be

predicted to bind in the S2 pocket.
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CHAPTER 5

Conclusions

The aim of this protect was to determine the exact binding location and correlating
intermolecular contacts between the West Nile protease and the small molecule ARDP0006. The
docking result in a previous study opened new questions about the overall structure of the
ARDPO0006. Although co-crystallization was pursued, the minor structural uncertainties of
ARDPO0006 were most likely not obtainable in the co-crystal complex. Furthermore, the co-
crystal trials were not obtained to give desired structural information. Thus, the small molecule
structure was solved with x-ray crystallography in order to gain a better understanding of the
structure. The structure of ARDP0006 was more complex than originally suspected due to the
hydrogen bond induced resonance structure. The final conclusion for aim two is that although
the structure displays resonance in crystal form and some form of proton exchange in non-polar
solvent, determination of the hydrogens intramolecularly bind or interact with solvent in polar
solution is needed. This will help in understanding if the molecule is allowed to bend, and if the
hydrogens are allowed to freely interact with the protease upon binding or if they remain bound
intramolecularly to the carbonyl. In further detail, neither a bent structure nor a stable tautomer
was observed in the crystal. The bent structure may be possible if the intramolecular hydrogens
do not interact with the carbonyl due to the lack of the stabilizing nature of a resonance structure.
Thus, although the docking result in figure 1.3.1c seems like a docking artifact, it may be a
possible conformation if the hydrogens are not bound to the carbonyl. This can only be

confirmed once the structure of ARDP0006 is determined in a polar solvent.
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Although the bent conformation of ARDP0006 may affect its binding affinity with the
protease, the docking results indicate that the minor structural changes, including the tautomer
and planarity, will not affect the docking results. Therefore, as far as virtual screening is
concerned, there is no reason to further investigate the small molecule’s detailed structure in
polar solvent. With that being said, the binding mechanism and/or binding affinity still has a

possibility of being affected with either the bent conformation or the tautomer.
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Appendix

Table 1. Atomic coordinates (X ,y, z), isotropic parameters — U (A?), and atomic displacement parameters (A%

x/a y/b z/c 8) Ull U22 U33 Ul2 Ul3 U23
H(1) -0.329(4) 1.013(2) 0.465(3) 0.06771 0.04(2) 0.04(2) 0.13(4) -0.01(2) 0.03(2) 0.04(2)
H(2) -0.139(4) 0.855(2) 0.291(2) 0.04499 0.03(2) 0.03(1) 0.07(2) -0.01(1) -0.02(1) 0.00(1)
H(3) 0.225(3) 0.829(2) 0.162(1) 0.03237 0.04(1) 0.04(1) 0.01(1) 0.01(1) -0.01(1) 0.00(1)
H@4) 0.471(4) 0.971(2) 0.144(1) 0.03628 0.06(2) 0.04(1) 0.01(1) 0.02(1) 0.02(1) -0.01(1)
H(5) -0.016(4) 1.373(2) 0.573(2) 0.04255 0.05(2) 0.04(1) 0.03(1) 0.00(1) 0.01(1) -0.04(1)
H(6) -0.286(4) 1.234(2) 0.584(1) 0.03974 0.02(1) 0.10(2) 0.00(1) 0.00(1) -0.01(1) -0.01(1)

