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ABSTRACT

P-glycoprotein (Pgp) is an efflux transporter that is a member of the ATP binding cassette
(ABC) superfamily. The transporter is found on the apical surface of cells and hydrolyzes ATP to
expel a diverse range of xenobiotics into the extracellular space. The ubiquitous expression of Pgp
dramatically effects drug disposition of many therapeutics and overexpression in cancerous tumors
leads to multidrug resistance. As a result, Pgp-mediated transport represents a formidable hurdle
to drug development. Another complicating factor is that drug transport rates can be different
between drugs of the same class. To better understand this phenomenon, we investigated the triptan
drugs, eletriptan (ETT) and sumatriptan (STT), with Pgp because the transport rate of ETT is 5- to
22-fold higher than STT. Despite their structural similarity, competition experiments revealed that
they occupy distinct sites on the transporter. Fluorescence experiments revealed that the drugs shift
Pgp into different conformations, while NMR experiments uncovered well defined drug
interactions with the transporter. With this experimental information, a simplified
conformationally-driven transport model was proposed. However, to understand drug transport on
a molecular level, the drug locations need to be pinpointed on the transporter. Therefore, a hybrid

molecular docking software wrapper called HADDOCK-Vina was developed, which fuses



HADDOCK protocols with AutoDock Vina. With the wrapper, we demonstrated that we can
accurately reproduce the ligand positions of three ligand-bound X-ray crystal structures using
experimental data to drive docking, as well as correct parametrization of a paramagnetic spin label.
We used experimental data to drive the docking of ETT and STT onto Pgp by HADDOCK-Vina.
The docking reveals distinct interactions between the drugs and Pgp, but some ambiguity still
exists in their positions. Our preliminary ETT- and STT-bound models reveal the structural basis
of triptan transport and demonstrates a rapid method to screen Pgp substrates for drug discovery.
Future studies include incorporating a paramagnetic label onto Pgp to pinpoint drug binding sites

and modeling these sites by HADDOCK-Vina.

INDEX WORDS: P-glycoprotein, ABC transporter, NMR spectroscopy, fluorescence
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

This dissertation describes the research on the structural basis of eletriptan and sumatriptan
transport by P-glycoprotein. The tables and figures are found at the end of each corresponding
chapter. Chapter 1 contains the introduction and literature review. The literature review describes
the expression, structure and function of the multidrug resistant transporter P-glycoprotein.
Chapter 2 is the manuscript “Insights into the molecular mechanism of triptan transport by P-
glycoprotein” published in the Journal of Pharmaceutical Sciences. Chapter 3 is the manuscript
“HADDOCK-Vina: a hybrid approach for experimentally-driven receptor-small molecule
docking” submitted in the journal PROTEINS: structure, function and bioinformatics. Chapter 4
is the manuscript “A NMR-derived model of the acetylsalicylic acid high affinity binding site on
bovine serum albumin using the hybrid molecular docking wrapper HADDOCK-Vina” that is
currently in preparation and will be submitted to the journal PROTEINS: structure, function and
bioinformatics. The last chapter summarizes the findings of chapters 2-4 and discusses a
preliminary docking model. This chapter also includes future work of this dissertation and a
research outlook, which describes the larger impact of this research on the pharmaceutical hurdle

of P-glycoprotein.



1.2 LITERATURE REVIEW
1.2.1 The functional role of P-glycoprotein
1.2.1.1 The expression of the ABC transporter P-glycoprotein

The ATP-binding cassette (ABC) superfamily of transporters is characterized by
transmembrane helices (TM) spanning the membrane and two nucleotide-binding domains
(NBDs) that bind and hydrolyze ATP. However, the structure of ABC transporters vary within in
the superfamily by the number of TMs and overall fold.! Common to all family members, transport
occurs by ATP hydrolysis and results in large conformational changes within the transmembrane
domain (TMD).>> The ABC transporters are known efflux pumps, using ATP hydrolysis to drive
transport against a concentration gradient. Many cancer cells overexpress ABC transporters as a
primary mechanism of therapeutic resistance. To better understand this role in resistance, Victor
Ling’s group extracted a large glycoprotein from the membrane of colchicine-resistant Chinese
hamster ovarian cells.* This multidrug resistant protein was identified to be a 170 kDa
transmembrane protein and was called P-glycoprotein (Pgp).* After its discovery, Pgp was
identified to be expressed ubiquitously in the body, as well as many mammalian cell lines used in
in vitro assays.5

This multidrug resistant transporter is encoded by the ABCBI (MDRI) gene located on
chromosome 7q21.12.%7 ABCBI is large, comprising of 28 exons and the cDNA spanning 4.5 kb.®
There are ~50 SNPs found on ABCBI, with only a few leading to amino acid changes; such as
A61G, T307C, G1199A, G2677T and G2955A.° Of these variants, no changes in drug disposition
were found. The structure and overall function of Pgp is fairly robust against site-directed
mutagenesis in both the TMD and NBD.” '° However, mutations in the catalytic binding site of

ATP will lead to loss of ATP hydrolysis and thus, transport.'' Interestingly, loss of function



mutations have not been identified on ABCB1. One polymorphism that shows some evidence in
altering drug disposition is the C3435T point mutation on exon 26, but the result is controversial.”
® This polymorph has a “silent” mutation that does not alter the amino acid sequence and it is found
in ~26% of the Caucasian population, ~17% in the Asian population and only ~2.3% in the African
population. **” More profoundly, this polymorph has been associated with epileptic patients that
have a poor response to anti-epileptic drugs.'” Other studies find no correlation with the C3435T
polymorph and drug disposition.”® This apparent polymorphic multidrug resistance is most likely
the result of polymorphism of a neighboring gene, thus altering the expression of Pgp or vice
versa.”

Induction of Pgp has been shown to be regulated by the orphan nuclear steroid and
xenobiotic receptor (SXR) and the constitutive androstane receptor (CAR).'*"” Nuclear receptors
bind small molecules to elicit large changes in expression of their gene target; thus, the nuclear
receptors play a large role in gene regulation.'® Being an orphan nuclear receptor, the endogenous
ligand that binds CAR and SXR are unknown.'” SXR and CAR are both highly promiscuous and
bind a wide range of xenobiotics."” Interestingly, many of these compounds have overlapping
specificity with Pgp, such as paclitaxel, rifampicin and phenobarbital.'> SXR and CAR have been
shown to upregulate Pgp, as well as cytochrome P450 isoforms 3A (CYP3A) and 2C (CYP2C)

13-19-20 1t i not surprising that SXR and CAR are highly expressed in the small intestine

expression.
and liver, as these organs are subjected to orally ingested xenobiotics first.”” SXR expression has
also been observed in the kidney and in blood-tissue barriers like the placenta-blood barrier."> Co-
localization of SXR, CAR and Pgp suggest an important role in xenobiotic disposition and overall

protection of cells.'” By increasing transporter expression, the xenobiotic detected by SXR and

CAR, assuming that it is a transporter substrate, is expelled from the cells by Pgp, freeing up the



SXR and CAR ligand binding sites. This positive feedback loop drives the clearance of xenobiotics

. . .20
from cells and protects tissues from xenobiotics.

1.2.1.2 The function of P-glycoprotein at absorption and excretion related tissues
Pgp is expressed at low concentrations ubiquitously in the body; however, high expression

levels can be found in absorption related tissues (i.e. small intestines) and excretion related tissues

8, 21, 22

(i.e. liver and kidney), as well as blood-tissue barriers. Based on tissue distribution, the

function of Pgp is to limit the cellular uptake of xenobiotics that may compromise homeostasis.
Upon oral administration of xenobiotics, most absorption occurs within the small
intestines. The primary function of the small intestine is to absorb nutrients through passive

23,24

diffusion or influx transporters. The differentiated microvilli found on the apical surface of the

small intestines increase the surface area, thus increasing the absorptive capabilities of the small
intestines.” Microvilli have a high expression level of transporters, acting as the first line of

3

defense against xenobiotics.”” Pgp expression increases through the progression of the

gastrointestinal (GI) tract, with the stomach having the lowest and the colon having the highest

3.25.26 The role of Pgp at the apical surface of small intestinal enterocytes is to

expression levels.
expel compounds back into the intestinal lumen, limiting the absorption of xenobiotics (Figure
1.1A). Thus, Pgp plays a major role in limiting the bioavailability of many therapeutics. This role
was first identified in human intestinal epithelial cell lines like Caco-2, where inhibiting Pgp lead
to the increased accumulation of vinblastine and many other Pgp substrates.**

Following small intestine absorption, xenobiotics enter the portal vein and are then filtered
by the liver. Here, xenobiotics passively diffuse or become transported into hepatocytes and are

24,25

metabolized prior to entering the systemic circulation. The liver has the highest expression of



both phase I or phase II metabolizing enzymes. Many metabolizing enzymes share substrate
specificity with ABC efflux transporters, creating an effective mechanism of xenobiotic clearance
at the liver.'****” ABC transporters are primarily expressed on the bile canaliculus, including Pgp
(Figure 1.1B). Pgp expels xenobiotics or the metabolized product into the bile duct where it will
return to the intestinal lumen for excretion. The role of Pgp at the bile canaliculus is essential in
the removal of many xenobiotics. Pgp acts as a “safety net” ensuring any xenobiotics that escape
efflux at the small intestine will be excreted into the bile.”

Pgp expression has also been identified in the kidney. The kidneys play a central role in
the filtering of blood and removing metabolized or unchanged xenobiotics through the production
of urine. Pgp is highly expressed on the apical surface of the proximal tubule, where reabsorption

occurs (Figure 1.1C).>>

Here, Pgp-mediated transport expels xenobiotics back into the nephron
for excretion in urine.” Pgp expression was also identified at loop of Henle and in the collecting
ducts of the kidney.” In vivo studies demonstrated that Mdrla/MdrIb(-/-) mice have decreased
renal clearance of vinblastine compared to wildtype mice, demonstrating Pgp’s role in xenobiotic
clearance.”® Furthermore, Mdrla/Mdrib(-/-) mice exposed to arsenic had a 2-fold increase in
arsenic accumulation, producing severe lesions in the kidney when compared to wildtype mice.*!
Inability to transport xenobiotics into urine for elimination can lead to accumulation of harmful
toxins in the body and severely compromise homeostasis.*” *!

Overall, the role of Pgp at tissues involved in xenobiotic absorption and excretion is to
prevent harmful compounds from entering the circulation system or aid in the removal of these
compounds from the blood. The expression of Pgp at the GI tracts acts as the first barrier to orally

administered xenobiotics by preventing the passive diffusion through the small and large

intestines. The liver hosts a high expression of metabolizing enzymes to metabolize xenobiotics



and ABC transporters to transport compounds into bile. The expression of Pgp at the kidneys is
found primarily at the proximal tubule, where xenobiotics or metabolized product are transported
into urine. Pgp plays an important role in the removal of these xenobiotics, thus limiting the

compounds that reach blood-tissue barriers.

1.2.1.3 The function of P-glycoprotein at blood-tissue barriers

While Pgp acts as the first line of defense at tissues involved in xenobiotic distribution,
compounds can circumvent active transport and enter the systemic circulation. Pgp is found
expressed on the apical surface of many blood-tissue barriers to expel compounds back into lumen
or blood.”® The blood-brain barrier (BBB) is a unique barrier composed of continuous endothelial
cells with both tight and adherens junction proteins to protect neurons in the central nervous system
(CNS).**** Because many xenobiotics and endogenous compounds can passively diffuse through
the BBB and enter the CNS, Pgp is expressed on the apical surface to efflux compounds back into
blood (Figure 1.1.D).>*** Pgp’s role is critical in excluding substances from the brain and acts as
the gatekeeper to the BBB. **>® In vivo Mdrla/b(-/-) knockout mice are 3-100 fold more sensitive
to neurotoxicity associated with Pgp substrates when compared to wildtype mice.’”*® The Pgp
substrates used in this study were ivermectin, vinblastine, indinavir and loperamide.37’ ** The
exclusion of many drugs by Pgp protects the CNS and maintains neuronal homeostasis, which is
critical for survival.

The blood-placenta barrier (BPB) is a blood-tissue barrier that protects the fetus from
exposure to xenobiotics.” This barrier is critical in maintaining homeostasis in the placenta for
healthy development of the fetus. The apical membrane of the syncytiotrophoblast is exposed to

maternal blood with the basolateral membrane in contact with the cytotrophoblast and fetal blood



vessels.” Pgp is expressed at high levels on the apical surface of the brush border of the

syncytiotrophoblast layer (Figure 1.1E).*% %

In vivo, Mdrla/b(-/-) mice were treated with
avermectin and produced offspring with a cleft palate. Mdrla/b(-/+) mice showed some sensitivity
to avermectin, while wildtype mice offspring showed no abnormality.”® Additionally, treatment of
pregnant mice with a Pgp inhibitor resulted in equal accumulation of digoxin and saquinavir in
fetuses, despite their genotypes.*’ Without Pgp expression at the BPB, the development of the fetus
can become severely compromised, leading to birth defects and abnormalities.

Blood-tissue barriers are present in sex organs to protect maturing gametes from the
exposure of xenobiotics and other endogenous compounds. The blood-testis barrier (BTB)
functions to protect maturing sperm cells and is characterized with continuous endothelial cells
joined by tight junctions, similar to the BBB.* Pgp is highly expressed on the apical surface of the

capillary endothelial cells of the testis (Figure 1.1F).>"*

Pgp was also identified to be expressed
in Leydig cells, testicular macrophages, peritubular cells, Sertoli cells and haploid spermatozoa.*
In vivo, Mdrla/b(-/-) knockout mice had an increase in the accumulated Pgp substrates (i.e.
vinblastine and ivermectin) within testicular tissue when compared to wildtype.””*' Additionally,
treating wildtype mice with the Pgp inhibitor nelfinavir, a known Pgp substrate, increased levels
within the testes ~4-fold.*' Pgp expression at the BTB suggests that the primary role of the
transporter at this tissue barrier is to protect maturing gametes and ultimately, the health of future
offspring.

Pgp plays an important role in the exclusion and protection of sensitive tissues like the
brain, fetus and testis. Pgp protects maturing gametes in the testis from toxic insults for healthy

offspring, as well as protect the developing fetus at the BPB from abnormalities or birth defects

from xenobiotic exposure. Additionally, Pgp expression at the BBB is critical in preventing



neurotoxicity from xenobiotics and endogenous substrates, which can become life threatening. The
in vivo studies demonstrated the severity of eliminating Pgp at these tissues and shows the role of
Pgp in protection by excluding xenobiotics. However, Pgp prevents many therapeutic compounds
from reaching their target and make them ineffective. To better understand Pgp-mediated transport

and improve drug design and development, the atomic structures of Pgp were sought out.

1.2.2 The structure of P-glycoprotein
1.2.2.1 Atomic resolution of the mouse and human P-glycoprotein structure

The atomic structure of Pgp is key in determining the mechanism of substrate recognition,
ATP hydrolysis and drug transport, to overcome disposition of therapeutic compounds. Mouse
Pgp (mPgp, Mdrla) has an 87% sequence identity to human Pgp (hPgp, ABCB1), making it an
excellent model for probing the structural mechanism of Pgp-mediated transport. The structure of

43-4

mPgp has been solved by many groups.** **The first mPgp structure was determined in the absence

of ligand and ATP at 3.8 A by X-ray crystallography (Figure 1.2A, PDB ID 4M1M).** Structural
analysis of the nonglycosylated mPgp revealed an inward facing conformation. The large binding
cavity was exposed to the lipid membrane with the NBDs separated (Figure 1.2A).*** The

binding cavity of mPgp was identified to have a volume of 6,000 A*. *>*" This large cavity supports

43, 48

Pgp’s ability to bind multiple substrates at once and transport large substrates like amyloid-

B.* The mPgp transporter was also solved in the presence of nontherapeutic cyclic peptides QZ59-

RRR and QZ59-SSS at 4.4 and 4.35 A, respectively. Both peptides were found in the binding

43, 46

cavity with QZ59-SSS occupying two sites. Interestingly, there are no polar residues lining

this cavity, unlike the bacterial lipid flippase MsbA and Pgp’s homolog MDR3 (4BCB4).*® The



hydrophobic nature of the mPgp and #Pgp cavity suggests that the endogenous role of Pgp is a
xenobiotic pump, not as a lipid flippase.

Until recently, no protein structure of #Pgp has been solved. Youngjin Kim and Jue Chen
solved the first #Pgp structure in D-dodecyl-B-maltoside (DDM) micelle by cryo-EM at 3.4 A
resolution (Figure 1.2B, PDB ID 6C0V).”’ To achieve this structure, #Pgp was mutated in both
nucleotide binding domains (E556Q/E1201Q) to make a catalytically inactive transporter and was
fused with a GFP-tag for expression and purification.”® The structure was then solved in the
presence of saturating ATP (10 mM) and vinblastine (150 uM), a known Pgp substrate, with efforts
to trap the protein in a ligand-bound conformation. While no electron density was found for
vinblastine, both NBD domains contained one ATP molecule,” suggesting this conformation of
hPgp was following substrate release and before ATP hydrolysis. This structure is the first Pgp
structure solved in the closed-conformation and correlates ATP binding to conformational

changes.

1.2.2.2 Lipid-protein interactions are critical in mediating P-glycoprotein transport
Transmembrane proteins are in direct contact with the lipid membrane, forming unique
lipid-protein interactions. An electron paramagnetic resonance spectroscopy study identified lipids
that interact with integral membrane proteins to be motionally restricted.”’ These membrane
proteins present multiple grooves and clefts on the surface, resulting in lipids that are distorted to
fill the space around the protein.”’ In order to form a static, lipid shell around a protein, the lipid
composition varies for each protein. This intimate lipid-protein interaction plays a role in protein

structure and function.



The lipid composition surrounding Pgp is a significant component in substrate binding and
transport. Previous studies demonstrated that lipid compositions in membranes extracted around
Pgp are enriched with phosphatidylethanolamine and phosphatidylserine™ and this composition
can influence Pgp-mediated ATPase activity. Low cholesterol levels in a cell membrane have been

shown to decrease Pgp-mediated ATPase activity.”>>*

This decrease in activity is a result of poor
packing of the TMD and instability in the NBDs due to the increased membrane fluidity. While
the NBDs are located in the cytosol of a cell, ATPase activity is not present unless Pgp is

interacting with lipids,”’ suggesting that the lipid environment is critical for substrate permeability,
g p gg g p p y

binding and transport.

1.2.3 The mechanism of P-glycoprotein-mediated transport
1.2.3.1 Substrate binding and transport models of P-glycoprotein

Pgp sits in the membrane with the extracellular portion of the transporter protruding ~25
A from the membrane and the NBD ~75 A (Fig. 1.2). The orientation of the transporter provides
direct contact of the lipid membrane with the large, hydrophobic cavity, suggesting xenobiotics
enter the cavity through the plasma membrane. However, the exact mechanism of substrate binding
onto Pgp has yet to be resolved. Two models currently exist, the hydrophobic vacuum cleaner and

the substrate flippase models (Figure 1.3).>

The hydrophobic vacuum cleaner model proposes
that xenobiotics would become “sucked” into the binding pocket. Upon binding and
conformational rearrangement, the transporter would expel xenobiotics back into lumen or blood
(Figure 1.3A).

The substrate flippase model was proposed due to the sequence similarity to MDR3, which

acts as a lipid flippase. In the unbound state, Pgp has both NBDs far apart with the TMD having
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access to the inner leaflet, as seen in the X-ray crystal structure of mPgp.***

The substrate flippase
model suggests that xenobiotics enter the binding cavity of Pgp through the inner leaflet of the
membrane (Figure 1.3B).>** Conformational rearrangement of the transporter results in the cavity
having access to the outer leaflet. Substrates diffuse back into the outer leaflet membrane, thus
continuing a concentration gradient within the membrane, not across the membrane like the
hydrophobic vacuum model.”>* Considering the APgp structure in the closed conformation, there
is strong evidence that the hydrophobic vacuum cleaner transport model is correct. The lateral
opening formed by helices 4,6 and 10,12 is exposed to the inner membrane leaflet in the unbound
state (i.e. mPgp structure™) and remains in the inner leaflet upon conformational rearrangement to

the closed-state (i.e. APgp structure®”). Continuous closure to the outer leaflet from the open to

closed-states of Pgp suggests that compounds are expelled back into lumen, not the membrane.

1.2.3.2 Alternating site model of P-glycoprotein-mediated ATP hydrolysis

The exact mechanism of ATP-coupling to transport is unknown; however, biochemical
assays suggest that Pgp-mediated transport occurs through the alternating site model. In this model,
binding of both ATP molecules is required for conformational rearrangement and only one ATP
molecule is hydrolyzed to return Pgp to the unbound conformation.” >’ For this mechanism to
occur, one ATP binding site is “tight”, while the other is “loose” and the affinity for these sites
switch as the transport cycle continues. Orthovanadate (V7) trapping is a technique used to trap the
transporter in an ADP-Vi-Mg’" complex because V; will replace inorganic phosphate (P;) in a non-
reversible mechanism.” °* °” Trapping one NBD in the ADP-Vi-Mg’* complex abolished the
5, 56, 57

activity of the other NBD, suggesting both NBDs must be active to couple transport.

Therefore, only one NBD is catalytically active while the other NBD is in the transition state.
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Considering the ATP-bound /4Pgp structure, it appears that the binding of both ATP molecules is
required to form the NBD sandwich. Unfortunately, the transition state of one NBD was unable to
be resolved because the #Pgp structure was catalytically inactive.