o) | 0.69610(18)  1.13558(10) 0.22408(8) | 0.03118 | 0.0171(6) 0.0408(7) 0.0347(8) 0.0007(5) -.0026(5)  0.0021(5)
0) | 044811(19) 1.24966(9)  0.19218(8) | 0.02803 | 0.0291(7) 0.0307(6)  0.0237(7) 0.0018(5) -.0007(5)  0.0023(4)
03) | 022166(19) 1.44947(10) 0.420098) | 0.03339 | 0.0313(7) 0.0326(7)  0.0353(8) -.0009(5) -.0021(6)  0.0056(5)
0@) | 04118(2) 1.3760(1)  0.5265(1) | 0.03575 | 0.0312(8) 0.0483(8) 0.0251(7) -.0089(6) -.0110(6) -.0027(5)
0G) | -0.05692)  0.8323(1)  02577(1) | 0.02844 | 0.0252(8) 0.0315(7)  0.0280(8) -.0053(5) -.0010(6) -.0045(5)
06) | -034442)  1.0641(1)  0.4965(1) | 0.02996 | 0.0237(7) 0.0351(8) 0.0312(8) -.0031(6)  0.0028(5) -.0018(5)
o) | 04204317)  1.23641(10) 0.37070(7) | 0.02554 | 0.0202(7) 0.0336(6)  0.0217(7) -.0036(4) -.0041(5) -.0024(4)
0®) | -0.1999(17)  0.95331(10) 0.374988) | 0.02659 | 0.0224(6) 0.0312(6)  0.0254(7) -.0046(5) -.0019(5)  -.0004(5)
N | 05159(2) 1.1603(1)  0.2182(1) | 0.02393 | 0.0212(7) 0.0326(7) 0.0170(7) 0.0005(5) -.0039(5) -.0013(5)
N@) | 0.2624(2) 1.37711)  0.4746(1) | 0.02596 | 0.0245(8) 0.0310(8) 0.0215(8) -.0006(6) -.0023(6) -.0046(5)
c) | 037182 1.0738(1)  0.2383(1) | 0.02322 | 0.0174(8) 0.0307(8) 0.0203(8) 0.0017(6) -.0051(6) 0.0016(6)
c@) | 03716(3) 0.9779(1)  0.1878(1) | 0.02544 | 0.0220(8) 0.0328(9) 0.0201(9) 0.0032(6) -.0057(7)  -.0005(6)
C3) | 022753) 0.89792)  0.1968(1) | 0.0258 0.0230(9) 0.031509) 0.0214(9) 0.0025(7) -.0062(7) -.0023(7)
C@) | 0.0813(3) 09123(1)  0.2549(1) | 0.02387 | 0.0214(8) 0.0292(8) 0.0189(8) -.0002(6) -.0096(6)  0.0011(6)
CcG) | -0.19383)  1.1353(1)  0.4876(1) | 0.02428 | 0.0180(8) 0.0323(8) 0.0213(8) 0.0017(6) -.0051(6)  0.0028(6)
Cc®) | -0.18173)  12273(2)  0.5428(1) | 0.02761 | 0.0243(9) 0.0349(9) 0.0231(9) 0.0030(7) -.0012(7)  -.0001(7)
c | -0.02923)  1.3036(2)  0.5387(1) | 0.02659 | 0.0254(9) 0.03359) 0.0199(9) 0.0024(7) -.0029(7) -.0014(7)
c®) | 0.1116(3) 1.2885(1)  0.4787(1) | 0.02449 | 0.0215(8) 0.0295(8) 0.0211(8) 0.0006(6) -.0057(6) 0.0001(6)
CcO) | 026632 1.1815(1)  0.3640(1) | 0.0218 0.01948) 0.0272(8)  0.0173(8) 0.0008(6) -.0068(6)  0.0020(6)
ca0)| -0.06192)  1.0224(1)  0.3705(1) | 0.02287 | 0.0185(8) 0.0285(8) 0.0196(9) 0.0022(6) -.0092(6)  0.0036(6)
can| -005032)  1.1201(1)  04272(1) | 0.02274 | 0.0187(8) 0.0297(8) 0.0183(8) 0.0013(6) -.0066(6)  0.0008(6)
Cc(12)| 0.1066(2) 1.1983(1)  0.4234(1) | 0.02257 | 0.0189(8) 0.0286(8) 0.0188(8) 0.0018(6) -.0057(6) 0.0018(6)
C(13)| 0.2386(2) 1.0885(1)  0.3004(1) | 0.02204 | 0.0178(8) 0.0285(8) 0.0182(8) 0.0017(6) -.0069(6) 0.0012(6)
ca4)| 0.0878(2) 1.0076(1)  0.3083(1) | 0.02216 | 0.0186(8) 0.0301(8) 0.0159(8) 0.0009(6) -.0085(6) 0.0002(6)
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Table 2. Geometric Parameters of 1,8 dinitro 4,5 dihydroxyanthraquinone (ARDP0006)

Bond Angles (°)