The catalytically inactive mPgp (ES52Q/E1197Q) was solved in the presence of saturating
ATP (18 mM) at 3.35 A resolution by X-ray crystallography.* Here, only one ATP molecule was
bound in NBDI1 in the absence of a Pgp substrate and remained in the open conformation. This
structure demonstrates that the affinity of ATP at each NBD is different; however, it is unsure why
both NBDs did not occupy ATP molecules like the #Pgp structure at saturating concentrations. In
this mPgp structure, the loop that connects both halves of the transporter was shortened to reduce
the protein dynamics and thus, improve the crystallization and structure resolution. This loop may
play a role in communicating the affinity switch between the NBDs. This lack of communication
is demonstrated in the reduction of the relative ATPase activity of the transporter upon shortening
of the loop, resulting in only one NBD binding ATP.*> However, by shortening this loop, the
asymmetric ATP bound conformation was shown for mPgp and supports the asymmetric catalytic
cycle model. One ATP molecule binds to the NBD “tightly” (i.e. mPgp structure*’) a second ATP
molecule binds in the other NBD “loosely” and shift the transporter into a closed conformation,
(hPgp structure™’) Whether one hydrolysis or two hydrolysis events bring the transporter back to

the open conformation is still unknown and requires additional research to resolve.

1.2.3.3 Bridging ligand binding to ATP hydrolysis: crosstalk between the transmembrane and
nucleotide binding domains
Substrate binding onto Pgp induces large conformational rearrangements that lead to ATP

hydrolysis and transport. In the absence of substrate and presence of ATP, Pgp displays a basal

12



rate of ATP hydrolysis.*® °® Upon substrate binding, basal ATP hydrolysis can be maintained,
ydroly p g ydroly

stimulated or inhibited"® ** >

and the rate of ATP hydrolysis is not coupled to Pgp-mediated
transport. The well-known transported Pgp substrate Hoechst 33342 maintains basal ATPase
activity,” while the inhibitor tariquidar binds in the upper binding cavity and “locks” the

3% 61 Therefore,

transporter in the closed-conformation, thus stimulating ATP hydrolysis.
conformational changes in the TMD must translate to the NBD to alter the basal rate of ATP
hydrolysis. This crosstalk between the domains has been hypothesized to occur in the intracellular
loops (ICLs) of the transporter.''

The ICLs are the small loops connecting the TMs to the NBDs and are structural features
common to most ABC transporters. The location of each ICL loop is labeled in Figure 1.4. ICL1
and ICL4 link the transmembrane helices to NBD1 and ICL 2 and 3 to NBD2. Specific helices on
the ICLs interact directly with the NBDs and are called intracellular helices (IHs) 1-4. These IHs
have direct contact with ATP in the closed conformation (Figure 1.4B). Thus [Hs within the ICLs
are believed to act as “ball-and-socket” joints on ABC transporters to relay conformational
changes in the TMD to the NBD.'' Introducing single cysteine mutants into IH1 and IH3 and
crosslinking these residues resulted in a constitutively active transporter;’ however, cross-linking
[H2 with TH3 abolished ATPase activity.'' Molecular dynamics simulations of 4Pgp revealed
rotation of IH2 may be a key feature for the binding of ATP.** Additionally, Tyr1087 on NBD2
creates a crucial interaction with IH3 upon conformational rearrangement and ATP binding®® and
reduced Pgp-mediated ATPase activity when mutated to Phe.” Interestingly, mutating residues
that interact with ATP did not result in such large inhibition of Pgp-mediated ATPase activity.®
Thus, the IH2/IH3/NBD2 interaction was found to be critical for ATP binding and ATPase

11, 63

activity and an ideal target for inhibiting Pgp-mediated transport.
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1.2.4 Hurdles and strategies of P-glycoprotein mediated transport
1.2.4.1 Shared physiochemical properties of P-glycoprotein substrates

In 1997, Charles Lipinski identified five physiochemical properties that were shared among
many successful drugs.** The Rule of 5 predicts the pharmacokinetic properties of a drug, not
necessarily its effectiveness; however, compounds following this rule of thumb are more

successful in clinical trials.%> ¢

The Rule of 5 states that an orally active therapeutic has no more
than one violation of the following criteria: at most 5 hydrogen bond donors, no more than 10
hydrogen bond acceptors, a molecular mass less than 500 Daltons and a logP no greater than 5.%*
% Because Pgp binds a wide range of drugs, many studies have sought to determine the
physiochemical properties that lead to Pgp recognition and transport. Structure activity
relationship (SAR) studies have identified shared physiochemical properties among Pgp
substrates: lipophilicity, aromatic rings, high degree of hydrogen bonding atoms and positively
charged tertiary amine at physiological pH.* " Based on Lipinski’s Rule of 5, it is not surprising
that many drugs are Pgp substrates. Drugs that cannot reach their target due to Pgp-mediated efflux
have reduced efficacy and cannot elicit their therapeutic effect. These Pgp substrates include, but
are not limited to, HIV protease inhibitors, opioids, anti-epileptics, antibiotics, Ca*" channel

. . 49,68,69
blockers and anticancer therapeutics.”” ™

1.2.4.2 Future aspects of drug design and development

The function of Pgp prevents many successful therapeutic compounds from reaching their
targets. This is especially prevalent at the BBB, where many neurotherapeutic compounds cannot
penetrate the barrier due to Pgp-mediated transport, resulting in ineffective therapies.’® ">’ One

method proposed to circumvent Pgp-mediated efflux is by inhibiting the transporter.’> > While

14



this method seems ideal in promoting drug permeability, inhibiting Pgp may not be feasible.”> ”>

Global inhibition of the transporter may lead to drug accumulation and drug-drug interactions,

. . . 48, 74, 75
resulting in many adverse side effects.*® ™’

For example, the concentration required to inhibit
Pgp at the BBB would be low in orally administered therapeutics due to the first pass effect and
would require a much higher dose, which could induce adverse effects.”” To reverse multidrug
resistance in cancer, clinicians have co-administered Pgp inhibitors with anti-cancer drugs. Using
inhibitors like verapamil has been unsuccessful in the clinic due to these associated toxicities of
Pgp inhibition.”* " Inhibiting Pgp at the binding cavity may not be a useful strategy in increasing
therapeutic permeability; however, methods to avoid Pgp-mediated transport may be successful in
mediating multidrug resistance.>

Due to the mechanism of Pgp-mediated transport, therapeutics that passively diffuse
through the plasma membrane enter the binding cavity through the lateral opening in the TMD.
Drug compounds can enter cells through different mechanisms that avoid passive diffusion and
thus, Pgp-mediated transport. Large and/or charged compounds can penetrate cells by two
methods: adsorptive-mediated transcytosis and receptor-mediated transcytosis. The rate of
adsorptive-mediated and receptor-mediated transcytosis increases in the disease state, which is
advantageous in the treatment of disorders and diseases.’> Another method to administer drugs are
by nanoparticles targeting specific cell types. Nanoparticles can be designed to be nontoxic,
biodegradable, and stable with various therapeutic releasing technologies.’> However, this method
is fairly new with only a few nanoparticles currently in clinical trial for cancer treatment.

Methods to increase therapeutic permeability in a disease state are necessary to improve
the treatment and quality of life of patients. The safety, risk and benefit must be evaluated to

determine the most effective method to treat multidrug resistance and unwarranted drug
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disposition. While utilizing transcytosis or nanoparticles to administer therapies seems promising,
the transporter expression pattern for each disease, as well as patient complacency must be
considered.”® Understanding the structural basis of substrate recognition by Pgp is critical in
teasing out the mechanism of transport and thus designing compounds that circumvent Pgp-
mediated transport or target the IH3/IH2/NBD?2 interface. This approach would avoid pitfalls of
previously established Pgp inhibitors of the TMD and utilize small molecules instead of using

biotechnologies or biotherapeutics.

1.2.5 Concluding Remarks

The multidrug resistant transporter Pgp is expressed ubiquitously through the body, with
higher expression levels at clearance tissues and blood-tissue barriers. The role of Pgp is to protect
sensitive tissues by limiting the entry of xenobiotics into the systemic circulation. While this is
critical for homeostasis, Pgp-mediated transport limits the permeability of many therapeutics.
Thus, Pgp has become a major target in the pharmaceutical industry in efforts to overcome Pgp-
mediated multidrug resistance and drug disposition. SAR studies of Pgp identified substrates to be
lipophilic and aromatic with many hydrogen bond donors and acceptors. It is not surprising that
many drugs are Pgp substrates, since the characteristics of a Pgp substrate overlap with Lipinski’s
Rule of 5. Due to the multidrug resistance of Pgp in cancer and inability to target tissues like the
CNS, efforts have been made to inhibit Pgp-mediated transport. Clinical trials of co-administering
Pgp inhibitors with chemotherapeutics resulted in adverse side effects because Pgp inhibition
occurred globally. Understanding the protein-ligand interactions that drive transport will provide
a better understanding of the mechanism of Pgp-mediated transport and the development of safer,

orally administered inhibitors that target Pgp or drugs that circumvent Pgp. To probe this
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mechanism, the structural basis of Pgp-mediated transport of eletriptan (ETT) and sumatriptan
(STT) were investigated due to their differences in their Pgp-mediated efflux ratios despite their

structural similarity.
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Figure 1.1 The tissue distribution of P-glycoprotein (Pgp). The tissue distribution of Pgp at the
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(A) small intestine enterocyte, (B) bile canaliculus, (C) renal proximal tubule, (D) BBB endothelial
cell, (E) BPB syncytiotrophoblast and (F) BTB endothelial cell. Pgp is shown in purple and the

arrows represent the direction of transport.
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Figure 1.2 The open and closed conformations of P-glycoprotein (Pgp). The (A) open

conformation of mPgp (PDB ID: 4M1M) and the (B) closed conformation of #Pgp with two ATP

molecules bound (PDB ID: 6C0V) are shown as gray cartoons with the NBDs, TMD and ATP

molecules labeled. The TMD spanning the membrane are colored tan. The ATP molecules bound

into the NBDs are shown as Van der Waals spheres in turquoise.
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Figure 1.3 The substrate binding and transport models of P-glycoprotein (Pgp). The (A)
hydrophobic vacuum cleaner and (B) substrate flippase models describing Pgp-mediated drug
transport. The small black arrows show passive diffusion of drug molecules and the large blue

arrows reflect Pgp-mediated drug transport.
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Figure 1.4 The crosstalk region between the TMD and the NBD of P-glycoprotein (Pgp). The intracellular loops (ICLs) of Pgp in the
(A) open (PDB ID: 4M1M) and (B) closed conformation (PDB ID: 6C0V). The ICLs are color coded by name. The light-colored regions
on the ICLs are the intracellular helices (IHs) that directly interact with the NBD and/or ATP. The ATP molecules bound into the NBDs

are shown as Van der Waals spheres in turquoise.
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CHAPTER 2
INSIGHTS INTO THE MOLECULAR MECHANISM OF TRIPTAN TRANSPORT BY P-

GLYCOPROTEIN!

' Wilt, L.A., Nguyen, D. and A. G. Roberts (2017). Journal of Pharm. Sci. 106:1670-1679.
Reprinted here with permission of the publisher.

22



2.1 ABSTRACT

The P-glycoprotein (Pgp) transporter reduces the penetration of a chemically diverse range of
neurotherapeutics at the blood-brain barrier (BBB), but the molecular features of drugs and drug-
Pgp interactions that drive transport remain to be clarified. In particular, the triptan
neurotherapeutics, eletriptan (ETT) and sumatriptan (STT), were identified to have a greater than
10-fold difference in transport rates despite being from the same drug class. Consistent with these
transport differences, ETT activated Pgp-mediated ATP hydrolysis ~2-fold, while STT slightly
inhibited Pgp-mediated ATP hydrolysis by ~10%. The interactions between them were also non-
competitive, suggesting that they occupy different binding sites on the transporter. Despite these
differences, protein fluorescence spectroscopy revealed that the drugs have similar affinity to the
transporter. NMR with Pgp and the drugs showed that they have distinct interactions with the
transporter. Tertiary conformational changes probed by acrylamide quenching of Pgp tryptophan
fluorescence with the drugs and a non-hydrolyzable ATP analog implied that the STT-bound Pgp
must undergo larger conformational changes to hydrolyze ATP than ETT-bound Pgp. These results
and previous transport studies were used to build a conformationally driven model for triptan
transport with Pgp where STT presents a higher conformational barrier for ATP hydrolysis and

transport than ETT.

2.2 INTRODUCTION
P-glycoprotein (Pgp) is a member of the ATP-binding cassette superfamily and acts as the
gatekeeper of the blood-brain barrier (BBB) by limiting the penetration of a chemically and

68,78

structurally diverse range of molecules. This function protects the brain from toxic insults, but

also prevents the penetration of commercially available and potentially beneficial

23



neurotherapeutics,” which has made neurotherapeutic drug development a formidable
challenge.'”'"® One strategy to overcome this barrier has been to modulate Pgp transport with

19:20 Therefore, there is a lot of interest

inhibitors, but so far this has been unsuccessful in the clinic.
in the pharmaceutical industry to identify molecular features of neurotherapeutics that drive Pgp
transport and to determine molecular mechanisms of neurotherapeutic transport by Pgp.

Pgp is localized to the outer membrane of endothelial cells of the BBB.'**'** The X-ray
crystal structure of mouse Pgp revealed that the transporter is a 140 kDa asymmetric monomer
comprised of twelve transmembrane helices and two nucleotide-binding domains (NBDs), which
lie on the cytosolic side of the membrane and bind ATP.'> *’ The promiscuity of Pgp to
neurotherapeutics is the result of a 6,000 A® cavity formed by the transmembrane helices, >
which allows multiple drugs to bind to the transporter simultaneously.*® > The hydrolysis of ATP
at the NBDs drive directional transport as a result of large conformational changes that bring the
NBDs within contact, as seen in functionally related bacterial transporters.®” **

Triptan drugs represent a class of neurotherapeutics that abort migraines by acting on the
5-hydroxytryptamine 1B and 1D (5-HTg/1p) receptors that are distributed throughout the brain.
Several triptan drugs are substrates for Pgp and show varying degrees of brain penetration and Pgp
transport,® 7> but it is unclear what molecular features of triptans drive transport. At one
extreme is the triptan drug sumatriptan (STT, Figure 2.1A). It was the first clinically available
triptan drugh® and it is one of the weakest Pgp substrates. “* ® In vitro studies with the drug and
different cell types overexpressing Pgp revealed a range of efflux ratios from 1.1 to 2.9.°% %7
Some studies have identified STT to be a good Pgp substrate, with efflux ratios higher than other

triptan drug class members,” while other studies suggest STT is a non-transported substrate of

Pgp.°® This phenomenon has also been previously noted for Pgp and the cardiovascular drug
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verapamil.*® **** In vivo, STT was shown to be weakly transported by Pgp at the BBB in mice.”
On the other extreme, eletriptan (ETT, Figure 2.1B) is a second-generation triptan drug” and a
very good Pgp substrate. In vitro studies of ETT identified the drug to have Pgp efflux ratios
ranging from 11% to 46.7. In vivo, Pgp knockout mice showed a ~50 fold increase in ETT
concentration in the brain compared to wildtype.”

The molecular mechanism of transport and the specific interactions of triptan drugs with
Pgp are currently unknown. The large difference in log P values of 4.1 and 0.90 for ETT and STT,
respectively, may provide an explanation for the large differences in their transport rates.”
Therefore, we hypothesized that the higher transport rate of ETT by Pgp is the result of stronger
interactions with Pgp because of its relatively high log P value when compared with STT. To test
this hypothesis, the molecular interactions of ETT and STT with the transporter were examined.
First, the effect of these drugs on Pgp-coupled ATP hydrolysis was determined. The interactions
of the triptan drugs with Pgp were probed by protein fluorescence spectroscopy and the saturation
transfer double difference (STDD) NMR technique. Finally, the effect of these drugs on Pgp
conformation in the absence and presence of a non-hydrolyzable ATP analog was examined by
acrylamide quenching of tryptophan fluorescence. These experimental results and previously

68,69, 73,92

published transport studies from the literature were used to build a conformationally gated

model describing the molecular mechanism of triptan transport by Pgp.

2.3 MATERIALS AND METHDOS
2.3. 1. Materials
Cholesterol, Tris-HCI and disodium ATP (Na,ATP) were purchased from Amresco (Solon, OH).

Escherichia coli (E. Coli) total lipid extract powder was purchased from Avanti Polar Lipids Inc.
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(Alabaster, AL). HEPES and acrylamide were purchased from Calbiochem (San Diego, CA).
Deuterium oxide (D,0O) was purchased from Cambridge Isotope Laboratories Inc. (Tewksbury,
MA). Deuterated dithiothreitol (d;)-DTT) was purchased from CDN Isotopes (Quebec, Canada).
The detergent n-dodecyl-B-D-maltoside (DDM) was purchased from EMD Millipore Corporation
(San Diego, CA). Sodium orthovanadate (Na3VO,4) was purchased from Enzo Life Sciences
(Farmingdale, NY). Sumatriptan was purchased from Fagron, Inc. (St. Paul, MN). Dithiothreitol
(DTT) was purchased from Gold Biotechnology (Olivette, MO). Eletriptan was given as a gift
from Pfizer Inc. (New York City, NY). Ammonium chloride (NH4Cl) and deuterated DMSO
(DMSO-ds) was purchased from Sigma Aldrich (Milwaukee, WI). The 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) detergent was purchased from
VWR International (Radnor, PA). All the remaining chemicals in this study were purchased from

Thermo Fisher Scientific (Waltham, MA).

2.3.2 Purification and reconstitution of Pgp

The his-tagged wildtype mouse Pgp (4bcbla, Mdr3) was purified from Pichia pastoris in two
stages with nickel-nitrilotriacetic acid (Ni-NTA) (Thermo Fisher Scientific, Waltham, MA) and
Whatman DES52 cellulose resin (Thermo Fisher Scientific, Waltham, MA) as previously
described.” *7 Detergent solubilized Pgp was directionally integrated into liposomes with the

48, 94

NBDs on the outside using the procedure described in. These liposomes were composed of

80% w/v Avanti total Escherichia (E.) coli Total Lipid Extract (Avanti Polar Lipids, Alabaster,

AL) and 20% w/v cholesterol with a lipid to protein ratio of 0.16 mg ml™.****

The Pgp orientation
in the liposomes was determined by permeabilizing the liposomes to ATP with CHAPS detergent

so that any NBDs located on the inside of the liposome would hydrolyze ATP. There was no
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increase in the apparent ATPase activity as a result of NBDs located on the inside of the liposomes
(data not shown) demonstrating that the NBDs are essentially on the external side of the
liposome.* Proteoliposome aliquots were stored at -80°C in HEPES buffer (20 mM HEPES, 100
mM NacCl,, 5 mM MgCl,, 2 mM DTT pH 7.4). The concentration of protein was determined with
the extinction coefficient of 1.28 mg mg™' cm™” and the DC Protein Assay Kit II (Bio-Rad,

Hercules, CA).***

2.3.3 ATPase activity measurements.

The ATPase activity of Pgp was measured using the Chifflet method on a FlexStation 3
spectrometer (Molecular Devices, Sunnyvale, CA), as previously described.”’?®* The
concentration of free inorganic phosphate (Pi) after ATP hydrolysis was estimated by the
absorbance signal at 850 nm from the formation of a Pi-molybdenum complex. The ATPase
activity of ETT and STT was measured in the presence of 50 nM Pgp reconstituted in liposomes
in Chifflet buffer (150 mM NH4Cl, 5 mM MgSOs,, 0.02% w/v NaN3, 50 mM Tris-HCI, pH 7.4).*

94, 98

Simple enzyme kinetics is traditionally analyzed using linear transformations such as

100

Lineweaver-Burk, Hans-Woolf and Eadie-Hofstee plots.”” Unfortunately, these

transformations suffer from lack of variable independence across the axes and they have the

tendency to bias the data points.'*' """

In contrast, non-linear regression is considerably more
accurate than linear transformation, and is easily performed with modern computers.'’' Therefore,
the Pgp-coupled ATP hydrolysis kinetics was fit by non-linear regression with Igor Pro 6.2
(Wavemetrics, Tigard, OR) and the following equations. Hyperbolic Pgp-coupled ATP hydrolysis

kinetics of the drugs were fit to the modified Michaelis-Menten equation (Eq. 1):”
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where V., 1s the maximum ATP hydrolysis, K,, is the Michaelis-Menten constant, [L] is the
concentration of ligand and v, 1s the basal ATPase activity in the absence of drugs. For drug
interactions that are competitive, the ATP hydrolysis curves were fit to Eq. 1 and an apparent

Michaelis-Menten constant (K, 4»,) shown in Eq. 2:%

_x |11
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i
where /I] is the inhibitor and K is the inhibitory constant. For non-competitive inhibition, the

apparent Vyax (Vinaxapp) can be calculated with the following equation (Eq.3):”

vV
V — max (3)
max,app
1+ —[I]

I
This equation assumes that the enzyme velocity will approach 0 at saturating [I]. In cases where
there is only partial inhibition of the enzyme at saturating [I], the Viuaxqpp Will approach a new V,,ax

(Vinax,uninnivired)- In this case, Eq. 3 can be modified to Eq. 4:

VAN
__"max,inhibited
Vmax,app - [ I] + Vmax,uninhibited
1+
K i
4)

where Vax mhibirea T€presents the maximum inhibitable enzyme velocity at saturating [I].

2.3.4 Fluorescence Spectroscopy.

Quenching of protein fluorescence has been used to measure the dissociation constants

48,94, 104, 105

(Kps) of a wide range of ligands to Pgp. This technique was used to measure the affinity
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of ETT and STT to Pgp. An Olis DM 45 spectrofluorimeter (Olis Corp, Bogart, GA) was used to
measure the drug-induced quenching of 1 uM Pgp reconstituted in liposomes in 100 mM potassium
phosphate (KP;) and 2 mM DTT (pH 7.4) to prevent cysteine disulfide linkage between Pgp
monomers, as previously described.*® ** Pgp protein fluorescence emission was observed between
300 and 500 nm with a fluorescence emission maximum at ~330 nm, when the protein was excited

10 The ETT and STT molecules also emit fluorescence

at wavelengths between 260 and 295 nm.
in this region, which could potentially complicate Pgp protein fluorescence measurements.
Fortunately, the drug fluorescence only partially overlaps with the Pgp protein fluorescence
(Figure 2.S1), even at the highest concentrations used in the study. For drug concentrations less
than 400 uM, the drug fluorescence contributions could be effectively subtracted from the overall
fluorescence signal. The drug fluorescence contribution was further minimized for ETT and STT
by exciting Pgp at 280 and 295 nm, respectively. The drug induced fluorescence quenching was
corrected (Feomecrea) for background fluorescence and inner filter effects with the following
.94, 106

equation (Eq. 5):

(EexBex+Eembem )[Q]

F. =(F-B) 2 (5)

corrected —

where F'is the measured protein fluorescence at 330 nm, B is the background, /Q] is the quenching
ligand concentration, ¢ is the extinction coefficients for the excitation (&.,) and emission (g.,) and
b is the pathlength for the excitation (b.,) and emission (b.»). The &, at 280 nm and &, at 330 nm
for ETT was 2.13 mM "' cm™ and 0.432 mM™' cm™, respectively. For STT, the &, at 295 nm was
determined to be 0.808 mM ™' cm™ and the &,,, at 330 nm was 0.344 mM™' cm™.

Protein fluorescence quenching can occur by static or dynamic mechanisms. Static
quenching occurs from ligand forming a complex with the protein and is directly correlated to the

ligand’s affinity.'® In contrast, dynamic or collisional quenching is the result of random collisions
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1% To differentiate between different quenching mechanisms, protein

between a ligand and protein.
fluorescence quenching titrations were measured at different temperatures as described.*® ** 1%
The corrected fluorescence (Forrecred) 0Of @ monophasic fluorescent quenching curve was fit to the

following rearrangement of the Stern-Volmer equation (Eq. 6):***

F

_ corrected ,0 F
corrected 1 + st [ Q] unquenched

(6)

where Feorrecied 0 iS fluorescence in the absence of a quenching ligand, Fnquenchea 1S an offset related
to the unquenched fluorescence, Ky is the Stern-Volmer constant, and [Q] is the concentration of
quenching ligand. Biphasic fluorescence quenching curves were fit to the following equation (Eq.
7):106

F, __fu + Fio +F
corrected 1 + KSV,L [ Q] 1 + KSV,H [ Q] unquenced

(7

where Fy; and Fj,pn are the fluorescence amplitudes at low and high quenching ligand
concentrations, respectively. The Ksy; and Ksy i are the Stern-Volmer constants at low and high
quenching ligand concentrations, respectively.

The collisional quenching of Pgp by acrylamide has been used to probe changes in
exposure to solvent accessible tryptophan residues to determine conformational changes of Pgp
upon ligand binding. & ** %1% Acrylamide is an uncharged polar compound that has minimal
penetration into lipids and the hydrophobic core of proteins.'” Fluorescence emission of 1 uM
Pgp reconstituted in liposomes was monitored at 330 nm after excitation at 295 nm in the presence
of saturating concentrations of ETT and STT in 100 mM KPi and 2 mM DTT (pH 7.4). The
fluorescence emission was corrected for inner filter effects and background fluorescence with Eq.
5. To compare the results with the ATP hydrolysis experiments, the fluorescence quenching was

monitored in the presence of 3.2 mM of the non-hydrolyzable ATP analog adenosine 5°-(B,y-
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imido)triophsophate (AMPPNP). N-acetyl-L-tryptophanamide (NATA) is an analog of solvent
accessible tryptophans that was used to determine the maximum possible tryptophan quenching.'”’
The Stern-Volmer plots were created by plotting the Forrected o/ Fcorrectea s @ function of acrylamide
concentrations. The Kgy value is a quantitative measure of exposure to solvent accessible
tryptophans, which was estimated from the slopes of the Stern-Volmer plots as described

. .g. 48, 106
previously. “& ™

2.3.5 Saturation transfer double difference NMR technique

AlINMR experiments were performed at 25°C on a Varian INOVA 600 MHz spectrometer
with a Smm z-gradient 'H{"’C/”°N} cryoprobe and analyzed in iNMR software
(http://ww.inmr.net) and Igor Pro 6.2, as described previously.**** The "H NMR peaks of 100 mM
STT and ETT in DMSO-d;s were assigned using standard 'H 1D NMR techniques. The '"H NMR
peak assignments for STT and ETT are shown in Figure 2.1. This labeling scheme was used for
the assigning '"H NMR peaks.

The saturation transfer difference (STD) NMR technique is used to identify drug functional
groups that interact with a protein receptor by selectively saturating the receptor and monitoring

110-112

the saturation transfer from the receptor to the drug. This observed degree of saturation

110, 112
’ For membrane

transfer is directly correlated to the drug’s interaction with the receptor.
proteins reconstituted into a lipid system, the lipid-drug interactions can lead to non-specific
interactions and interference in the '"H STD NMR spectrum. The saturation transfer double
difference (STDD) NMR technique was developed to extract specific NMR signals corresponding

to drug-protein interactions from samples with lipid membranes.” ** """ The STDD NMR

spectrum is created by subtracting the STD NMR spectrum of the drug in the presence of lipid
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from the STD NMR spectrum of a drug in the presence of a protein embedded in the same lipid.”*
HL B 1 This technique was used to probe the ETT and STT binding interactions with Pgp
reconstituted in liposomes. NMR samples contained 1 pM reconstituted Pgp in 80% deuterated
100 mM KP;, pD 7.4 and saturating concentrations of triptans, 250 M. Control liposome samples
were prepared identically to reconstituted Pgp samples. A train of 50 ms gaussian shaped pulses
selectively saturated reconstituted Pgp for a total saturation of 2 s. The water suppression by
gradient tailored excitation (WATERGATE) pulse sequence was added to suppress the water
signal.”® The STD NMR spectra were produced by phase cycling and alternating the saturation
frequency between -1.5 and 40 ppm during 512 scans.*** To create the 'H STDD NMR spectrum
of the drugs with Pgp, the 'H STD NMR spectrum of the control liposome sample with drug was
subtracted from the "H STD NMR spectrum of the drug with reconstituted Pgp. This difference
(4I) correlates to the molecular interactions between the drug and the transporter. This was

quantitated using STDD amplification factors calculated from the following equation (Eq. 8):*

STDD Amplification Factor = [L] A1 (8)

Pl 1
where [P] is the protein concentration, [L] is the concentration of ligand and /) is the amplitude of

the "H NMR peaks in the spectrum without radio frequency saturation.

2.4 RESULTS
2.4.1 The effect of ETT and STT on Pgp ATP activation

Figure 2.2 shows the Pgp-coupled ATPase activity in the presence of ETT and STT. In the
absence of drugs, the Pgp-coupled ATP hydrolysis activity was 560 + 40 nmol min™ mg™ (Figure

48, 94

2.2A), which is similar to previous estimates. The ATP hydrolysis activity was almost

completely abolished in the presence of 200 uM of the Pgp inhibitor Na; VO, (data not shown). In
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Figure 2.2A (closed squares), the Pgp-coupled ATP hydrolysis activity was measured with a range
of ETT concentrations. The ATP hydrolysis kinetics was monophasic and reached a maximum at
~1000 nmol min" mg™. Fitting the curve to the modified Michaclis-Menten equation (Eq. 1)
generated a Vyr and Ky value of 508 + 27 nmol min” mg" and 14.8 + 3.1 pM, respectively.
Figure 2.2A (open circles) also shows the Pgp-coupled ATP hydrolysis kinetics in the presence of
STT. In contrast to ETT, STT weakly inhibits Pgp-coupled ATP hydrolysis kinetics by < 10%.
This effect is not inconsistent with STT being transported by Pgp. Several known Pgp transported
substrates, colchicine, doxorubicin and chloramphenicol, have little impact on Pgp-coupled ATP

hydrolysis kinetics' > "’

and the fluorescent probe substrate Hoechst 33342, in fact, inhibits ATP
hydrolysis by Pgp, but is still transported.*

The fact that Pgp-mediated ATP hydrolysis kinetics in the presence of ETT and STT were
distinct in Figure 2.2A allowed us to probe the competition of these drugs to Pgp. Classically,
competitive inhibition will lead to an increase in K,, as a result of drug displacement from Pgp,
while non-competitive inhibition will lead to a decrease in Vi, but will have little effect on the
K,,.”” Non-competitive inhibition also implies simultaneous binding of both drugs.”” Figure 2.2B
shows the effect of a range of STT concentrations on the activation of Pgp-coupled ATP hydrolysis
by 125 uM ETT. Increasing STT concentrations only decreased the apparent ATP hydrolysis rate
about 30%. The fact that the ATP hydrolysis is only partially inhibited implies that both drugs are
bound simultaneously and that the interactions are non-competitive. Fitting the ATP hydrolysis
kinetics in Figure 2.2B with Eqgs. 1 and 4 gives a K;, Viax inhivited A0 Vinax uninnivicea values of 30.2 £
12.1 pM, 201 + 21 nmol min™ mg™ and 187 + 17 nmol min™ mg™, respectively. To demonstrate

that ETT and STT interactions were in fact non-competitive, an ETT titration of Pgp was

performed in the presence of 500 uM STT in Figure 2.2C. Fitting the curve to Eq. 1 reveals that
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the activated V..« decreases 30% to 341 + 20 nmol min” mg™' and the extracted K, is 11.1 + 2.8
uM. The decrease in V., and essentially no change from the previous K, value of 14.8 £ 3.1 uM
(Figure 2.2A, closed squares) demonstrate that the interactions between ETT and STT are indeed
non-competitive. The K; for STT estimated by fitting Figure 2.2C with Eqgs. 1 and 4 was 48.3 +

18.0 uM, which is similar to the K; obtained from the curve fit in Figure 2.2B.

2.4.2 Probing the interactions of ETT and STT with Pgp by intrinsic protein fluorescence
Equilibrium constants (i.e. K,,, K;) derived from fitting Pgp-mediated ATP hydrolysis

kinetics curves do not necessarily correlate directly to ETT and STT binding affinity, since the

fitting equations assume specific enzyme mechanisms.” One might anticipate that there could be

significant differences in the affinities of ETT and STT to Pgp because of large differences in their

e.g. 92

log P values''® and their apparent transport rates. Ligand affinities to Pgp have been directly
g pp p g gp

estimated with fluorescent or radiolabeled ligands,* ' '*° fluorescence quenching of labeled

121,122 48,94, 104

and quenching of intrinsic Pgp tryptophan fluorescence. Directly measuring drug

Pgp

binding with fluorescently labeled Pgp may be problematic due to interference from the label.'*"

'22 Therefore, the affinities of ETT and STT were estimated by measuring their impact on Pgp

protein fluorescence.*® ** 1%

Figure 2.3 shows the protein fluorescence and analysis of Pgp in the presence of ETT and
STT. Figure 2.3A shows the Pgp fluorescence emission spectra in the presence of ETT excited at
280 nm with the background fluorescence subtracted. The protein fluorescence produces a
fluorescence maximum at 330 nm (thin line) that decreases ~50% with saturating ETT (thick line).

After adjustment for inner filter effects with Eq. 5, the amplitude at 330 nm was monitored as a

function of ETT concentration (Figure 2.3B). Quenching of Pgp by ETT was biphasic with low
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and high concentration phases. Fitting the quenching curve to Eq. 7 gave Ksyz and Ky of 7.15 +
1.14 uM ™ and 8.69 x 107 + 0.74 x 10° uM', respectively. The titration was repeated at 37°C to
determine the quenching mechanism for each phase as done previously.* ** The Stern-Volmer
constants, Ksy; and Ky p, increased and decreased, respectively (data not shown). Therefore, the
low concentration-quenching phase associated with Ksy; quenches by a dynamic mechanism, and
the high quenching concentration phase associated with Ky i quenches by a static mechanism.
Thus, the K4 for ETT was 8.69 x 10” + 0.74 x 10° pM™" and the corresponding dissociation
constant (Kp) was 115 = 10 uM. Figure 2.3C shows the effects of STT on Pgp fluorescence after
excitation at 295 nm with the fluorescence background subtracted. Saturating STT quenched Pgp
fluorescence about 20%. In Figure 2.3D, Pgp fluorescence emission corrected for inner filter
effects was monitored at 330 nm as a function of STT concentration. The fluorescence quenching
curve was monophasic and fitting the curve to Eq. 6 gave a Ky value of 10.8 x 10° £2.9 x 10~
uM™". The Ky value increased when this titration was repeated at 10°C showing that the quenching
was the result of a static mechanism (data not shown) and the Kp at 25°C was 92.6 + 25 uM. The
surprising similarities between the Kps between ETT and STT reveal their binding is not driven
by drug hydrophobicity. Instead, the binding may be driven by other factors such as the number

and strength of hydrogen bonds as suggested by a SAR study.'*

2.4.3 Functional groups of ETT and STT involved in molecular recognition by Pgp
Although ETT and STT affinities are similar, the effects of these drugs on Pgp-coupled
ATP hydrolysis were distinct and the interactions between the two drugs on the transporter were

non-competitive. Therefore, their interactions with the transporter were probed by the STDD NMR
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technique. The degree of drug interaction with the transporter is reflected in the amplitude of the
'H STDD NMR peaks and quantitatively by "H STDD NMR amplification factors.”

Figure 2.4 shows the STDD NMR spectra, STDD amplification factors and %ASTDD
amplification factors of ETT and STT in the presence of Pgp. The figure follows the labeling
scheme of the STT and ETT molecular structures in Figure 2.1. The 'H STDD NMR spectrum of
125 uM ETT in the presence of 1 uM Pgp is illustrated in Figure 2.4A. "H STDD NMR peaks with
significant saturation transfer are labeled. Protons emanating from the liposomes and exchange
broadening prevented us from reliably measuring the amplitudes of several alkyl and an amine 'H
NMR peaks of ETT labeled 1, 10-11 and 21-25 (see Figure 2.1B). From the STDD amplitudes in
Figure 2.4A, the STDD amplification factors are estimated in Figure 2.4B using Eq. 8. The average
STDD amplification factor for ETT to Pgp was 15. The strongest STDD amplification factor of 20
was observed for aromatic phenyl protons labeled 15,19, while the weakest STDD amplification
factor of 10 came from the methyl labeled 27 of the pyrrolidine functional group. To exemplify
differences in the STDD amplification factors, they were normalized against protons of the
pyrrolidine methyl in Figure 2.4C. The phenyl group (protons 15-19, black) of ETT had STDD
amplification factors that were 72% larger than the pyrrolidine methyl. The indole ring (protons
2-7, gray) of ETT had amplification factors that were 34% larger than the pyrrolidine methyl.
These results imply that the phenyl of ETT plays the largest role in molecular recognition of Pgp.

Figure 2.4D shows the 'H STDD NMR spectrum of 250 uM STT in the presence of 1 uM
Pgp. Several '"H STDD NMR peaks of STT were identified and labeled in the figure. Like ETT,
reliable '"H STDD NMR measurements were not possible for several alkyl protons (I and J) and
amine protons (A and G) due to overlap with proton NMR signals from the liposome and exchange

broadening of amines from STT (see Figure 2.1A). The STDD amplification factors from Figure
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2.4D were calculated using Eq. 8 and are shown in Figure 2.4E. The average STDD amplification
factor for STT was 6, which is less than half of ETT. This difference does not necessarily
correspond to weaker interaction of STT with the transporter than ETT, since fluorescence
spectroscopy with these drugs and Pgp in Figure 2.3 has already demonstrated that they have
similar Kps. Instead, lower STDD amplification factors by STT can result from lower saturation
transfer efficiency''" '** because of how STT is distinctly sequestered by the transporter. For STT,
the strongest STDD amplification factor of 9 was observed with proton E of the indole ring, while
the weakest STDD amplification factor of 3 was observed for the methyl protons labeled K.
Interestingly, the analogous methyl protons on ETT also had the weakest STDD amplification
factor. To contrast the differences in STDD amplification factors of STT, they were normalized
against the methyl protons labeled K in Figure 2.4F. The indole ring had 130% higher STDD
amplification factors (gray) than the methyl protons. The N-linked methyl near the sulfone labeled
H had STDD amplification factors (black) that were 75% of the methyl protons. These results
imply that the indole functional group of STT plays the largest role in molecular recognition of the

transporter.

2.4.4 Drug-induced conformational changes of Pgp in the presence of ETT and STT

Both X-ray crystal structures of analogous bacterial transporters with non-hydrolyzable
ATP analogs®” ® and studies with Pgp “® > '** have suggested that conformational changes are
involved in Pgp-mediated ATP hydrolysis. The Pgp conformations were probed by estimating the
relative exposure of solvent accessible tryptophan residues (e.g. residues 158, 799, 1104) through
acrylamide quenching as we did previously.* ** Figure 2.5 shows the Stern-Volmer plots in the

presence of drugs and the non-hydrolyzable ATP analog AMPPNP, where the slope is equivalent
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to the Kgy value. In all cases, the curves in the Stern-Volmer plots were linear with respect to
acrylamide concentration, which shows that acrylamide does not directly bind to Pgp or affect
Pgp’s conformation.'”

In the absence of drugs, the Stern-Volmer plot of Pgp in Figure 2.5A (closed squares) had
a Kgy value of 1.52 + 0.20 M™' with 34% of the total tryptophan fluorescence quenched at 1 M
acrylamide. This degree of quenching correlates well to the ratio of fully solvent accessible
tryptophans (3) versus the total number of tryptophan residues (11) deduced from the X-ray crystal
structure of Pgp.'"** As a positive control, NATA was used to assess the maximum tryptophan
quenching. NATA was quenched 93% at 1M acrylamide and had a Ky value of 13.4 + 0.30 M
(Figure 2.5A, dashed line).

The addition of the ATP analog AMPPNP (open circles) to Pgp reduced the Ky value to
0.84 + 0.20 M, resulting in a AKsy of 0.68 + 0.20 M. The change in tryptophan accessibility or
the AKgy value is consistent with nucleotide-induced conformational shift observed in previous
crystallography studies. % *7- %

The effect of STT on the solvent accessibility of tryptophan residues from Pgp is shown in
Figure 2.5B (closed squares). The STT-bound complex has a significantly higher Ky value of 4.13
+0.20 M and in the presence of AMPPNP (open circles), the Ksy value decreases to 2.69 + 0.20
M, resulting in a AKsy value of 1.44 + 0.20 M. This AKgy value is considerably larger than the
AKjgy value in the absence of drugs, implying that the STT-bound complex undergoes a relatively
large conformational change in the presence of the ATP analog. In the presence of ETT, the Ky
value increased modestly to 1.96 + 0.07 M™' (Figure 2.5C, closed squares). Furthermore, the Ky

value of the ETT-bound complex remains essentially unchanged by the addition of AMPPNP to

2.06 + 0.05 M (Figure 2.5C, open circles) with a AKgy value of -0.10 £ 0.09 M. These results
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imply that the nucleotide-induced Pgp conformational transitions are more modest in the presence

of ETT than STT.

2.5 DISCUSSION
A conformationally gated model of triptan transport is presented in Figure 2.6 to explain
the molecular mechanism driving ETT and STT transport by Pgp. The model is based on our

results, the conformational changes that Pgp undergoes in the presence of nucleotides and

94,126-128 e.g. 68,69,73,92

ligands and the observed differences in triptan transport. By analogy with the

bacterial transporters,” Pgp can assume a wide range of conformations. For simplicity, we define
three conformations of Pgp: “open”, “intermediate” and “closed”, as we did previously.**°* In the
“open” conformation, the NBDs are separated with the binding cavity exposed to the cytosol. The
NBDs are together in the “closed” conformation with the binding cavity exposed to the
extracellular space. The “intermediate” conformation is between the “open” and “closed” Pgp
conformations with equivalent exposure to the extracellular and cytosolic sides of the membrane.

Changes to tryptophan accessibility of Pgp by ETT, STT and the non-hydrolyzable analog
AMPPNP were deduced by acrylamide fluorescence quenching in Figure 2.5. The Ky and AKsy
values were used to correlate the exposure of solvent accessible tryptophan residues to Pgp
conformational changes. An increase in the Kgy value implies a shift to a more “open”
conformation, while a decrease in Ky value suggests a shift to a “closed” conformation. Moreover,
the AKsy value infers the degree of this conformational change. However, tryptophan accessibility
and the corresponding Ky values cannot be used to assign specific ligand-bound conformations,

since it does not correlate directly to a specific Pgp conformation. We know from X-ray

crystallography, cryo-em, cross-linking and mutagenesis studies with Pgp and the analogous
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bacterial transporters that the interaction of the NBDs is essential for ATP hydrolysis.> '**'%

Therefore, Pgp-mediated ATP hydrolysis rates, relative changes in tryptophan accessibility from

48, 94 . .
»”* were used to direct conformational

Figure 2.5 and previous Pgp conformational assignments
assignment of Pgp in the presence of nucleotides, ETT and STT. In general, when the ligand-
induced activation of Pgp-mediated ATP hydrolysis is relatively high, we assume that Pgp is
shifted toward the “closed” conformation. When there is ligand-induced inhibition or no inhibition
in Pgp-mediated ATP hydrolysis, we assume that Pgp is shifted toward or in an “open”
conformation.