H(2)-0(5)-C(4) 106.2(18) | H(1)-0(6)-C(5)
0(4)-N(2)-0(3) 1253(2) | O@4)-N(@2)-C(8)
0(3)-N(2)-C(8) 11582) | C(12)-C(11)-C(5)
C(12)-C(11)-C(10) 12052) | C(5)-C(11)-C(10)
C(11)-C(12)-C(9) 120.72) | C(1D-C(12)-C(8)
C(9)-C(12)-C(8) 121.02) | C(10)-C(14)-C(4)
C(10)-C(14)-C(13) 12052) | C@)-C(14)-C(13)
0(6)-C(5)-C(11) 123.12) | 0(6)-C(5)-C(6)
C(11)-C(5)-C(6) 12042) | O(8)-C(10)-C(11)
0(8)-C(10)-C(14) 12052) | C(1D-C(10)-C(14)
0(5)-C(4)-C(14) 12342) | 0(5)-C4)-C(3)
C(14)-C(4)-C(3) 119.62) | N(1)-C(1)-C(13)
N(D)-C(1)-C(2) 115.72) | C13)-C(1)-C(2)
0(7)-C(9)-C(12) 121.42) | O(7)-C(9)-C(13)
C(12)-C(9)-C(13) 117.52) | 0@Q)-N(1)-0(1)
0(2)-N(1)-C(1) 117.72) | O(1)-N(1)-C(1)
H(6)-C(6)-C(5) 117.2(16) | H(6)-C(6)-C(7)
C(5)-C(6)-C(7) 120.12) | H(5)-C(7)-C(6)
H(5)-C(7)-C(8) 116.1(15) | C(6)-C(7)-C(8)
N(2)-C(8)-C(12) 12142) | N(2)-C(8)-C(7)
C(12)-C(8)-C(7) 122.6(2) | H(3)-C(3)-C@)
H(3)-C(3)-C(2) 120.6(14) | C(4)-C(3)-C(2)
C(14)-C(13)-C(1) 118.72) | C(14)-C(13)-C(9)
C(1)-C(13)-C(9) 120.72) | H@)-C)-C(1)
H(4)-C(2)-C(3) 122.0(14) | C(1)-C(2)-C(3)

106.8(22)
118.8(2)
119.4(2)
120.1(2)
118.3(2)
120.1(2)
119.4(2)
116.5(2)
119.9(2)
119.6(2)
117.0(2)
122.1(2)
122.1(2)
121.02)
124.5(2)
117.7(2)
122.7(16)
124.4(15)
119.3(2)
116.0(2)
118.6(14)

120.9(2)
120.3(2)
118.8(13)

119.1(2)
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Bonds (A)

H(3)-C(3) 0.98(3) H(5) -C(7) 0.98(3)

H(4) -C(2) 0.99(3) H(6) -C(6) 0.98(3)

H(2) -0(5) 0.82(3) H(1) -O(6) 0.79(4)

O(7) =C(9) 1.212(2) 0(8) =C(10) 1.241(2)
0(5) -C(4) 1.329(3) 0(6) -C(5) 1.329(3)
N(1) -0(2) 1.214(2) N(2) -0(4) 1.2152)
N(1) -O(1) 1.226(2) N(2) -0(3) 1.221(2)
N(1) -C(1) 1.462(3) N(2) -C(8) 1.463(3)
C(10) -C(14) 1.454(3) C(9) -C(13) 1.485(3)
C(10) -C(11) 1.458(3) C(9) -C(12) 1.478(3)
C(14) -C(13) 1.406(3) Cc11) -C(S) 1.405(3)
C(14) -C(4) 1.405(3) C(1D)-C(12)  1.404(3)
C(5) -C(6) 1.390(3) C(12) -C(8) 1.375(3)
C(4)-C(3) 1.392(3) C(6) -C(7) 1.368(3)
C(1)-C(13) 1.374(3) C(3)-C2) 1.369(3)
(1) -C(2) 1.387(3) C(7)-C(8) 1.387(3)



Table 3. Torsion angles.