We know from X-ray crystallography of Pgp in the absence of ligands that the NBDs are

relatively far apart in the “open” conformation. ¢ **

Therefore, Pgp is depicted in the “open”
conformation in the absence of ligands in Figure 2.6A. Figure 2.5A shows that tryptophan
accessibility decreases in the presence of AMPPNP (AKgy = 0.68 M) suggesting a shift to the
“closed” conformation. However, the baseline P-gp mediated ATP hydrolysis rate hovers around
600 nmol min™ mg'. Therefore, we propose that Pgp in the presence of ATP, but in the absence
of ligands, is in an “intermediate” conformation in Figure 2.6B as we hypothesized previously.”
Figure 2.5B shows that STT increases the Ksy value of Pgp by 2.61 M, while STT
decreases the Pgp-mediated ATP hydrolysis rate by ~10% in Figure 2.2. These results imply a
ligand-induced separation of the NBDs and a shift to a more “open” conformation. This is
consistent with X-ray crystallographic studies showing Pgp in an “open” conformation, when

complexed with inhibitors.*> '**

Therefore, we propose that the STT-bound Pgp structure is in an
“open” conformation and bound near the extracellular side of the transporter in Figure 2.6C like

inhibitors in the Pgp X-ray crystal structures.” '** In the presence of AMPPNP, the Ksy value of

the STT-bound Pgp decreases by 1.44 M, implying a large conformational shift toward the
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“closed” conformation. A conformational barrier to ATP hydrolysis and transport would explain
the 10% reduction in Pgp-mediated ATP hydrolysis in the presence of STT (Figure 2.2A) and the
significantly lower Pgp-mediated transport of STT versus ETT.” Since Pgp-mediated ATP
hydrolysis in the presence of STT is similar to basal activity, the STT-nucleotide-bound complex
is hypothesized to be in an “intermediate” conformation in Figure 2.6D. In vitro transport studies
with STT with Pgp have demonstrated that Pgp-mediated STT transport is cell type dependent.®®
69.73.92 Therefore, STT transport or lack thereof is represented as a dashed arrow in Figure 2.6.

ETT induces ~2-fold activation of Pgp-mediated ATP hydrolysis, which is similar to
digoxin-induced activation but is half of the verapamil-induced activation of Pgp.** Digoxin was
hypothesized to shift Pgp into an “intermediate” conformation, while verapamil shifted the
transporter to the “closed” conformation. Therefore, we propose that Pgp in the presence of ETT
is in an “intermediate” conformation in Figure 2.6E like the digoxin-bound complex.*® The Stern-
Volmer plot in Figure 2.5C shows that the Ky value for acrylamide quenching of Pgp in the
presence of ETT changes little with saturating AMPPNP, implying that the conformation is
changed little by the non-hydrolyzable ATP analog. Therefore, we propose that Pgp in the presence
of ETT and ATP is also in an “intermediate” conformation in Figure 2.6F. With the ETT-bound
Pgp being in the same conformation in the presence and absence of ATP, the conformational
barrier for ATP hydrolysis is minimized when compared to STT. This reduction in the
conformational barrier correlates well to the 5-20 fold higher efflux ratios observed for ETT than
STT.®® ® In addition, the interactions of STT and ETT on Pgp probed by Pgp-mediated ATP
hydrolysis (Figure 2.2B and 4.2C) were non-competitive suggesting that they occupy distinct sites
on the transporter. Since ETT induces significant activation of Pgp-mediated ATP hydrolysis, we

place ETT far from the hypothetical STT binding site near the NBDs in Figure 2.6E.
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Our results in this study imply that triptan transport is not merely driven by chemical
properties of STT and ETT. Triptans have distinct interactions with the transporter and induce
conformational changes that activate or hinder Pgp-mediated ATP hydrolysis.®® ® 7 °* These
studies are the first to provide direct insight into the molecular mechanism of triptan transport by
Pgp. Although this study is only focused on two neurotherapeutics, our simplified transport model

may apply to a range of neurotherapeutics.
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2.6 FIGURES

Figure 2.1. The molecular structure of (A) STT and (B) ETT with proton assignments labeled.
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Figure 2.2. The effect of ETT and STT on Pgp-mediated ATP hydrolysis. (A) Pgp-coupled ATPase
activity as a function of basal ATPase activity (dashed line), ETT (closed squares) and STT (open
circles) concentrations. (B) Pgp-coupled ATPase activity in the presence of 125 uM ETT and a
range of STT concentrations. For comparison, the level for basal ATPase activity is shown as a
dotted line in the panel. (C) Pgp-coupled ATPase activity in the presence of 500 uM STT and a
range of ETT concentrations. The dashed line in the panel represents the maximum Pgp-coupled
ATP hydrolysis of ETT. Error bars represent the standard deviation and the points represent the

average of at least three independent experiments.
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Figure 2.3. The affinity of ETT and STT to Pgp deduced by protein fluorescence spectroscopy. Pgp
fluorescence emission spectra in the presence of a range of (A) ETT and (C) STT concentrations. The
fluorescence emission spectrum at 0 uM and 400 pM triptan drugs are shown as thin and thick black lines,
respectively. Spectra at intermediate concentrations are shown in gray. The corrected fluorescence emission
amplitude at 330 nm was plotted as a function of (B) ETT and (D) STT concentration. The points and error

bars represent the average and standard deviations, respectively, of at least three independent experiments.
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Figure 2.4. ETT and STT interactions with Pgp investigated by the saturation transfer double
difference (STDD) NMR technique. The "H STDD NMR spectra with the peaks labeled of 250 uM
(A) ETT and (D) STT in the presence of 1 uM Pgp. STDD amplification factors calculated for (B)
ETT and (E) STT from the 'H STDD NMR spectra. For clarity, STDD amplification factors from
the indole protons are colored gray and protons from flanking functional groups are shown in white
and black. To emphasize differences in the STDD amplification factors, they were normalized

against the left most (weakest) STDD amplification factor as %ASTDD for (C) ETT and (F) STT.
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Figure 2.5. ETT and STT induced conformational changes of Pgp in the absence and presence of

an ATP analog AMPPNP inferred by fluorescence spectroscopy. (A) The Stern-Volmer plots of

NATA (dashed line), Pgp in the absence of drugs (closed squares) and in the presence of AMPPNP

(open circles). (B) The Stern-Volmer plot of Pgp in the presence of STT (closed squares) and STT

with AMPPNP (open circles). (C) The Stern-Volmer plot of Pgp in the presence of ETT (closed

squares) and ETT with AMPPNP (open circles). The points represent the average and the error

bars represent the standard deviation of at least three independent experiments.
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Figure 2.6. Conformationally gated model of triptan transport by Pgp. Pgp is depicted as a cartoon
image of the “open” and “intermediate” states in the (A,B) absence of drug, the presence of (C,D)
STT and (E,F) ETT. STT are shown as gray diamonds, ETT are gray circles and N is ATP. The
horizontal arrows represent equilibrium between the nucleotide-bound conformational states of
Pgp. The sizes of the vertical arrows represent the degree of transport. The dashed arrow reflects
the fact that STT has been observed to be both transported'® and not transported by Pgp' depending

on the cell type.
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2.7 SUPPLEMENTARY INFORMATION

1.2+
1.0+
0.8 -
0.6 -
0.4 -
0.2 -

0.0+
300 350 400 450 500

Normalized Fluorescence

Wavelength (nm)

Figure 2.S1: The maximum fluorescence emission overlap between ETT, STT and Pgp. The figure
shows the fluorescence emission spectra of 1 uM Pgp (solid, black line), 400 uM ETT (dashed,
black line) and 400 uM STT (dashed, gray line) after excitation at 295 nm, 280 nm and 295 nm,
respectively. The fluorescence emission spectra of ETT and STT in the figure are shown at the

highest drug concentrations used in the study.
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CHAPTER 3
HADDOCK-VINA: A HYBRID APPROACH FOR EXPERIMENTALLY-DRIVEN

RECEPTOR-SMALL MOLECULE DOCKING *

2 Wilt, L.A and A. G. Roberts. Submitted to PROTEINS: Structure, Function, and
Bioinformatics, 03/15/18.
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3.1 ABSTRACT

AutoDock Vina and High Ambiguity-Driven Biomolecular DOCKing (HADDOCK) protocols are
powerful tools for molecular docking. AutoDock Vina is very efficient for blind docking and
virtual drug screening of small molecules to receptors. Unfortunately, in many cases, there are
discrepancies between docked and experimentally determined bound conformations. The docked
conformations predicted by the data-driven HADDOCK software tend to be more refined because
they are driven by experimentally derived distance restraints; however, small molecules can
become trapped at sites far from their true binding sites. To take advantage of both docking
procedures, a hybrid molecular docking wrapper called HADDOCK-Vina was developed that
integrates a customized version of AutoDock Vina with HADDOCK. This wrapper also
incorporates the PROPKA software to accurately protonate the receptor and other programs to
simplify the process of docking. In addition, the wrapper uses a simplified experimental input to
generate complex distance restraints. Initially, rigid molecular docking is performed with
AutoDock Vina through the wrapper. Then the AutoDock Vina bound ligands are experimentally
filtered using the HADDOCK scoring algorithm within the HADDOCK-Vina wrapper. These
filtered ligand-receptor complexes are refined by molecular dynamics with and without explicit
waters using the HADDOCK protocols. The outputted structures are clustered and analyzed.
Ligands docked with HADDOCK-Vina in three cases reproduced the ligand positions in the
corresponding ligand-bound protein X-ray crystal structures. The outputted ligand-bound
structures from the wrapper were also considerably more accurate than docking the ligands with

HADDOCK and AutoDock Vina by themselves.
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3.2 INTRODUCTION
Determining how ligands interact with receptors can accelerate the design of novel
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drugs. With the modernization of high throughput screening and large compound libraries,
molecular docking has been exploited to rapidly screen pharmacophores and lead compounds for
a receptor.”*> 7 Selecting the appropriate molecular docking strategy that avoids common pitfalls
is critical for accurate modeling of drug-bound complexes.'*®

Molecular docking is a computational approach that is used to predict the interactions and
affinities of small molecules to receptors.'>> ** * Currently, there are over 60 molecular docking
programs that are available for academic or commercial research.'*' Molecular docking is typically
performed by searching for likely binding sites and then evaluating them using a scoring function,

which is often related to the binding free energy.'** '*>

The ligand-bound receptor structures can
be clustered by root mean square deviation (RMSD) and their molecular interactions are
analyzed.">> '

One of the most popular molecular docking programs is AutoDock Vina.'* AutoDock
Vina has a much higher speed and accuracy than its predecessor AutoDock 4.0 and has comparable
performance to other molecular docking packages such as Schrodinger GLIDE and DOCK.'# 1%
The software also excels at "blind" molecular docking compared to other molecular docking
packages.'*® Because the software is open source, several variants have been produced of the
original program. & '*”>'** A limitation of the software is that it can only make a limited number
of residues flexible and the molecular docking is not performed in solvent.'*’ Another

disadvantage is that distance restraints cannot be used to drive molecular docking simulations for

this software.
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There are molecular docking programs designed to use experimental data for docking such
as Schrodinger GLIDE'* and the High Ambiguity Driven biomolecular DOCKing (HADDOCK)
protocol."”*'>* These software programs incorporate experimental information through distance

149, 150

restraints. HADDOCK is advantageous over Schrodinger GLIDE because it can do protein-

protein docking simulations in addition to small molecule-receptor docking."”* ***"  The
HADDOCK protocol also utilizes explicit Boolean operators, such as AND, OR and NOT, in the

B Distance restraint

distance restraints within the Crystallography & NMR System (CNS).
Boolean operators allow the HADDOCK protocol and CNS to implement ambiguous distance
restraints, which are useful for integrating experimental data into molecular docking
simulations."”® A disadvantage of the current implementation of the HADDOCK protocol is that
most distance restraints must be inputted manually with the exception of site-directed mutagenesis
in the web-based interface."”® Therefore, inputting distance restraints can be tedious for complex
molecular interactions.

Recently, a user-friendly web-based interface was developed for the HADDOCK software
called the HADDOCK 2.2 webserver.””® This webserver has four types of interfaces to allow
researchers to dock proteins and small molecules: Easy, Prediction, Expert and Guru. The Guru
interface of the HADDOCK 2.2 webserver provides access to over 500 parameters that are
available within HADDOCK and CNS. An easy way to input a wide range of experimental data
into the HADDOCK 2.2 webserver would be ideal. Currently, the webserver only provides a
simplified input for residues that are involved in binding to the ligand and protein in the Easy and
Prediction interfaces. As far as we are aware, all other types of experimental data must be manually

inputted as distance restraints and requires minimum of Expert level access to the server. The

webserver also automatically protonates residues through the Reduce program from
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Molprobity."*” ' A limitation of the Reduce program is that the pH of the protonated system
cannot be changed."”’

The molecular docking with HADDOCK protocols proceeds in three successive stages.
First, the stochastic rigid-body docking stage starts with the ligands in random orientations
separated in space followed by steepest descent energy minimization (EM) combined with
translation. In the next stage, both semi-flexible and fully flexible simulated annealing (SA) is
performed for molecular docking in torsional angle space with the side chains and backbone both
flexible. A final flexible molecular dynamics (MD) refinement is performed in Cartesian space
with an 8-A shell of explicit TIP3P model waters'®' (MDyacer). The process of EM, SA and MDyqer
will be referred to as HADDOCK refinement in the rest of the manuscript. The final drug bound
receptor models are clustered and scored on a per-cluster basis using a HADDOCK score (Hcore),
which is related to the intermolecular binding energy. One of the main disadvantages of the initial
rigid docking stage is that the ligand starts in random positions around the receptor. Distance
restraints between the small molecule and receptor can help guide it to the binding site, but ligands
can become energetically "stuck" far from their actual drug binding sites or are unable to penetrate
a drug binding site that is in a narrow crevasse. To overcome this issue, a buried binding site
protocol for HADDOCK was developed.'”” However, at least for the ligands investigated in,"’
they had relatively high RMSD’s around 4 A with the corresponding ligand-bound X-ray crystal
structure.

To overcome these limitations, a hybrid molecular docking wrapper called HADDOCK-
Vina was developed. HADDOCK-Vina was designed with an experimental input tailored
specifically to small molecule-receptor interactions that allows users to enter experimental data in

a simplified format that outputs complex CNS-compatible distance restraint files. A sample
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showing all the different types of experimental inputs is provided as Figure 3.S4 of the
Supplementary Information. The correct protonation state of the receptor at a given pH is achieved
through integration with the PROPKA'%* ' software called within the HADDOCK-Vina wrapper.
A customized version of AutoDock Vina was incorporated into the HADDOCK-Vina wrapper and
used for the initial docking stage. In the manuscript, the effectiveness of ligand docking with the
HADDOCK-Vina wrapper is demonstrated against three ligand-bound X-ray crystal protein
structures and experimental data derived from the literature. The accuracy of our hybrid molecular
docking approach is compared to molecular docking with HADDOCK and AutoDock Vina by

themselves.

3.3 MATERIALS AND METHODS
3.3.1 Calculation of Root Mean Square Deviation (RMSD)

The RMSD between docked ligands were calculated using the definition and equation of
RMSD by AutoDock Vina.'* Essentially, the RMSD was measured between equivalent heavy
(i.e. non-proton) atoms as an approximate overlap between ligand-bound conformations. This
approach is advantageous because it can deal with chemically equivalent nuclei that have different
atom names specified in the structure file. Another advantage of this approach is that it allows one
to calculate the RMSD between molecules that are not necessarily identical. The algorithm also
ignores the proton positions to deal with free rotation of proton atoms in functional groups such as

methyls.
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3.3.2 Calculation of Q-factor
A Q-factor (Q), which is analogous to an R-factor in X-ray crystallography, has been used
to determine the relative agreement between calculated NMR NOE and relaxation rates to the

corresponding experimental values.””*!

The equation can be rearranged to allow determination of
the correspondence between distances from the docked structures (7.q4) to the inputted or

calculated distances (r.qc) that have #° distance dependence:

Z {rc:z?c (I) - rn:c?del (I)}Z
¢ Srey (1)

An advantage of using this equation is that it can be used to calculate Q-factor from multiple
experimental sources such as NMR NOE and relaxation rates, if there is an 7* distance dependence
with a given NMR measurement. However, Equation 1 does not consider the maximum and
minimum values of 7. as defined by 7, and 7,,4,. Since O-factor is analogous to R-factor in X-

ray crystallography,’”®!

this uncertainty in the distance or NOE would be equivalent to uncertainty
in X-ray crystallography, which is reflected in lower resolution electron density maps or high B-
factors.” As long as the model fits within the low resolution electron density map, the calculated

R-factor will be low.* Thus, a ryoqe that is within the 7, and 7. will have a Q-factor of 0, since

the 70401 1s Within the uncertainty of the distances. In this case, Equation 1 will be:
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In Equation 2, when the 7,4 1s greater than 7., the O-factor will be calculated using the
Fmax 10 place of the 7., in Equation 1. The Q-factor will be calculated using the 7,,, in place of

Peales When the 7,040 18 less than 7,,;, in Equation 2.

3.3.3 Brief overview of the HADDOCK-Vina wrapper.

All simulations and calculations in the enclosed study were performed on a customized 48-
CPU node Linux cluster with 2.2 GHz AMD Opteron 6174 processors and 64 Gbytes of RAM
running openSUSE Leap 42.2. The software was also tested on an §-CPU 2.8 GHz Intel Xeon
processor and 12 Gbytes of RAM running CentOS 6.9, on the 32-CPU node NMRbox account
running Ubuntu 16.04,'°* and on a 4 CPU VirtualBox virtual machine with 2 Gbytes of RAM with
100 Gbytes of hard drive space running Centos 7.4. The virtual machine configuration is our
recommended minimum requirement to run HADDOCK-Vina. Figure 3.1 illustrates a flowchart
of HADDOCK-Vina. This wrapper seamlessly integrates several software programs including the
HADDOCK protocol with CNS,"* "' AutoDock Vina,'* and PROPKA'®* ' using scripts
written in the Python programming language version 2.7. More than 20,000 lines of Python code

were required to make the software programs compatible with each other. Additional
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parameterization of the PARALLHDG force field'® was also required to allow for protonation
states of amino acid residues that are specified in the PROPKA program.'®” '%” In addition, an
experimental input written in the Python programming language was designed to convert
experimental data in a simplified format into complex distance restraints for CNS.

Briefly, a receptor file is acquired and processed in Figure 3.1A to remove unwanted
protein subunits, ligands, ions, etc, which are specified by the user (Figure 3.S1). The receptor file
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is then protonated using the PROPKA software in Figure 3.1B. In Figure 3.1C, a ligand with

appropriate parameters is acquired from the GlycoBioChem PRODRG2 Server.'®®

The ligand is
then docked to the receptor using a customized version of AutoDock Vina'* in Figure 3.1D. The
experimental data is entered into the experimental input and is used to generate a set of complex
distance restraints within HADDOCK-Vina (Figure 3.1E). This experimental input uses a
simplified language to greatly reduce the number of lines needed to produce a set of distance
restraints (Figure 3.S4 in the Supplementary Information). These distance restraints are used to
filter docked structures produced from AutoDock Vina (Figure 3.1F). By default, the docked
structures with the top three H... s that follow specific Hq... and energetic criteria are subjected
to MD in CNS (Figure 3.1G). By default, HADDOCK-Vina recommended docked conformations
from AutoDock Vina are energy minimized (EM) without randomizing their positions by
HADDOCK in CNS. Then the ligand receptor complexes are subjected to three stages of SA in
rigid and flexible stages. In the last stage, a MD simulation is performed in explicit waters
(MD,yater) on the docked structure. The final docked structures are clustered and analyzed by
HADDOCK-Vina in Figure 3.1H. A detailed description of the default HADDOCK protocol

: : 150, 158
parameters have been previously described. ™
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3.3.4 Installing and Using HADDOCK-Vina

To use HADDOCK-Vina, appropriate software licenses for HADDOCK 2.2"*° and CNS""
must be obtained. The compressed HADDOCK and CNS folders obtained from their respective
parties are transferred into the HADDOCK-Vina wrapper. Compiled versions of AutoDock
Vina,'* MSMS,'® PROPKA, "% '*” Reduce,'” and Volume Assessor' "’ are provided within the
wrapper. To prevent overloading, a variant of the job scheduling and dispatching software called

Xeduler (http://xed.ch/project/xeduler/) is also provided within the HADDOCK-Vina wrapper. An

installer is provided within the wrapper to automatically install all programs associated with
HADDOCK-Vina, compile HADDOCK and CNS, and start the Xeduler variant.

Once HADDOCK-Vina is installed on the system and the paths are appropriately set, the
user changes to the directory that they want to do the simulations in. The user executes the
HADDOCKVina command, which spawns two directories: Parameters and Scenarios. The
Parameters directory contains subdirectories that contain the parameters, Python scripts and
configuration files that are needed to run the wrapper. A list of these directories and a description
of their function are provided in Table 3.S1 of the Supplementary Information. The idea behind
the Scenarios directory is to have a group of Python Scripts such as Step0O1, Step02, etc... to
sequentially perform specific tasks and to simplify the process of performing the molecular
docking simulation. In the Scenarios directory, there are three subdirectories: Run_HaddockVina,
Run_Haddock Only and Run Vina Only. The Run_Haddock Only and Run_ Vina Only have
Python scripts for running HADDOCK and AutoDock Vina by themselves. The names and
descriptions of these Python scripts are provided in Tables 3.S2 and 3.S3 of the Supplementary
Information, respectively. Simulations in these directories are intended for comparison with

HADDOCK-Vina molecular docking simulations. In the Run HaddockVina directory are the
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Python scripts used to perform the hybrid molecular docking simulations. The names and

descriptions of these Python scripts are provided in Table 3.S4 of the Supplementary Information.

3.3.5 Processing of the receptor files

The HADDOCK-Vina wrapper (Figure 3.1A) automatically processes the receptor protein
file. This step is important to ensure correct parameterization for simulating in AutoDock Vina
and CNS with the HADDOCK protocols. HADDOCK-Vina can accept files directly from the PDB
database'”' or preprocessed PDB formatted files. The specified subunit, pH, metal and metal
charge are specified in a Receptor.txt file (Figure 3.S1 of the Supplementary Information ). All
protons, ions and non-standard amino acids that are not parameterized by HADDOCK-Vina are
removed from the receptor file. Currently, parameterization and detection of cysteine ligated
hemes that are found in cytochromes P450 are provided in the current version of HADDOCK-
Vina. In the future, there are plans to detect and parameterize a wide range of non-standard amino
acids, covalently-linked amino acid labels, prosthetic groups and metals.

After the processing stage, the standard amino acids of the unprotonated receptor file are
reprotonated at a specific pH (e.g. 7.4) using PROPKA 3.0 software'®> '* and a PARSE force field
called automatically within the HADDOCK-Vina wrapper (Figure 3.1B). PROPKA was chosen
over other pKa prediction programs because of its relatively high accuracy.'®* '®* The PROPKA
protonated amino acids and non-standard amino acids are combined into a single protonated
receptor file by HADDOCK-Vina. This combined receptor file is converted into separate files that
are compatible with the AutoDock Vina and the CNS programs. For use with AutoDock Vina, the
172

receptor is converted into an appropriate PDBQT format with AutoDock Tools (ADT) '~ within

the HADDOCK-Vina wrapper, but without affecting the PROPKA protonated state of the
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receptor. AutoDock Vina does not use partial charges for its atoms, but treats atom charges as bond

donors and acceptors, or essentially +1 or -1.'*

To approximate metal charge on the receptor file,
additional dummy metal atoms were added to the AutoDock Vina receptor file in HADDOCK-
Vina, as done previously.”® To be compatible with the HADDOCK protocols and CNS, amino
acids in different protonation states were given unique names. For example, a HIS protonated at
the ON was named HSD. Also, specific proton names defined by PROPKA differed from the
HADDOCK protocol. Therefore, they were changed throughout the receptor file with a Python

function within the HADDOCK-Vina wrapper.

3.3.6 Processing of the ligand file

A ligand can be made with a molecular editor such as Avogadro,'”* be obtained from
PubChem” or extracted from the PDB file using a Python utility script that we developed called
ExtractLigand. This ligand file is submitted to the GlycoBioChem PRODRG?2 Server in PDB,
MDL Molfile or SYBYL Mol2 formats with full charges and energy minimization.'®® (Figure
3.1C) The DRGCNS.PAR, DRGCNS.TOP and DRGFIN.PDB files produced from the server are
used with HADDOCK-Vina. A Python function within the HADDOCK-Vina wrapper removes
an extraneous CNS command section in the DRGCNS.PAR file that interferes with electrostatic
calculations by CNS. HADDOCK-Vina wrapper converts DRGFIN.PDB into a compatible format
and defines the rotatable bonds of the ligand for rigid receptor molecular docking with AutoDock
Vina by calling ADT."” The ligand PDB file extracted using the ExtractLigand Python script from
the X-ray crystal structure was renamed TEMPLATE.PDB and was used to calculate the RMSD
with the HADDOCK-Vina docked positions. These PDB files and the PRODRG parameter and

topology files are specified in the Ligand.txt file in the ligand directory (Figure S2).
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3.3.7 Rigid molecular docking of the ligand

In HADDOCK-Vina, flexible ligands are docked to a rigid protonated receptor using a
customized version of AutoDock Vina (Figure 3.1D). The purpose of this customized version of
AutoDock Vina is to populate the surfaces, grooves, and crevasses of the receptor with ligand
binding sites. In the customized AutoDock Vina version, the number of outputted structures is
equal to the number of binding modes. The default number of possible binding modes is 1000,
which will coat the surface of most receptors with ligands. To increase ligand coverage, users can
either increase the number of binding sites on the receptor or change the weights in the vina.conf
file.

The rest of the parameters in the customized version of AutoDock Vina are the same as the
original. In addition, the center and bounds of the search box can be set manually or automatically
in the Box.xt file (Figure S3) based on the center and the dimensions of the receptor plus 10% to
ensure complete coverage of the receptor. After docking, HADDOCK-Vina outputs a PyMOL
script called BindingAnalysis.pml that can be used to visualize the coverage of the AutoDock Vina
docked ligands to the receptor in PyMOL (Schrodinger, Cambridge, MA). The bound ligand
structures are reprotonated using Babel 2.3'” within the wrapper. HADDOCK-Vina wrapper also

changes the atom names of the reprotonated file to match the original PRODRG files.'®®

3.3.8 Building distance restraints from the experimental input

Within the HADDOCK-Vina wrapper, there is an experimental input that allows one to
enter a range of experimental data in a simplified language without the necessity of manually
inputting the distance restraints between the small molecule and the receptor (Figure S4). This

experimental input greatly simplifies the process of producing a distance restraint file for small
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molecule-receptor interactions. The wrapper converts the experimental input that corresponds to
experimental data such as site directed mutagenesis into CNS-compatible distance restraints. An
example of the experimental input is shown as Figure 3.S4 in the Supplementary Information. This
example has the 24 lines specifying experimental data that produces an CNS-compatible distance
restraints file with over 8,000 lines. To deal with distances within ambiguous distance restraints,

the distance restraint is a "7 %-summed" distance and is represented mathematically as:'>*
p y

1

d= () (3)
where r;; are the individual intermolecular distances. Because of this summing, d is weighted
toward the shortest distance. For example, if you have a thousand 5 A intermolecular distances
and one 2 A intermolecular distance encompassing an ambiguous distance restraint, d will be 1.52
A. This relationship should be kept in mind when setting the upper bound (7,,.) of an ambiguous
distance restraint. Previous studies set the 7,,,’s of the ambiguous distance restraint to 5 A or 2
A.P%17% 1n the HADDOCK-Vina wrapper, the default 7,,,,’s depend on the type of experimental
data defining the distance restraint.

The experimental input allows users to weigh different types of experimental data using
two types of weights. There are weights that reduce the 7., of the distance restraint. This type of
weight would be used when the distance is not explicitly given. For example, this is the case for
entering site-directed mutagenesis data in the experimental input where only residues and weights
are given. The other type of weight increases the number of distance restraints, which effectively
increases the effective force constant of that distance restraint. For example, two distance restraints
that have a force constant of 50 kcal mol™ A will have a combined effective force constant of

100 kcal mol”' A This weight is used when the distances are explicitly provided in the

experimental input, such as intramolecular NOE:s.
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There is a section labeled [MUT] in the experimental input that will take site-directed
mutagenesis data as residue numbers and weights (Fig S4). This is analogous to the residue input
of the Easy and Prediction interfaces of the HADDOCK 2.2 webserver.'”® Based on the fact that
coulombic interaction energy between charges falls off at ~12 A,'”" we considered this the
maximum distance that a mutation can directly affect ligand binding. The number of distances
associated with an ambiguous distance restraint between a residue and a ligand can range from the
100’s to the low thousands. Because of the 7’ summation in Equation 3, the .5 can easily be half
this distance. Therefore, the default 7,,, of the distance restraint was set to 6 A. Changing the
weight applied to the [MUT] experimental restraints affect the 7, of the distance restraint. For
example, a weight of 1 maintains the [MUT] default 7,,,. of 6 A and a weight of 2 changes that
Fmax Of the distance restraint to 3 A. This weighting is useful when one mutant has a larger effect
on ligand binding affinity, while another mutant has a more modest effect.

There are sections for chemical shift and saturation transfer difference (STD) NMR data
called [CS] and [STD], respectively. Only the ligand protons that exhibit saturation transfer or a
chemical shift need to be defined in these sections. Non-exchangeable protons on the receptor are
going to exhibit the most efficient saturation transfer'’® and the strongest effects on chemical shift,
so these surface protons are determined with MSMS'® program called within the HADDOCK-
Vina wrapper. Experimental data inputted within these sections generate ambiguous distance
restraint(s) between the ligand and all the non-exchangeable surface protons with the receptor.
Example of experimental inputs in the [CS] and [STD] sections are provided in Figure S4.

Determining the surface protons with MSMS'®

greatly reduces the number of distances associated
with an ambiguous distance restraint and greatly improves the speed, but can still result in several

thousand distances. Because of the weighting effect of the intermolecular distances on d by
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Equation 3, the default r,,,, for this category of restraints was set to 3 A. The 7, of these distance
restraints can be reduced by increasing the weight.

There is a section called [HSQC] (Figure S4) in the experimental input that specifies shifts
in receptor nuclei from heteronuclear single-quantum correlation (HSQC) or any other NMR
experiment where receptor nuclei shift in the presence of small molecules. Experimental data
within this section generates ambiguous distance restraint(s) between the shifted nuclei and the
atoms of the ligand with default 7,,,, of 6 A using the same rational for this distance as the [MUT]
section. Like the [MUT] section, this 7,4, can be reduced by dividing by the weight.

In drug development, functional groups of a drug or ligand that may be critical for
molecular recognition by the receptor can be identified through structure activity relationships
(SARs). “® ' This information can be inputted into the [SAR] section of the experimental input
(Figure S4). From the experimental input, HADDOCK-Vina builds ambiguous distance restraints
between specified atoms on the ligand and nuclei on the surface of the receptor determined using
the MSMS'® software that is called within the HADDOCK-Vina wrapper. Because a single
ambiguous distance restraint produced in this section can be comprised of thousands of distances,
the default 7,,,, of the distance restraint was set to 2 A. Increasing the weight will reduce the 7,4,
of the distance restraint, like the [MUT], [CS], [STD] and [HSQC] sections of the experimental
input.

The experimental input with HADDOCK-Vina also has sections for paramagnetic
relaxation enhancement (PRE) NMR ([PRENMR]), hydrogen (H)-bonding or intermolecular
NOEs ([HBOND)), intramolecular nuclear Overhauser effect (NOE) data ([NOE]) and exchange-
transferred NOE ([EXNOE]) (Figure S4). The [PRENMR] section has an offset to deal with

flexible paramagnetic labels if the restraint is put on the connected residue and not the label. This
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would be useful in cases when there is no parameterization of the label for the docking simulation.
The [HBONDY] section can be used in cases of intermolecular NOEs or for known hydrogen bonds.
Because distances specified in the [EXNOE] and [NOE] sections do not reflect specific
intermolecular interactions, these restraints are put into a separate CNS-compatible distance
restraint table called unambig.tbl. Because these restraints are in a separate file, these distance
restraints are not used to calculate intermolecular distance restraint violation energy or Eyg.

Within the distance restraint, there are three distance parameters are specified in these
Sections: Zmin, 7 and 7yqay. The 7y, and the 7,4, reflect the upper and lower bounds of the distance
restraint, respectively. These parameters are correlated to the 7y, ¥ and r,us of the distance
restraint file used by CNS program within the HADDOCK protocols.”! The ’s are equivalent
between the experimental input and distance restraint file of CNS. The 7ins term in the CNS
distance restraint file is the difference between r and 7., of the experimental input. The 7, term
in the CNS distance restraint file is the difference between 7, and r in the experimental input.
The weights are also treated differently in this section than the previous sections since the distances
are explicitly stated for these distance restraints. The weight reflects the copy number of the
distance restraints, which affects the effective force constant of that restraint. For example, a
weight of 2 will duplicate the distance restraint and a weight of 4 will make four copies of the
distance restraint. If the force constant of a single distance restraint is 10 kcal mol" A the
effective force constant with a weight of 2 and 4 will be 20 kcal mol™ A and 40 kcal mol™ A,
respectively.

Finally, there is also a section with the experimental input for producing ambiguous
distance restraints in the absence experimental data in a section labeled [SOI] for “sphere of

influence” (Figure S2). The idea behind this section is to keep ligands constrained within a
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specified distance of specific residues. It is analogous to the search box used in molecular docking

programs such as AutoDock Vina'*

. In this section one specifies the residue numbers, the 7, of
the distance restraint and a weight. The weights determine the number of copies of the distance

restraint.

3.3.9 Experimentally filtering AutoDock Vina docked conformations

The distance restraints produced by the experimental input are used as an experimental
filter for the docked conformations of the rigid docking stage by AutoDock Vina using the
HADDOCK protocol (Figure 3.1F). In other words, AutoDock Vina docked conformations are
selected based on their correspondence to the experimentally-derived distance restraints through a
HADDOCK Score (H. mre),lso but are not actually restrained or constrained at this stage. Typically,
the H;... reflects a combination of interaction weighted intermolecular energies such as Van der
Waals (E,a4y), electrostatic (E..c), and intermolecular distance restraint violation energy.150 The
Hi.ore calculation utilizes the PARALLHDG force field parameters and OPLSX for non-bonded
parameters, as previously described.”® ' 18- 181 By default, electrostatics are calculated with a
constant dielectric and an epsilon scaling constant of 10, optimized for soluble proteins.'® The
ambiguous interaction restraint violation energy (E,;) term from HADDOCK was intended for
ambiguous intermolecular distance restraints defined under the ambig.thl of the HADDOCK
protocols. In the HADDOCK-Vina wrapper, this energy term serves as intermolecular distance
restraint violation energy, which encompasses both intermolecular ambiguous and unambiguous
distance restraints. Therefore, to be more accurate with our usage, £, term will be referred to E ;s
in the manuscript. For the initial rigid AutoDock Vina stage, HADDOCK scoring is used to filter

docked conformations that correlate well to experimental data. Thus, by default, the energetic
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components, E\z, Ececr, and desolvation energies (Egeson), are set to 0 and the Hcore 1s equal to Eyjy

below:

Hmm(AutoDockVina) =0.0- E_ + 0.0- E, + 0.0- E, .+ 1.0- E_ @)

Using this Equation, docked conformations that correlate well to experimental data will have a
E4is = 0 and thus a H,core = 0 using Equation 4. After filtering, HADDOCK-Vina produces an MS
Excel file in comma-separated values (csv) format called Analysis.csv with the interaction energies
sorted by Hcore and the Eorar (Etora=Evpw+ Eeiect + Edeson). A PYMOL script called Haddock.pml is
produced to allow visualization of the Hy,.. ranking of the experimentally-filtered ligands. One
can also determine the RMSD between a template ligand defined in Ligand.txt (Figure S2) and the

AutoDock Vina docked ligand conformations.

3.3.10 HADDOCK Refinement

By default, the top three scored AutoDock Vina ligand-bound conformations using
Equation 4 are analyzed by the wrapper. The wrapper then recommends ligand-bound
conformations for further HADDOCK refinement (Figure 3.1F) using the following criteria. If any
bound structures in the top three had a Hy... = 0, they are selected over bound structures with an
H.ore > 0. For those structures with a H.,.=0, those that have an E,,,,<0 indicating favorable
binding are recommended over those with an Ey,,~0. Finally, if none of the structures has an
Hi..r=0, then structures with an E ;< 1.37 kcal mol'l, which reflects less than a ten-fold shift in
E4i at standard temperature and pressure, and the E,,<O are chosen. If the ligand-bound
conformations fit none of these criteria, then no recommendations are given by the wrapper for

HADDOCK refinement. In this case, one can adjust the experimentally-derived distance restraints,
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adjust the vina.confparameters or force the wrapper to use ligand bound structures for HADDOCK
refinement by altering the Run.txt file used by the wrapper.

The ligand-bound conformations recommended by HADDOCK-Vina or manually
specified by the user are subjected to HADDOCK refinement. The H;.... is weighted during the
EM, SA and MDyr stages of HADDOCK refinement. Appropriate weighting for the different
stages of HADDOCK refinement has not been resolved for a given docking pair. Our intention
was to not bias the molecular docking toward one of the energetic terms such as E,4,, so we
assumed that a ligand bound in the correct position on the receptor will have the same Ejyy;
regardless of the stage of HADDOCK refinement. Therefore, binding energetics (i.. Eyaw, Eelect
and E.s0n) Were calculated for 20 ligand X-ray crystal structures in Table 3.S5 for the different
stages of HADDOCK refinement. This was accomplished by running HADDOCK refinement for
a single step at OK to prevent the X-ray crystallographic ligands from being significantly perturbed
by the simulation. The weights were normalized, so that the E;y,; of the EM and SA4 stages of
HADDOCK refinement were the same as the MD,,4., stage. Our analysis in Table 3.S5 revealed
that there was considerable variation in the E\4y, Eeiecr and Egeson for ligand binding between the
ligand-bound structures. By normalizing the weights for energies of the MD,,., stage to 1.0, the
HADDOCK score weights were calculated for the EM and SA stages. In general, the E,4, and
Ejesory in the EM and SA stages were very similar to the MD,,4., stage. In contrast, the E.j..; was
an order of magnitude lower for the EM and SA stages (Table 3.S5). This is likely due to
differences in the epsilon scaling constant between the stages. By default, the weight of the E;
for all the stages was set to 10 to bias the molecular docking toward the experimental data. Based

on Table 3.S5, the following weights for H;.,.. were used for HADDOCK refinement:

H_ (EM)=103-E, +1247-E, +140-E,  +10.0-E, (5)
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H_ (SA)=099-E  +12.94-E, +1.04-E,  +10.0-E, 6)

score

H_ (MD _)=100-E +1.00-E  +100-E,  +10.0-E (7)

score

3.3.11 Analysis of the HADDOCK refined docked ligand conformations

In HADDOCK-Vina, the binding energy, RMSD’s, and clustering are determined for the
docked structures (Figure 3.1H). The binding energies, which include E,uw, Eeciecr, Edeson, buried
surface area (BSA), and H;..s are extracted from the HADDOCK directories and compiled into a
csv formatted MS Excel file called Analysis.csv. A PyMOL script called HADDOCK.pml is also
produced to allow visualization of ligand binding modes and H;,. ranking during different stages
of the simulation. An RMSD can be calculated for the ligand binding modes versus a template
ligand such as an X-ray crystallographic ligand, as specified in the Ligand.txt file (Figure S2).

183

Receptor-bound ligand molecules were clustered using an RMSD-based algorithm ™ that

143

is similar to the one implemented in AutoDock Vina.” The RMSD cutoff for clustering was set

to 2 A, which is typical for small molecule clustering. % '**

The bound ligand molecule with the
lowest H,core as defined by Equation 7 defines the initial cluster. An RMSD is measured between
this molecule and other bound ligand molecules from the HADDOCK-Vina simulation in order of
Hcore. The first bound molecule that is outside this RMSD cutoff defines the lowest H,cor. molecule
for the next round of clustering. This algorithm is continued until all the molecules are in a cluster.

The fractional overlap (fo1eriqp) between a template ligand and the clusters is determined by
calculating the van der Waals volume of the cluster (V,s.r), template ligand and their combined

volumes (¥.ompined) Using the Volume Assessor program'”’ called within the HADDOCK-Vina

wrapper and the following Equation:
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v . -V
fo =1- combined cluster (8)

verlap -
cluster

HADDOCK-Vina cluster analysis identifies the most populated cluster, the cluster that has
the greatest fractional overlap to the original ligand-bound X-ray crystal structure, the lowest Hcore
docked ligand conformation within each cluster, the energetics and RMSDs between the docked
ligand and the template ligand. This information is outputted to the tab-delimited Clusters.txt file
that can be imported into the MS Excel program. These values can then be averaged in MS Excel

as seen in Table 3.S6.

3.4 RESULTS AND DISCUSSION
3.4.1 Effectiveness of HADDOCK-Vina for small molecule docking

As a benchmark, molecular docking was performed on three ligand-bound X-ray crystal
structures: 1) Human Abl tyrosine kinase in complex with imatinib (PDB ID: 2HY'Y'®), 2) Human
Immunodeficiency Virus type 1 (HIV-1) protease in complex with the inhibitor KNI-272 (PDB
ID: 3FX5'%%) and 3) E. coli adenylate kinase (Adk) in complex with adenosine monophosphate
(AMP) (PDB ID: 1ANK'"). These X-ray crystal structures were chosen because experimental
data associated with these structures can be used to drive the molecular docking. ** '™ To
determine the effect of experimentally-derived distance restraints, molecular docking was
performed with distance restraints from a single experimental and combined experimental sources.

To minimize molecular docking bias for this benchmark, the ligands used for molecular
docking in this benchmark were obtained from PubChem”” rather than extracted directly from the
X-ray crystal structure using the ExtractLigand Python script. The loops and missing atoms were
189, 190

added back into the receptor by running the homology modelling program MODELLER.