H(2)- O(5)- C@)- C(14)
H2)- 0(5)- C4) - C(3)
H(1)- 0(6)- C(5)- C(11)
H(1) - O(6) - C(5) - C(6)
0(4) - N(2)- C(@8)- C(12)
0@4)- N(2)- C@8)- C(7)
0(3)- N@2)- C(@8)- C(12)
0(3) - N(2)- C(8) - C(7)
C(12) - C(11) - C(5) - O(6)
C(5)- C(11)-C(12) - C9)
C(12) - C(11) - C(5) - C(6)
C(5)- C(11)-C(12) - C(8)
C(12) - C(11) - C(10) - O(8)
C(12) - C(11) - C(10) - C(14)
C(10) - C(11) - C(12) - C(9)
C(10) - C(11) - C(12) - C(8)
C(5)- C(11) - C(10) - O(8)
C(10) - C(11) - C(5) - O(6)
C(5)- C(11) - C(10) - C(14)
C(10) - C(11) - C(5) - C(6)
C(11) - C(12) - C9) - O(7)
C(11) - C(12) - C(9) - C(13)
C(11) - C(12) - C8) - N(2)
C(11) - C(12) - C@8) - C(7)
C@8) - C(12)-C©O) - O(7)
C(9) - C(12)-C@8) - N(2)

6.8

-174.5

4.2

-174.9

-99.3
83.2
83.3

-94.1

-178.6

176.7
0.5

-1
179.3
-1.4
-1.8

-179.5

0.8
-0.1

-179.9

179

-166.7

8.4

-175.9

14
10.9
6.4

C(9)- C(12)-C(8)- C(7)
C(8)- C(12)-C(9)- C(3)
C(4)- C(14) - C(10) - O(8)
C(10) - C(14) - C4) - O(5)
C(4)- C(14) - C(10) - C(11)
C(10) - C(14) - C4) - C(3)
C(13) - C(14) - C(10) - O(8)
C(13) - C(14) - C(10) - C(11)
C(10) - C(14) - C(13) - C(1)
C(10) - C(14) - C(13) - C(9)
C(13) - C(14) - C4) - O(5)
C(4)- C(14)-C(13) - C(1)
C(4)- C(14) - C(13) - C(9)
C(13) - C(14) - C4) - C(3)
0(6) - C(5)- C(6)- H(6)
0(6) - C(5)- C(6)- C(7)
C(11) - C(5) - C(6) - H(6)
C(11) - C(5) - C(6)- C(7)
0(5)- C(4)- C(3)- HQ3)
0(5)- C(4)- C3)- C2)
C(14) - C4) - C(3)- H(3)
C(14)-C4) - C3)- C(2)
C(13) - C(1) - N(1) - O(2)
N(1) - C(1) - C(13) - C(14)
C(13) - C(1) - N(1) - O(1)
N(1) - C(1) - C(13) - C(9)
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-176.3
-174
-2.4
-0.1
178.4
-178.8
177
-2.3
-177.2
9.2
-179.5
2.1
-171.5
1.9
-0.9
178.9
179.9
-0.2
-1.9
1779
176.9
-3.3
-60.3
172
123.8
-14.4

N(1) - C(1)- C(2)- H@4)
C(2)- C(1)- N(1)- OQ)
C(2)- C(1)- N(1)- O(1)
N(1)- C(1)- C(2)- C3)
C(13) - C(1) - C(2)- H(4)
C(2)- C(1)- C(13)-C(14)
C(2)- C(1)- C(13)-C(9)
C(13)-C(1)- C(2)- C(3)
O(7) - C(9) - C(13) - C(14)
O(7) - C(9)- C(13) - C(1)
C(12) - C(9) - C(13) - C(14)
C(12) - C(9) - C(13) - C(1)
H(6) - C(6) - C(7)- H(5)
H(6) - C(6)- C(7)- C(8)
C(5)- C(6)- C(7)- H(5)
C(5)- C6)- C(7)- C(@8)
H(5) - C(7)- C(8)- N(2)
H(5) - C(7)- C(8)- C(12)
C(6)- C(7)- C(8)- N(2)
C(6)- C(7)- C(8)- C(12)
H@3)- C3)- C(2)- H4)
H@3)- C(3)- C(2)- C(1)
C4)- C3)- C(2)- HY)
C4 - C3)- C2)- CO)

34
116.8
-59.1

-173.6
-179.5
49
168.7
35
163
-10.5
-12.1
1744
4
-179.7
176.1
0.5
0.3
-177.1
176.3
-1
36
-179.5
-176.2
0.7
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