Processing the receptor with MODELLER relaxes the side chains within the ligand binding site
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but does not significantly perturb the C, backbone. The side chain relaxation helps reduce the
molecular docking bias from using a ligand-bound protein X-ray crystal structures with the residue
side chains oriented to coordinate with the ligand. MODELLER processing does affect the overall
orientation and position of the protein receptor. Therefore, to compare with the ligand-bound X-
ray crystal structure, the MODELLER processed receptor was realigned with the original protein
X-ray crystal protein structure. To accurately compare molecular docking of the MODELLER
processed receptor with the ligand-bound X-ray crystal structure, C, from residues within 4 A of
the ligand were identified. Using a Python utility script that we developed called AlignBindingSite,
the corresponding C, atoms of the MODELLER processed receptor were then aligned with the
same atoms on the X-ray crystal structure. The RMSD after alignment was typically around 0.1
A

The quantitative results of molecular docking for the lowest H.or clusters are shown in
Table 3.1. The left most column shows the protein and ligand names. These columns are followed
by the experimental input that was used from a single experimental source or combined
experimental sources such as site-directed mutagenesis, HSQC NMR and intermolecular NOEs.
After this column is the lowest Hy. that defines the initial ligand cluster (a.k.a. lowest Hore
cluster). This column is followed by the average H,... of that cluster and the average binding
interaction energetics: Eyaw, Eelects Edesolvs Edist and Ejyq. That last column contains the averaged
RMSD values from the cluster. A complete table of all the cluster energetics is provided in Table
3.S6 in the Supplementary Information.

The molecular docking results are visualized in Figure 2. In the left most column (Figs.
2A, 2E and 2I) are the average RMSDs from the lowest Hy.,. cluster derived from a single or

combined experimental sources. The experimental input with the lowest RMSD is designated with
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a pound symbol. The next column (Figs. 2b, 2f and 2j) shows the distribution of ligands within the
lowest RMSD experimental input (i.e. #) and their fractional overlap with the ligand from the
protein X-ray crystal structure. The cluster with the lowest H.. is labeled with an asterisk. The
next column (Figs. 2c, 2g and 2k) shows the location of the cluster produced from the ligand with
the lowest Hj.o. with the ligand X-ray crystal structure shown in the background. The last column
(Figs. 2d, 2h and 21) shows the lowest RMSD ligand from the lowest Hc,. cluster overlaying the

ligand X-ray crystal structure.

3.4.2 Case #1: Human Abl tyrosine kinase domain in complex with imatinib.

Human Abl tyrosine kinase is involved in cell signaling, differentiation and cell
division."®> "' Mutated Abl tyrosine kinase was identified in chronic myelogenous leukemia
(CML), forming the fusion protein BCR-ABL. Thus, the small molecule imatinib is a potent
inhibitor of Abl tyrosine kinase activity. “¢ '** An X-ray crystal structure of Abl tyrosine kinase

has been solved with the anti-cancer drug inhibitor imatinib (PDB ID: 2HYY'*

). Mutations of
Abl tyrosine kinase and NMR experimental data were used as experimental restraints to dock
imatinib onto Abl tyrosine kinase. The experimental input used to dock imatinib to the Abl tyrosine
kinase domain is shown in Figure S5. Many cancer patients have been identified to have mutations
in Abl tyrosine kinase rendering them resistant to imatinib. These individuals develop a C>T
point mutation, resulting in a substitution of threonine at position 315 to isoleucine, serine or
glycine. In vitro, this gatekeeper mutation leads to a more than a 20-fold increase in the /Csj of

imatinib with mammalian baf3 cells.'5®

This residue was added to the site-directed mutagenesis
section (i.e. [MUT]) and given a weight of two in the experimental input due to the severity of this

mutation (Figure S5). Five additional variants, L248R/V, G250E/R, Y253H/C/F, E255K and
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E279K, were identified to increase the /Csy of imatinib in mammalian baf3 cells, but not as
significantly as T3151/S/G."*® Therefore, these residues were given a weight of 1 in the site-
directed mutagenesis section of the experimental input (Figure S5). Binding of imatinib to Abl
tyrosine kinase was found to induce relatively large shifts in the 'H-'""N amide resonances of A385
and N316 in the 'H-""N transverse relaxation-optimized spectroscopy (TROSY) NMR spectrum
compared to other residues on the receptor, suggesting protein-ligand interactions.'” This
information was put into the HSQC NMR section of the experimental input (Figure S5). For the
initial docking stage, the repulsion weight for AutoDock Vina docking was reduced to 0.3 to
increase the coverage of the kinase.

HADDOCK-Vina molecular docking of imatinib to Abl tyrosine kinase using only site-
directed mutagenesis-derived distance restraints is shown in the top row of Table 3.1. Only the
two top scored ligand-bound conformations out of 11 were recommended for HADDOCK
refinement. They had Heore’s of 0 and Eje’s-1.89 and -6.79 kcal mol™. From HADDOCK
refinement, two clusters were produced from the distance restraints produced from the site-directed
mutagenesis data. The lowest Hy.or cluster had an average Eq -151£18.1 kcal mol” and the
model distances were very favorable, with an Egy of 0.00021+0.003 kcal mol (Table 3.1).
However, this cluster was not overlapping with the imatinib molecule of the X-ray crystal structure
of Abl tyrosine kinase, with an average RMSD of 4.46+0.22 A (Table 3.1).

The HSQC NMR data was used as an experimental input to dock imatinib onto Abl tyrosine

. 195
kinase.

The top three AutoDock Vina ligand bound conformations were recommended by the
wrapper for HADDOCK refinement because they all had an H.pe=0 and E<0. After
HADDOCK refinement, 4 clusters were produced 4 (Table 3.S6). The average H;., for the lowest

Hcore cluster was higher compared to the docking using only site-directed mutagenesis data (Table
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3.1). The average Eyo for the lowest Hyeore cluster was -153+28.6 kcal mol™, which was similar
E a1 0f the lowest H.,r cluster using site-directed mutagenesis data. Additionally, the cluster fit
well within the experimental data, with an average E, of 0.04+£0.20 kcal mol' suggesting a good
correlation to the experimental data (Table 3.1). However, the cluster is still relatively far from the
X-ray crystal structure ligand with an average RMSD of 4.22+0.43 A (Table 3.1).

Lastly, the site-directed mutagenesis and HSQC NMR experimental data were combined
to dock imatinib to the Abl tyrosine kinase. Only the top ligand bound conformation was selected
by the wrapper for HADDOCK refinement because it was the only one with and Hor of 0 and
Eiorar < 0 (i.e. -39.6 kcal mol™). This one molecule produced 4 clusters (Table 3.S6). The lowest
Hicore cluster was the most populated, with 264 docked imatinib molecules (Table 3.1). The
average E for the cluster was -199+56.9 kcal mol™', which was more favorable than the docking
with either site-directed mutagenesis or HSQC NMR derived distance restraints (Table 3.1).
Combining the experimentally-derived distance restraints slightly increased the Eg; to 0.6141.35
kcal mol™, but still reflects a good correlation to the experimental data. The average RMSD for
this cluster was 2.62+0.54 A, which was a significant improvement from using distance restraints
derived from single experimental sources.

The effect of combining the experimentally-derived distance restraints is shown in Figure
2A. The decrease in the average RMSD using a combination of distance restraints shows that
restraints derived from individual experimental sources cooperatively direct the imatinib molecule
into the correct binding site of the Abl tyrosine kinase. The 4 clusters produced from the
combination simulation is shown in Figure 2B. The most populated cluster was the lowest Hcore
cluster or cluster #1. The fractional overlap of this cluster with the X-ray crystal structure imatinib

volume was 88%. This cluster encases the X-ray crystal structure of imatinib as shown in Figure
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2C. There was significant ambiguity in the position of the piperazine ring among imatinib
molecules in the cluster, implying dynamics for that functional group. The is consistent a
pharmacophore study of tyrosine kinase inhibitors that showed that this functional group is not

192 The imatinib molecule in the cluster with the lowest RMSD of 1.76 A

essential for potency.
with respect to the X-ray crystal structure ligand is shown in Figure 2D. The largest atomic

deviations between the ligands occurs with the pyridine and the piperazine functional groups at

the ends of the molecules.

3.4.3 Case #2: Human Immunodeficiency Virus type 1 (HIV-1) protease in complex with the
inhibitor KNI-272.

HIV-1 protease is a homodimer aspartyl protease that is essential to the life-cycle of
HIV." This protein is a major drug target due to its essential role in HIV pathogenesis."”’” To aid
in HIV drug development, X-ray crystallography and NMR spectroscopy was used to investigate

186, 196, 198, 199

the interactions of inhibitors with the protease. In one X-ray crystallographic study,

HIV-1 protease was solved with the potent protease inhibitor KNI-272 (PDB ID: 3FX5'*%), which

has also been investigated by NMR.""”

KNI-272 was docked to the HIV-1 protease X-ray crystal
structure using the NMR data as experimental restraints, as described below. The experimental
input used to dock KNI-272 onto HIV-1 protease is shown in Figure 3.S6 of the Supplementary
Information.

KNI-272 was found to cause significant shifts in the 'H-""N HSQC NMR peaks
corresponding to D25, D125, V82 and V182 of the HIV-1 protease,”” which were used as

experimental restraints in the HSQC NMR section of the experimental input (Figure S6). The KNI-

272 molecule was also found to induce significant chemical shifts in C NMR peaks
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corresponding to several aspartic residues of the protease: D29, D30, D60 D129, D130 and
D160."” Of these residues, D30 and D130 residues showed the largest "°C shifts with the protease
inhibitor. As a result, the weight for these residues was doubled in the experimental input (Figure
S6), which decreases the 7, to 3 A. A number of intermolecular NOEs were observed between
protons of KNI-272 and amide protons of aspartic residues, D29, D30, D129 and D130."”” These
were inputted into the [HBOND] section of the experimental input (Figure S6). For the initial
rigid docking of KNI-272 onto HIV-1 Protease, the coverage of ligand to the receptor by AutoDock
Vina was improved by decreasing the repulsion weight to 0.3 and by increasing electrostatic
weight (a.k.a. hydrogen weight) to 0.2 to increase ligand penetration and promote electrostatic
interactions between the ligand and the receptor, respectively.

The influence of the experimentally-derived distance restraints from HSQC NMR data and
intermolecular NOEs were examined. The first row of the HIV-1 protease section in Table 3.1
shows the results of docking KNI-272 with the protease using distance restraints derived from
HSQC NMR data. To improve coverage of the receptor by KNI-272 molecules, the binding site
number parameter was increased to 2,000. HADDOCK-Vina wrapper recommended the top two
ligand bound conformations for HADDOCK refinement (Hico=0 and E;,;,<0). The lowest Hycore
cluster produced from HADDOCK refinement had an average Eyo of -122.0+18.3 kcal mol™ and
Eais of 0.56+0.57 keal mol™, which indicates a good correlation to experimental data (Table 3.1).
However, the positions of molecules within the cluster and the X-ray crystal structure ligand were
good to fair with an average RMSD of 2.70+0.19 A.

Results from using intermolecular NOE’s derived distance restraints for molecular docking
are shown in the second row of the HIV-1 protease section of Table 3.1. Because the unambiguous

distance restraints from this docking simulation were between specific atoms of the receptor and
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the ligand, they were expected to lead to a more accurate model of the KNI-272-HIV-1 protease
complex. Only the top AutoDock Vina ligand bound conformation was recommended for
HADDOCK refinement by the wrapper with an H.,.=0 and an E,,,;<0. From these simulations,
two clusters were produced from docking with the intermolecular NOEs. The average E s of the
lowest Hycore cluster was 0.01£0.03 kcal mol™ and had an average Q-Factor of 0.044+0.035, which
indicates excellent agreement of the molecules within the cluster and the experimental data.
However, the average E;. of this cluster was slightly higher at -106+20.8 kcal mol” compared
with the average E, using only HSQC NMR data (Table 3.1). However, the average RMSD
between molecules in the cluster and the X-ray crystal structure KNI-272 improved compared to
the HSQC NMR only simulation, with a value of 2.36+0.17 A.

In the last row of the HIV-1 protease section, the experimental sources were combined.
From the AutoDock Vina initial docking, only the top ligand bound molecule was recommended
by HADDOCK-Vina. The H.or using Equation 4 was positive for this molecule; however, the
E;i<1.37 kcal mol™! and the E,p was -3.31 kcal mol'. HADDOCK refinement using a hundred
copies of this molecule produced two clusters. The average Q-Factor of the lowest Hy,. cluster
between the calculated and model distances was essentially zero (i.e. 0.000440.0005), showing
that the model fit well within the defined distance restraints of the intermolecular NOEs (Table 3.1
1). The average Ejo of the lowest Hyor cluster was -121+18.4 kcal mol™ (Table 3.1). The average
Eai Was positive at 1.94+1.21 kcal mol™, suggesting some opposition between the HSQC- and
intermolecular NOE-derived distance restraints. The average RMSD was even better for this
cluster at 2.03+0.09 A, when compared to clusters formed using distance restraints from individual

experiments.
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Figure 2E shows the average RMSD's between molecules within the lowest H.o cluster
and the X-ray crystal structure KNI-272 using distance restraints from single and combined
experimental sources. Molecular docking simulations combining the HSQC NMR data with the
intermolecular NOE derived distance restraints inputted in the [HBOND] section of the
experimental input had the lowest average RMSD to the X-ray crystal structure KNI-272. The
clustering of the molecular docking simulation combining the experimental data is shown in Figure
2F. The foveriap Of the cluster with the X-ray crystal structure KNI-272 was almost complete at 85%
(Figure 2G and Table 3.S6). The RMSD KNI-272 molecule with the lowest RMSD of 1.82 A
within the cluster is shown in Figure 2H with the X-ray crystal structure KNI-272 and the surface
of the protease is shown in the background. This relatively low RMSD shows that this docked
ligand occupies the same space as the X-ray crystallographic ligand. However, there were some
deviations of the functional groups and the backbone between the docked ligand and the X-ray

crystallographic ligand.

3.4.4 Case #3: E. coli adenylate kinase (Adk) in complex with adenosine monophosphate
(AMP).

Adenylate kinase (Adk) is an integral enzyme in cellular homeostasis by regulating the
concentration of intracellular ATP, ADP and AMP.** The relatively small size of Adk and its
expression in a variety of species has made it an ideal model for protein structure, function and
dynamics.*”' An X-ray crystal structure of Adk from E. Coli was solved in the presence of two
substrates: adenosine monophosphate (AMP) and a non-hydrolyzable ATP analog (PDB ID:
1ANK'®"). The HADDOCK-Vina approach was employed to dock AMP onto E. coli Adk using

site-directed mutagenesis data from porcine Adk*” and 'H-"N HSQC chemical shift
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perturbations.””’ The experimental input combining all the experimental data used to dock AMP
onto E. Coli Adk is shown in Figure 3.S7 in the Supplementary Information.

The steady state kinetics of mutants and wildtype porcine Adk was examined in the
presence of AMP.**? Of the mutants evaluated, the R44M, R97M and R149M mutants resulted in

202 .
so these residues were used as

a ~30-fold or greater increase in the apparent K,, of AMP,
restraints in the experimental input (Figure S7). Using a protein amino acid sequence alignment,
the porcine residues correspond to R36, R88 and R167 on E. coli Adk. These residues were defined
in the site-directed mutagenesis section of the experimental input and given a weight of 2 because
of their large effect on the K,, of AMP (Figure S7). The weight of 2 effectively reduces the 7, of
these site-directed mutagenesis related distance restraints to 3 A. AMP also caused significant
shifts in the 'H-""N HSQC NMR peaks of several residues of E. coli Adk.**' The largest 'H-">N
chemical shifts were observed in D61, L63 and A66 of E. coli Adk.*”' These three residues were
entered into the HSQC NMR section of the experimental input (Figure S7). To improve ligand
coverage during the initial rigid docking by AutoDock Vina, the repulsion weight was decreased
to 0.3.

Results from using the site-directed mutagenesis data are shown in the first row of the Adk
section of Table 3.1. Because the top three AutoDock Vina ligand conformations had a Hypre = 0
(Equation 1) and an E<0, these AMP molecules were recommended by the wrapper for
HADDOCK refinement. The molecular docking simulation produced 20 AMP clusters (Table 3.1
and Table 3.S6). The lowest Hy..r (Equation 7) AMP cluster had an average E,y; of -324+39.0
kcal mol” and was populated with 63 molecules. This cluster also correlated well with

experimental data, since E ; was equal to 0. However, the cluster did not overlap well with the X-

ray crystal structure AMP, with an average RMSD of 5.83+0.42 A.
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The next row in the Adk section of Table 3.1 1 shows the molecular docking simulation
using HSQC NMR-derived distance restraints. None of the ligand bound conformations were
recommended from the initial rigid AutoDock Vina docking by the wrapper because the Hy.,.>0
and E>1.37 kcal mol”. Changing AutoDock Vina parameters in the vina.conf file did not
improve ligand coverage of Adk. However, the Ejy for the top Hycore ligand (Equation 4) was
favorable with a value of -17.2 kcal mol”. Therefore, this ligand was manually selected for
HADDOCK refinement within the Run.zxt file that is used by the wrapper. HADDOCK refinement
produced a single cluster with a hundred molecules. The lowest H;.,,. cluster had an average Eyu
of -266+45.7 kcal mol’' and an average Egy of 0.33+0.37 kcal mol’' indicating good
correspondence to the experimental data. The average RMSD with respect to the X-ray crystal
structure ligand was 1.53+0.17 A.

A molecular docking simulation of AMP was performed with the distance restraints
derived from both site-directed mutagenesis and the HSQC NMR data. The top two scored
(Equation 4) ligand bound AutoDock Vina conformations were recommended for HADDOCK
refinement (Hcore=0, E101ar<0). The lowest Hy., cluster had an average Ep, of -279+42.7 keal
mol™, indicating more favorable binding compared to the molecular docking simulation only using
distance restraints derived from HSQC NMR data. The correlation to experimental data was
similar to the molecular docking simulation using HSQC NMR data, with an average low E i of
0.31:£0.38 kcal mol" and a correspondingly low average RMSD of 1.55+0.15.

Figure 2I shows the average RMSD from molecular docking as a function of the
experimental restraint. The molecular simulation using HSQC NMR data produced a similar
average RMSD as the simulation using all the experimental data. The molecular docking

simulation combining experimental data produced a more favorable E,, than the molecular
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docking simulation using HSQC NMR data (Table 3.1). The f,yerqp Was also higher at 93% versus
89% using only the HSQC NMR data (Table 3.S6).

Docking AMP with the combined distance restraints produced two clusters that are shown
in Figure 2J. The lowest H;core AMP cluster (Hyeore=-358 A.U. (Equation 7)) contained 99 AMP
molecules while the second cluster produced from a H,co 0f -251 had only one AMP molecule.
The lowest Hscore cluster in Figure 2J is shown in panel K with the AMP-bound X-ray crystal
structure of Adk. The cluster completely encloses the AMP molecule in the X-ray crystal structure,
with a foyeriap 0f 93%. From this cluster, the lowest RMSD AMP molecule is shown with the X-ray
crystal structure AMP and a surface of Adk shown in the background. This molecule has an RMSD
of 1.26 A with the X-ray crystal structure AMP and shows small deviations in the sugar and

nucleotide functional group.

3.4.5 Characteristics of HADDOCK-Vina molecular docking simulations that accurately
reproduce X-ray crystal structures

In the previous section, molecular docking with HADDOCK-Vina was used to accurately
reproduce ligand-bound X-ray crystal protein structures in three cases. The molecular docking was
performed with distance restraints derived from a single experimental source or a combination of
experimental sources. The most accurate models did not necessarily have the lowest in magnitude
Etoiar as shown by the very low average E,..; from several clusters for docking AMP to the Adk
enzyme using only site-directed mutagenesis derived distance restraints. Although Hc,. is a useful
tool to rank bound conformations within a molecular docking simulation, the H.. value for
ligands between different simulations did not necessarily correspond to the most accurate ligand-

bound receptor models. However, in the three molecular docking cases that we presented, the most
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accurate models produced by HADDOCK-Vina were the lowest Hycoreq Cluster (i.e. cluster #1).
When there were multiple clusters present, the lowest Hy.r cluster had a significantly higher
population than the rest of the clusters as we saw in all three cases. In contrast, when the ligand
populations were distributed among several clusters, the average RMSD of those clusters were
high, as we saw with the docking of AMP to the E. coli Adk with only site-directed mutagenesis
derived distance restraints in Case #3. Finally, the ligand-bound receptor models that correlated
best to the ligand-bound X-ray crystal structures had low E;, as seen in all three cases. This does
not mean that the E 4, must equal 0, since experimentally-derived distance restraints from different

experimental sources can sometimes oppose each other leading to an E;, that is slightly positive.

3.4.6 The accuracy of our hybrid molecular docking with HADDOCK-Vina versus
HADDOCK or AutoDock Vina.

The effectiveness of the HADDOCK-Vina approach was determined by comparing
molecular docking with HADDOCK-Vina with HADDOCK and AutoDock Vina alone. Python
scripts are provided with the HADDOCK-Vina wrapper to run HADDOCK and AutoDock Vina
independently, within the Run_Haddock Only (Table 3.S2) and Run_Vina Only (Table 3.S3)
directories of the wrapper, to allow users to make similar comparisons. All the HADDOCK-Vina
parameters used in this comparison were default, recommended by the wrapper based on the Hycre,
Eie and E,p criteria or used to increase ligand coverage of the receptor by AutoDock Vina. In
kind, the parameters used to dock with HADDOCK protocols and AutoDock Vina program
independently were mostly their default parameters. For molecular docking with HADDACK
protocols alone, this includes the 1000 ligands energy minimized from random starting orientations

in space followed by HADDOCK refinement of the 200 best scored ligand-bound structures. The
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only non-default parameters used for docking with HADDOCK were the Hi.ore, Which was
calculated using Equations 5, 6, and 7 for the EM, SA and MDy..r stages, respectively, allowing
direct comparison with the HADDOCK-Vina wrapper. For the docking simulation with AutoDock
Vina, a search box that encompasses the entire protein receptor was used, like the one in the
HADDOCK-Vina docking simulations. To compare with molecular docking of HADDOCK-Vina,
Equation 7 instead of Equation 4 was used to calculate the H;.... for the ligands docked with
AutoDock Vina. Also, in this comparison, the receptors were not protonated using PROPKA,'*>
'3 but were protonated by Reduce'*’, which is used in the HADDOCK 2.2 webserver, and ADT' "
for the AutoDock Vina simulation. Lastly, the experimental inputs that were used to produce the
lowest RMSD clusters in Figure 2 were used for the HADDOCK and AutoDock Vina simulations.

To compare HADDOCK-Vina to HADDOCK and AutoDock Vina, the lowest Hore
cluster in the HADDOCK molecular docking simulation and the ligand-bound conformation with
the lowest AutoDock score in AutoDock Vina simulations were evaluated. Table 3.2 shows the
results of the molecular docking for the various software programs. The left three columns show
the PDB ID, the protein and the ligand. The middle column shows the approach used for docking:
HADDOCK-Vina, HADDOCK and AutoDock Vina. The next two columns are the lowest Hycore
and lowest E;,. The fractional overlap between the cluster with the lowest H.or ligand and the
ligand from the X-ray crystal structure are shown in the next column for the HADDOCK-Vina and
HADDOCK simulations. The final column shows the lowest RMSD between the best scored
ligand and the X-ray crystal structure ligand from these molecular docking approaches.

The lowest Hicore clusters using the HADDOCK-Vina wrapper from Figure 2C, 2G and 2K
are shown in the first column of Figure 3. The top row of Figure 3 shows the docking of imatinib

to the X-ray crystal structure of Abl tyrosine kinase I (PDB ID: 2HYY)'®> by HADDOCK-Vina,
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HADDOCK and AutoDock Vina. The cluster shown in Figure 3A of the HADDOCK-Vina
simulation shows essentially complete overlap with the imatinib molecule from the X-ray crystal
structure. This is compared to the cluster with the lowest Hycore ligand from the HADDOCK
docking simulation, which does not overlap with the X-ray crystal structure ligand (Figure 3B).
The best RMSD for ligands in this cluster was 13.7 A compared with 1.76 A for the best RMSD
in the cluster from the HADDOCK-Vina molecular docking simulation. The lowest scored
molecule had poor correlation to experimental data with a H.,.. of 281, but the E,,,,; for this ligand
was favorable with a value -237 kcal mol™'. The RMSD of the best AutoDock scored ligand in
Figure 3C was also large with a value of 5.32 A. The H,.o. of the ligand (Equation 7) was smaller
in magnitude compared to the HADDOCK simulation. Additionally, the E;,; for the AutoDock
Vina simulation was the largest, with 132 kcal mol™.

The docking of KNI-272 to the X-ray crystal structure of HIV-1 protease (PDB ID:
3FX5)'™ by the three software programs is shown in the middle row of Figure 3. The Hycor and
E\orar for KNI-272 molecules docked with HADDOCK were larger in magnitude than the Ej
from HADDOCK-Vina, 1,682 and 87.3 kcal mol™, respectively (Table 3.2). This is largely due to
the orientation of the HADDOCK cluster, which only shares 46% foyeriqp With the X-ray crystal
structure (Figure 3E). The lowest RMSD for ligands docked with HADDOCK were ~2-fold larger
than the lowest RMSD ligand docked by HADDOCK-Vina. Docking with AutoDock Vina alone
produced an even less accurate model of the ligand-bound receptor than the other two approaches.
The lowest Hyeore and lowest E;,;,; were unfavorable, with values of 4,451 A.U. and 4,507 kcal mol
! respectively. However, the AutoDock Vina score for this molecule was favorable, with a score
of -8.0 kcal mol™. This surprisingly large disparity in energy values produced from the

HADDOCK protocol and AutoDock Vina reflect differences in the scoring function used in
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AutoDock Vina'* and the method to estimate of E,y; in HADDOCK."" Despite these relatively
poor results, the AutoDock Vina docked KNI-272 molecule was still only 2.94 A from the X-ray
crystal structure KNI-272.

In the bottom row of Figure 3, AMP was docked into the X-ray crystal structure of
adenylate kinase (PDB ID: IANK)187 by these programs. The fractional overlap of the lowest Hycore
cluster with the X-ray crystal structure ligand was more than three times larger for HADDOCK-
Vina than HADDOCK. This lack of overlap with the X-ray crystal structure ligand corresponds to
the high RMSD for the best ligand in this cluster, 4.67 A. Additionally, the Hycore and E of the
lowest H,corea molecule was ~100-fold higher in magnitude compared to the HADDOCK-Vina
simulation. The best AutoDock Vina scored ligand had the largest RMSD compared to both
HADDOCK-Vina and HADDOCK, with a value of 5.63 A. The H.o and Ej,,; for AMP docking
to E. coli Adk was considerably larger in magnitude, at 489 A.U. and 471 kcal mol™, respectively,
suggesting a poor correlation to the experimental data and docking of AMP to Adk.

Overall, the HADDOCK-Vina wrapper produced considerably more accurate ligand-
bound receptor models than HADDOCK or AutoDock Vina by themselves. Fractional overlap
between clusters produced by HADDOCK-Vina and the X-ray crystal structure were several times
higher than the corresponding cluster in the HADDOCK simulation. In addition, HADDOCK-
Vina had the lowest H.ore s and Eyq’s With the same experimentally-derived distance restraints.
There were also large differences in the Hy.pre's and Ejy’s for the HADDOCK and AutoDock
Vina molecular docking simulations, when compared to the differences in the HADDOCK-Vina
molecular docking simulations. HADDOCK protocols have shown great utility in protein-protein
docking using experimentally-derived distance restraints'*® and AutoDock Vina has proved itself

with blind flexible docking to rigid receptors.'*® However, the HADDOCK-Vina wrapper’s
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strength over these previous approaches is its ability to dock small flexible molecules to flexible
receptors using experimentally-derived distance restraints. Under these specific conditions, the
ligand-bound models produced by HADDOCK-Vina were more accurate than ligand-bound

models produced from the HADDOCK protocols or AutoDock Vina under similar conditions.

3.5 CONCLUSION

The HADDOCK-Vina wrapper uses a hybrid molecular docking approach for small
molecule receptor docking driven by experimentally-derived distance restraints. Essentially,
HADDOCK-Vina wrapper fused the rigid molecular docking capabilities of AutoDock Vina with
the MD simulation capabilities of CNS through the HADDOCK protocol. This integration
provides better control of the initial rigid molecular docking phase when compared with using the
HADDOCK protocol by itself. This control allows ligands to penetrate narrow crevasses of the
receptor and helps prevent small molecules from becoming energetically "stuck" far from their
true binding sites. The HADDOCK-Vina wrapper also integrates features that are not typically
found in molecular docking software packages. For example, the protonation state of receptor

162, 163 that is

residues is automatically achieved through the PROPKA pKa prediction software
called within the HADDOCK-Vina wrapper. There is also an experimental input that converts
experimental data such as site-directed mutagenesis and intermolecular NOEs data into CNS-
compatible distance restraints between small molecules and receptors. Molecular docking with
three test ligands with experimentally-derived distances from a single source or combined sources
versus their corresponding ligand-bound X-ray crystal structures provided insight into an

appropriate strategy for producing accurate ligand-bound receptor models. The most accurate

models came from simulations with the least number of generated clusters and the most populated
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cluster had the molecule with the lowest Hi.. determined from Equation 7. We show the
advantage of using the HADDOCK-Vina hybrid molecular docking approach versus doing small
molecule docking with HADDOCK or AutoDock Vina. Overall, the HADDOCK-Vina wrapper
provides a powerful and relatively easy method to use NMR and non-NMR data to produce
experimentally correlated ligand-bound receptor models. The HADDOCK-Vina wrapper is

provided free of charge to academic institutions by request to the corresponding author.
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3.6 TABLES

Table 3.1 Cluster analysis of the lowest Hy,r. cluster with HADDOCK-Vina

Average

Average Q-

Restraint Lowest o Average Average Average Average Factor + Average Average
PDB ID Protein Ligand %S am S Evpu 8D, Egq+SD,  Egu=SD.  Eg+SD, o Dac(ZrU ) FuowSD.  RMSD +
ype (AU (A U )'d,* (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) Trex (keal/mol)® S.D. (A%
2.1E-4 +
MUT -194 -151+18.1  -613+445 -83.8+16.7 -6.28+5.04 0.003~ - -151+18.1  4.46+0.22
Abelson
2HYY tyrosine Imatinib HSQC -245 -153+286 -43.6+3.55 -105+£27.8 -417+581  0.04+0.20 - -153+286  422+043
kinase 1
Comb -359 -194+595 -574+689 -139+59.2 -3.83+5.60 0.61+1.35 - -199+56.9  2.62+0.54
HSQC -168 -116+183  -783+394 -445+17.1 083+349  0.56+0.57 - -122+183  2.70+0.19
3FXS PI:I;t\éz;ée KNI-272  HBOND -153 -106 +20.7 -612+4.15 -46.0+190 1.59+384  0.01+£0.03 0.04+0.04 -106+20.8 2.36+0.17
4.0E-4 +
Comb -167 -101+23.6  -69.7+330 -525+165 1.36+4.07 1.94+1.21 S OF-4 -121+184  2.03+0.09
MUT -409 -324+39.0 -22.7+524  -307£41.5 562+459  0.00+£0.00 - -324+39.0 5.83+042
Adenylate
1ANK Kinase AMP HSQC -372 -263+458  -34.1+3.63  -234+44.6 1.14+540  0.33+0.37 - -266+45.7  1.55+0.15
Comb -358 276 +443 -329+345  -247+434  087+542  031+0.38 - -279+427  1.53+0.17

"Average + standard deviation (S.D.) for each docked structure within the cluster. Clusters with a S.D. of 0 had only one docked structure populating the

cluster

*Section of the experimental interface used
"The fractional overlap for each cluster using equation 8

“The lowest HADDOCK score (H,,.) of the given cluster calculated with equation 7
“The average Hy.,.; within each cluster
“The Q-Factor was calculated for each structure with intermolecular NOE experimental restraints. These values were then averaged for each cluster.
The total intermolecular energy (Eom = EvawtEeiect Edesont Eqis)) Was calculated for each structure and averaged for each cluster
¥The RMSD was calculated for each structure. These RMSD values were then averaged for each cluste
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Table 3.2 Comparing the lowest Hy.,eq structure produced by HADDOCK-Vina to HADDOCK

and Autodock-Vina.

Lowest Lowest
Fractional
PDB ID Protein Ligand Software H,,. E, .. RMSD*
Overlap*
(AU)"  (kcal/mol)°
Abelson tyrosine HADDOCK-
2HYY imatinib -359 -359 0.88 1.76
kinase 1 Vina
HADDOCK 281 -237 0.00 13.7
Vina 148 132 -- 5.32
HADDOCK-
3FX5 HIV-1 Protease =~ KNI-272 -167 -169 0.85 1.82
Vina
HADDOCK 1,682 87.3 0.46 3.29
Vina 4,451 4,507 -- 2.94
Adenylate HADDOCK-
1ANK AMP -358 -370 0.93 1.26
Kinase Vina
HADDOCK -39.7 -90.0 0.27 4.67
Vina 489 471 -- 5.63

*The structure with the lowest HADDOCK score (Hgeore) Within the cluster calculated using equation 7.

°The total intermolecular energy (Emwm = EvawtEeciecttEdesontEdist) of the lowest Hy.ore structure. Total energy is a sum
of the van der Waals, electrostatics and desolvation energy terms from the docking simulation.

“The fractional overlap using equation 8.

“The lowest RMSD structure within the cluster for HADDOCK-Vina and HADDOCK. For Vina, the structure with
the lowest RMSD from the simulation are shown. The RMSD was calculated using equations 1 and 2.
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3.7 FIGURES
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Figure 3.1 Flowchart of molecular docking using the HADDOCK-Vina wrapper. (A) The receptor

file obtained from the protein data bank or other methods and processed for docking simulations
(white). (B) The receptor is protonated by the PROPKA software at a specified pH (red). (C) A
ligand file is obtained and processed through the PRODRG server 2 (yellow). (D) A customized
version of the AutoDock Vina program was used to penetrate the receptor with ligand (orange).
(E) An experimental input converts experimental data into ambiguous and unambiguous distance
restraints for the HADDOCK-Vina protocol (green). (F) The experimentally-derived distance
restraints are used to filter AutoDock Vina docked conformations (blue). (G) The best
experimentally correlated drug-bound conformations, i.e. criteria 1 or 2, are refined further through
energy minimization (EM), 3 stage simulated annealing (3 Stage SA), and molecular dynamics in

explicit water (MDyater) (purple). (H) The outputted structures are clustered and analyzed (pink).
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Figure 3.2 Experimentally-driven molecular docking by HADDOCK-Vina versus ligand-bound X-ray crystal structures. The docked
conformations produced with the HADDOCK-Vina protocol with (A-D) imatinib and Abl tyrosine kinase, (E-H) KNI-272 and HIV-1
protease, and (I-L.) AMP and Adk. (A,E,I) The first column of panels show the RMSD of the lowest Hy,,. cluster to the original ligand-
bound X-ray crystal structure for individual and combined (Comb.) experimental data restraints. The lowest RMSD cluster was used for
further analysis and is designated with the pound symbol (B,F,J) The next column of panels show the population and f,,eqy Of the cluster

associated with the lowest ligand RMSD. The cluster with the lowest Hy.,. are designated with an asterisk (C,G,K) The lowest Hore
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clusters from panels B,F,J are transparent green with X-ray crystal structure ligand shown in black, and the protein is shown as a gray
ribbon in the background. (D,H,L) Gray protein surface with the lowest RMSD ligand (blue) with respect to the X-ray crystallographic

ligand (black).
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Figure 3.3 Comparison of the hybrid HADDOCK-Vina docking approach to the HADDOCK and
AutoDock Vina molecular docking software. The docking output is shown for (A-C) imatinib and
Abl tyrosine kinase, (D-F) KNI-272 and HIV-1 protease, and (G-I) AMP and adenylate kinase.
(A,D,G) The first column shows the lowest Hy., clusters from HADDOCK-Vina in transparent
green. (B,E,H) The second column shows the lowest Hy,,. cluster from HADDOCK in transparent
cyan. (C,F,I) The third column shows the lowest scored structure by AutoDock Vina in magenta.
In all panels, the original ligand bound X-ray crystal structure is shown in black and the protein is

shown as a gray ribbon in the background.
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3.8 SUPPLEMENTARY INFORMATION

Table 3.S1: Subdirectories in the Parameters directory of HADDOCK-Vina.

Directory

Description

00A-Receptor

The directory contains the receptor PDB formatted file and the
receptor parameter file Receptor.ixt (Figure 3.S1).

00B-Ligand

The directory contains the ligand PDB, parameter and topology files
in addition to the ligand parameter file Ligand.txt (Figure S2).

00C-VinaConfiguration

The directory contains the AutoDock Vina configuration file
vina.conf and the search box parameter file Box.txt (Figure S3).

00D-Restraints

The directory contains the Restraints.txt file (Figure S4) that is used
to produce the CNS-compatible distance restraint files ambig.tbl and
unambig.tbl.

00E-HADDOCKScore

The directory contains modified run.cns.template  and
new.html.template files for use with HADDOCK. There is also a
Scores.txt file, which is used to weight the HADDOCK score (Hycore)
(Equation 4 in the manuscript) for ligand-bound structures produced
from AutoDock Vina.

00F-HADDOCKRun

The directory contains the run.cns.template and new.html.template
files. There are also three HADDOCK parameter files: Run.txt,
Setup.txt and Score.txt. Score.txt sets weights for Hy,,. for the
HADDOCK refinement (Equations 5, 6 and 7 in the manuscript).
Run.txt is for setting the molecular dynamics parameters. Setup.txt is
for setting up the flexible regions of the receptor and setting up the
force constants of the distance restraints.

00G-MDPARM The directory contains modified CNS files and modified
PARALLHDG force field parameter and topology files to be used
with CNS.

00H-PyMOL The directory contains PyMOL templates for use the Python scripts.

00I-VinaConfigurationOnly

The directory is similar to 00C-VinaConfiguration, except that it is
for doing simulations with AutoDock Vina by itself.

00J-HADDOCKRunOnly

The directory is similar to 00F-HADDOCKRun, except that it is for
doing simulations with HADDOCK by itself.

00K-HADDOCKScore VinaOnly

Same as 00E-HADDOCKScore directory, except that the Score.txt
file uses weighting from Equation 7 in the manuscript by default.

VinaHaddockFunctions

This directory contains Python functions and classes used by the
HADDOCK-Vina wrapper.
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Table 3.S2: Python scripts in the Run_Haddock Only subdirectory for doing simulations with

HADDOCK by itself.

Python Script Description

StepO1-Process_Receptor.py Python script for processing the ligand and receptor files for
HADDOCK. This Python script protonates the receptor PDB file
using the Reduce program. The program uses Receptor.txt (Figure
3.S1), Ligand.txt (Figure S2) and Box.txt (Figure S3).

Step02-BuildHaddockRestraints.py Python script for translating the Restraints.txt file (Figure S4) into
a distance restraint file that can be used with HADDOCK and CNS.

Step03-RunHaddock.py Python script for automatically running HADDOCK protocols with
CNS.

Step04-Analyze Haddock.py Python script for analyzing the energetics of the HADDOCK
simulation.

Step05-Calculate. RMSD.py Python script for calculating the root mean square deviation
(RMSD) between the HADDOCK docked conformations and a
template ligand specified in Ligand.txt (Figure S2).

Step06-Calculate_Qfactor.py Python script for calculating the Q-factor as defined Equation 2 in
the manuscript and the Restraints.txt file (Figure S4) for distances
specified by NMR NOE:s and relaxation, and the observed distances
from docking in HADDOCK.

Step07-Analyze Clusters.py Python script for producing clusters of HADDOCK docked
conformations based on the H, ..
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Table 3.S3: Python scripts in the Run Vina Only subdirectory for doing simulations with

AutoDock Vina by itself.

Python Script Description

Step01-AutoDockVina.py Python script to process the ligand and receptor files for AutoDock
Vina. The Python script protonates the receptor PDB file using
AutoDock Tools (ADT). The program uses Receptor.txt (Figure
3.S1), Ligand.txt (Figure S2) and Box.txt (Figure S3).
Step02-Process_Receptor.py Python script for processing the ligand and receptor files for
HADDOCK for wuse in scoring AutoDock Vina docked
conformations. The program uses Receptor.txt (Figure 3.S1) and
Ligand.txt (Figure S2).

Step03-BuildHaddockRestraints.py Python script for translating the Restraints.txt file (Figure S4) into
a distance restraint file that can be used with HADDOCK and CNS.

Step04-HADDOCKScoreVina.py Python script for using HADDOCK to score the AutoDock Vina
docked conformations.

Step05-AnalyzeVina.py Python script for analyzing the energetics and scoring of the
AutoDock Vina docked conformations by HADDOCK.

Step06-Calculate RMSD.py Python script for calculating RMSD between the AutoDock Vina
docked conformations and a template ligand specified in Ligand.txt

Step07-Calculate-Qfactor.py Python script for calculating the Q-factor as defined Equation 2 in

the manuscript and the Restraints.txt file (Figure S4) for distances
specified by NMR NOE:s and relaxation, and the observed distances
from the AutoDock Vina docked conformations.
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Table 3.S4: Python scripts in the Run_HaddockVina subdirectory for doing hybrid molecular
docking simulations with HADDOCK-Vina.

Python Script Description

Step01-AutoDockVina.py Python script to process the ligand and receptor files for
AutoDock Vina and HADDOCK. The Python script protonates
the receptor PDB file using the PROPKA program. The program
uses Receptor.txt (Figure 3.S1), Ligand.txt (Figure S2) and
Box.txt (Figure S3).

Step02-BuildHADDOCKRestraints.py Python script for translating the Restraints.txt file (Figure S4)
into a distance restraint file that can be used with HADDOCK
and CNS.

Step03-HADDOCKScoreVina.py Python script for using HADDOCK to score the AutoDock Vina
docked conformations.

Step04-AnalyzeVina.py Python script for analyzing the energetics and scoring of the
AutoDock Vina docked conformations by HADDOCK.

Step05-Calculate RMSD.py Python script for calculating RMSD between the AutoDock
Vina docked conformations and a template ligand specified in
Ligand.txt

Step06-Calculate_QFactor.py Python script for calculating the Q-factor as defined Equation 2

in the manuscript for distances specified by NMR NOEs and
relaxation, and the observed distances from the AutoDock Vina
docked conformations.

Step07-RunHaddock.py Python script to select specific AutoDock Vina docked
conformations and run HADDOCK protocols with CNS.

Step08-Analyze Haddock.py Python script for analyzing the energetics of the HADDOCK
simulation.

Step09-Calculate. RMSD.py Python script for calculating the root mean square deviation

(RMSD) between the HADDOCK docked conformations and a
template ligand specified in Ligand.txt (Figure S2).
Step10-Calculate-QFactor.py Python script for calculating the Q-factor as defined Equation 2
in the manuscript and the Restraints.txt file (Figure S4) for
distances specified by NMR NOEs and relaxation, and the
observed distances from docking in HADDOCK.
Stepl1-Analyze Clusters.py Python script for producing clusters of HADDOCK docked
conformations based on the Hy ..
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Table 3.S5 CNS calculated binding energies for ligands of 20 X-ray crystal structures

EM SA MD,acer
Eyaw Eqee Egesany Eyaw Eqee Egesany Eyaw Eqee Egesany
PDB ID Protein Ligand
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Adenylate
IANK AMP-PNP 59.67 -20.71 12.85 -48.95 -21.39 12.45 -44.43 -2455 10.66
Kinase
Guanylate
IGKY GMP -30.55 -11.31 6.518 -35.41 -10.67 2.673 -26.82 -155.8 2.202
Kinase
Methanol
1H4J PQQ -41.78 -3.211 1.389 -47.73 -1.005 2.767 -31.88 -160.1 3.536
Dehydrogenase
IHKB Hexokinase Gep 12.68 -9.877 9.398 -7.734 -10.96 8.231 -11.73 -151.5 17.05
HIV Reverse
1IKW Efavirenz -29.13 -2.089 -4.056 -34.70 -1.881 -4.215 -39.46 -25.95 -15.66

Transcriptase

LJEF Lysozyme NAG3 -33.30 -1.681 0.2337 -34.66 -1.585 -0.0722 -34.54 -21.61 0.5090
1Q0Y Mouse Fab 9B1 Morphine -28.94 -10.51 -5.823 -18.46 -7.375 -6.599 -17.24 -60.44 -3.605
Arginine
IRLY ADP -52.12 -22.80 9.918 -48.00 -24.33 9.414 -44.77 -285.4 11.75
Kinase
Phospho-
2H42 Sidenafil -55.84 -1.136 -3.422 -58.37 -1.312 -3.519 -58.28 -25.22 1.667

diesterase-5

2Q72 LeuT L-leucine -45.92 -4.869 0.2737 -43.23 -3.247 -1.824 -49.88 -23.86 2.313
2POW HATI Acetyl-CoA -63.31 -13.36 3.945 -72.54 -13.50 4.892 -70.30 -165.4 3.581
3B60 MsbA AMPPNP 10.41 -5.710 7.889 -19.81 -5.799 8.143 -25.23 -110.7 6.803
Aspartic
3Q70 Ritonavir -71.17 -3.399 1.638 -59.34 -2.384 3.377 -66.95 -20.27 -2.148
Protease
4FH2 Beta Lactamase Sublactam -0.1374 -12.12 0.4278 -18.58 -7.981 1.588 -10.62 -115.1 6.264
Diiodo-
Bovine Serum
4JK4 salicylic -19.59 -8.313 -2.093 -23.21 -8.960 1.979 -15.36 -129.3 -5.232
Albumin
Acid

Tyrosyl tRNA
4Q93 Resver-atrol -2591 0.9841 -0.6178 -32.67 1.086 0.5744 -33.02 9.212 -0.2322
Synthetase

Tyrosyl tRNA

4TS1 L-Tyrosine -3.498 -3.064 -0.0127 -28.30 -3.888 1.024 -24.89 -68.66 -5.938
Synthetase
4X2L BACE-1 Comp. #6 -12.66 -4.587 -1.027 -20.32 -3.287 -2.260 -22.97 -20.94 2.529
4ZRW Mincle Trehalose -20.39 1.589 7.178 -22.57 1.301 5.322 -20.83 2.934 3.260
SKMH CavAB Br-verapamil -8.444 -0.6058 -0.9907 -7.631 -0.6921 -1.545 -8.137 -7.873 -1.465
-20.87 + -6.839 + 2,181 + -34.11 £ -6.393 + 2,120 -32.87 + -89.07 + 1.892 +
Average + S.D.
29.58 6.746 5.142 17.69 7.013 4.913 18.25 84.97 7.032
Calculated Weights 1.03 12.47 1.40 0.99 12.94 1.04 1.0 1.0 1.0

Table 3.S5: Average Weights for Energy Terms used in MD Simulations. The weights applied to
the energy terms used for the MD simulations for HADDOCK-Vina were calculated from 20 co-
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crystal structures from the PDB. References for the structures are shown in the table. Structures
currently in press are designated with an asterisk. The energy terms associated for each MD stage
were calculated: energy minimization (it0), simulated annealing (it1) and molecular dynamics with
explicit water (it2). The energy terms calculated were van der Waals (E,4v), electrostatics (Eezec)

and desolvation (Ezs0n). Energy weights are represented as an average for all energy term
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Table 3.S6 Cluster analysis of all clusters produced from HADDOCK-Vina.

Average Average Average Average Average Average
Number Lowest Average Average
X-ray Restraint Cluster E,+ E,.*+ Ejesor + Egwt Q-Factor Eput
in Soertar” Heore Heepre + RMSD +
Structure Type* Number S.D.* S.D.* S.D.* S.D.* +S.D. S.D.b*
Cluster (A.U.)® S.D.%* S.D.5* (A)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (AU (kcal/mol)
-151 + -61.3 + -83.8 + -6.28 + 2.1E-4 + -151 +
1 143 0.53 -194 - 4.46+0.22
18.1 4.45 16.7 5.04 0.003 18.1
MUT
-155+ -57.1+ -89.4 + -8.33 + -155+
2 56 0.45 -184 0.00 +0.00 - 470+0.24
12.4 3.07 11.4 531 12.4
-153 + -43.6 + -105 + -4.17 + -153 +
1 52 0.52 -245 0.04 +0.20 - 422+043
28.6 3.55 27.8 5.81 28.6
-160 + -46.4 + -1+ -2.54 + -160 +
Abelson 2 45 0.52 -206 0.00 +0.00 - 3.93+0.36
238 3.43 209 5.96 238
Tyrosine HSQC
-185+ -44.1 + -129 + -125+ -185+
Kinase I 3 1 0.31 -185 0.00 +0.00 - 4.22+0.00
0.00 0.00 0.00 0.00 0.00
and
-134 + -50.7 + -83.9+ -134 +
Imatinib 4 2 0.46 -167 0.11+0.24 0.00 +0.00 - 3.81+0.54
45.6 6.05 39.3 45.6
-194 + =574+ -139 + -3.83+ -199 +
(2HYY) 1 264 0.88 -359 0.61+1.35 - 2.62+0.54
59.5 6.89 59.2 5.60 56.9
-165 + -47.4 + -133 + -4.64 + -183 +
2 24 0.60 -203 1.99 + 1.66 - 3.61+0.21
238 3.69 19.0 4.94 18.1
Comb
-202 + -54.8 + -148 + =202 +
3 1 0.25 -202 0.72+0.00 0.00 +0.00 - 4.88+0.00
0.00 0.00 0.00 0.00
-138 + -61.8 + <747 + -5.14 + -141 +
4 11 0.64 -156 0.35+0.90 - 2.77+0.67
26.1 5.99 25.0 3.80 226
-116 + -783 + -44.5 + -122 +
1 100 0.72 -168 0.83 +3.49 0.56 +0.57 - 2.70 +0.19
HSQC 183 3.94 17.1 18.3
-119 + -75.8 + -54.6 + -130 +
2 100 0.89 -153 0.28 +4.21 1.06 +0.76 - 1.96 + 0.08
HIV-1 14.0 4.56 11.3 13.3
Protease -106 + -61.2+ -46.0 + -106 +
1 97 0.85 -153 1.59 +3.84 0.01+0.03 0.04 +0.04 2.36+0.17
and KNI- 20.7 4.15 19.0 20.8
HBOND
272 -95.7 + -61.0 + -37.7+ -96.0 +
2 3 0.67 -153 2.74+0.74 0.03 +0.06 0.01+0.01 2.17+0.08
254 5.56 19.6 25.1
(3FX5) 101 + 69.7 + 525+ 4.05E-4 + 121+
1 99 0.85 -167 1.36 +4.07 1.94 +1.21 2.03+0.09
23.6 3.30 16.5 5.0E-4 18.4
Comb
-73.0 + -69.3 + -11.8+ -76.6 +
2 1 0.51 -73 4.53+0.00 0.35+0.00 0.00 +0.00 2.15+0.00
0.00 0.00 0.00 0.00
-324 + =227+ -307 + -324 +
1 63 0.26 -409 5.62+4.59 0.00 +0.00 - 5.83+0.42
39.0 5.24 415 39.0
-249 + -26.0+ -264 + -285+
2 23 0.34 -391 5.06 +4.42 0.00 +0.00 - 4.76 +0.34
38.3 297 39.4 38.3
-282 + =254+ -260 + -282 +
MUT 3 89 0.75 -385 327+5.19 0.00 +0.00 - 3.39+0.51
423 3.68 434 423
-291 + -26.5 + -267 + -290 +
4 24 0.31 -380 3.03+5.20 0.02+0.08 - 6.09 +0.59
37.1 4.51 41.1 36.9
=292 + -249 + =271+ =292 +
5 69 0.23 -376 3.63+5.94 0.01+0.07 - 5.34+0.44
38.0 421 39.6 38.0
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Adenylate 331+ -20.8 + 312+ 331+
6 1 0.15 331 2.64+0.00 | 0.00+0.00 - 4.88 +0.00
Kinase and 0.00 0.00 0.00 0.00
AMP 329+ 29.7+ 2308 + 329+
7 1 0.03 -329 8.91+0.00 [ 0.00+0.00 - 7.31+0.00
0.00 0.00 0.00 0.00
(1ANK) 2302 + 2232+ -286 + 2302 +
8 4 0.29 323 7.74+5.01 | 0.00 +0.00 - 5114031
29.5 1.85 30.0 29.5
231+ 314+ 2202 + 231+
9 6 0.77 313 2.59+3.59 | 0.00+0.00 - 1.95+0.25
51.0 3.26 46.9 51.0
271+ 292+ 249 + 273+
10 6 0.17 -308 521+3.60 | 0.20+045 - 7.46 +0.33
26.2 4.89 25.8 25.4
2301 + 2413 + 284+ 2301 +
11 2 0.2 -305 426+7.91 | 0.00+0.00 - 4.88+0.37
5.71 2.79 16.4 5.71
270 + 232+ 253+ 270 +
12 2 0.4 287 5.71+3.25 | 0.00 +0.00 - 4.13+0.88
24.1 0.57 27.9 24.1
282+ -26.0 + 261 + 282+
13 1 0.11 282 4.55+0.00 | 0.00+0.00 - 4.50 +0.00
0.00 0.00 0.00 0.00
275+ 241+ 156 + -5.65 + 275+
14 1 0.28 275 0.00 +0.00 - 4.50 +0.00
0.00 0.00 0.00 0.00 0.00
271+ 387+ 233+ 271+
15 1 0.47 271 0.92+0.00 | 0.00 +0.00 - 1.99 +0.00
0.00 0.00 0.00 0.00
256 + 257+ 238+ 256 +
16 1 0.14 256 8.13+0.00 | 0.01+0.01 - 8.01 +0.00
0.00 0.00 0.00 0.00
1197 + 25.1+ 175+ 1197 +
17 2 0.32 247 2.84+2.10 | 0.00+0.00 - 4.87+045
70.4 1.40 711 70.4
238+ 26.4+ 220 + 238+
18 1 0.11 238 7.95+0.00 | 0.00 +0.00 - 5.29 +0.00
0.00 0.00 0.00 0.00
160 + -29.0 + 133+ 160 +
19 1 0.46 -160 2.36+0.00 | 0.00+0.00 - 3.22+0.00
0.00 0.00 0.00 0.00
113+ 272+ -84.9 + -0.80 + 113+
20 2 0.44 -113 0.00 +0.00 - 3.58 +0.04
0.81 2.79 8.27 4.67 0.81
263 + 340+ 234+ 266 +
HSQC 1 100 0.89 372 1144540 | 033+037 - 1.53+0.17
45.8 3.63 44.6 45.7
276 + 329+ 247 + 279 +
1 99 0.93 -358 0.87+542 | 031+038 - 1.55+0.15
443 3.45 43.4 42.7
ComB
251+ 382+ 218+ SL18 + 255+
2 1 0.5 251 0.61 +0.00 - 1.76 +0.00
0.00 0.00 0.00 0.00 0.00

"Average + standard deviation (S.D.) for each docked structure within the cluster. Clusters with a S.D. of 0 had only one docked structure
populating the cluster and has no average.

*Section of the experimental interface used.

*The fractional overlap for each cluster using Equation 8.

“The lowest HADDOCK score (H,or) Of the given cluster calculated with Equation 7.

9The average H,.,.., within each cluster.

“The Q-Factor was calculated for each structure with intermolecular NOE experimental restraints. These values were then averaged for each
cluster.

The total intermolecular energy (Ewm = EvawtEciectEdesontEaisr) Was calculated for each structure and averaged for each cluster.

¢The RMSD was calculated for each structure. These RMSD values were then averaged for each cluster.

Table 3.S6: Cluster analysis of all clusters produced from HADDOCK-Vina. All the clusters
produced from molecular docking simulations using experimentally derived distance restraints

with HADDOCK-Vina were analyzed. In the analysis, the cluster number and the number of
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structures in each cluster are reported. The f,yerap 15 also provided for each cluster. The Hycore, Evay,
Eciect, Edesons Edist, Eiorr and RMSD was averaged for each cluster and provided with a standard
deviation (S.D.). In the case where the S.D. is 0.00, there was only one structure populating the

cluster.
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; Receptor information

Receptor 2hyy-random.pdb ; put your receptor PDB file here
; 2hyy-random.pdb is default PDB file

; 2hyy-random.pdb was processed by Modeller,

; where the side chains have been relaxed without ligand present
; Chain to use for molecular docking

Chain First ; put your chain here

; First, Last, or another chain designation such as A

; Simulation pH

pH 7.4

; Metal Parameters

Metal XX ; Metal type

; Label Metal XX or none for no metal

; Other possibilities are CA, FE, MG, MN, CL, BR and ZN

; However, there must be specific parameterization for it within
; HADDOCK.

Metal Charge +0 ; Charge of the metal
Figure 3.S1. Example of the Receptor.txt file. The comments are shown in black and parameters

red by the HADDOCK-Vina wrapper are shown in red.
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; Ligand Information

Ligand DRGFIN.PDB ; Ligand PDB file

Ligand Parameter DRGCNS.PAR ; Ligand Parameter file
Ligand Topology DRGCNS.TOP ; Ligand Topology file

Ligand Template TEMPLATE.PDB ; Ligand Template file
Figure 3.S2. Example of the Ligand.txt file. The comments are shown in black and parameters red

by the HADDOCK-Vina wrapper are shown in red.

104



; Search Box Parameters
AutoSet Box True

; By setting to true, a box is automatically built
; around the receptor and the parameters below are ignored

Center X 20.0
Center Y 20.0
Center Z 20.0

Size X 60
Size Y 60
Size Z. 60

Figure 3.S3. Example of the AutoDock Vina search box parameter file Box.txt. The comments are

shown in black and parameters red by the HADDOCK-Vina wrapper are shown in red.
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[LIGANDS] ; The section defines the ligand

; Residue Name | Residue Number

STI -1

; If the residue is less than the number of residues in the

; receptor PDB file. The ligand residue number is the number

; of receptor residues + 1.

; Description: Ligand named STI and -1 indicates that the ligand
; number will be equal to number of receptor residues + 1.

[MUT] ; This section defines the residues that interact with the
; receptor

; Residue number(s) | Weight
248 253 256 | 1

; Description: Ambiguous distance restraints with an upper
; bound of 6 A and a weight of 1 between the ligand and residues ; 248, 253 and 256

[SOI] ; This section defines the residues that will serve
; as non-experimental constraints for the ligand.

; Residue numbers | Constraint Distance (r) | Weight (Integer)
248 253256 | 8|3

; Description: Ambiguous distance restraint with an upper bound ; of 3 A and a weight of 3 between the ligand and
residues 248, ; 253 and 256

[STD] ; This section defines the ligand nuclei that demonstrated
; protein-ligand interactions by STD NMR

; Proton(s) | Weight

H6S H6T H20 | 1

; Description: Ambiguous distance restraint with an upper bound ; of 3 A and weight of 1 between protons H6S,
H6T and H20 on

; the ligand.

[CS] ; This section defines the ligand nuclei that exhibited a
; chemical shift (CS) by NMR

; Proton(s) | Weight
H6S H6T H20 | 1
; Description: Ambiguous distance restraint with an upper bound

; of 3 A and a weight of 1 between protons H6S, H6T and H20 on
; the ligand.
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[PRENMR] ; This section defines the ligand nuclei that exhibited
; changed in relaxation rate in the presence of a
; paramagnetic label by NMR
; Ligand | Receptor | Distance
; Proton(s) | Residue Number , Atom Name | rlower r rupper | Offset | Weight

He6S H6T H20 | 315 HG21 HG22 HG23 | 0.00 4.00 6.00 | 0.00 | 1

; Description: Ambiguous distance restraint with a weight of 1 and no offset between protons H6S, H6T and H20
on imatinib and the paramagnetic center of the methyls on T315 HG21 HG22 HG23

[HBOND] ; This section defines the ligand nuclei and residue
; nuclei between non-paramagnetic nuclei like

; intermolecular NOEs and H-bonds.

; Ligand | Receptor | Distance
; Proton(s) | Residue Number , Atom Name | rlower r rupper | Offset | Weight

He6S H6T H20 | 315 HG21 HG22 HG23 | 0.00 4.00 6.00 | 0.00 | 1

; Description: Ambiguous distance restraint with a weight of 1 and no offset between protons H6S, H6T and H20
of the ligand and the paramagnetic center of the methyls on T315 HG21 HG22 HG23.

[EXNOE] ; This section defines ligand nuclei that display
; exchange transferred NOEs

; Ligand #1 | Ligand #2 | Distance
; Proton(s) | Proton(s) | rlower r rupper | Weight

H11 | H6S H6T H20 | 0.00 3.00 5.00 | 1
; Description: Ambiguous distant restraint with a weight of 1 between H11 and H6S H6T H20 on imatinib
[NOE] ; This section defines receptor intranuclear NOEs

; Receptor | Receptor | Distance
; Residue #, Atom Name | Residue #, Atom Name | rflower r rupper | Weight

429 HD21 HD22 HD23 | 471 HD21 HD22 HD23 | 0.00 3.00 4.00 | 1
; Description: Ambiguous distant restraint with a weight of 1 between the methyls on L429 and L471

[HSQC] ; This section defines HSQC shifted peaks of receptor
; nuclei by NMR

; Residue Number | Atom Number | Weight
248 CD1 HD11 HD12 HD13 | 1

; Description: Ambiguous distance restraint with an upper bound ; of 6 A and weight of 1 between L.248 nuclei and
imatinib

[SAR] ; This section defines functional groups of the ligand that
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; are known to interact with the receptor
; Ligand Atom Numbers | Weight
61-end, 38-50, begin-3 | 1
; Description: Ambiguous distance restraint with an upper bound of 2 A and

; weight of 1 between atoms 61 — end of imatinib, atoms 38-50 and the beginning
; of ligand to atom 3 with the receptor

[END] ; End of the experimental restraint file

Figure 3.S4. Example experimental input and comments for HADDOCK-Vina wrapper showing
possible experimental restraints that can be used. The comments are shown in black and simplified
language used to produce the CNS-compatible distance restraints are shown in red. These sections

are described in detail at http://128.192.148.219/COPClasses/index.php/HADDOCK-Vina.
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[LIGANDS]
LIG -1

[MUT]

; Reference = Azam et al. Table 3

248 | 1 ; Mutations L248R/V

250 | 1 ; Mutations G250E/R

253 | 1 ; Mutations Y253H/C/F

255| 1 ; Mutation E255K

279 | 1 ; Mutation E279K

315 | 2 ; Gatekeeper mutations T3151/S/G

[HSQC]

; Reference = Skora et al. Figure 2
385 HN | 1 ; Large shift on A385
316 HN | 1 ; Large shift on N316

[END]
Figure 3.S5. Experimental input used to drive the molecular docking of imatinib onto Abl tyrosine

kinase. The comments are shown in black and the simplified language used to produce the CNS-
compatible distance restraints are shown in red. These sections are described in detail at

http://128.192.148.219/COPClasses/index.php/HADDOCK-Vina.
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[LIGANDS]
LIG -1

[HBOND]

; Reference = Wang et al. 1996.
; Intermolecular NOEs

HAX HBS HB6 HB7 HB8§ HAY HB9 HCA HAZ | 29 HN | 2.00 5.00 7.00 | 0.00 | 1
; t-butyl of the ligand and the amide of residue #29

HAX HBS HB6 HB7 HB8§ HAY HB9 HCA HAZ | 30 HN | 2.00 5.00 7.00 | 0.00 | 1
; t-butyl of the ligand and the amide of residue #30

HCD HCE HBK | 129 HN | 2.00 5.00 7.00 | 0.00 | 1

; thiol methyl of the ligand and the amide of residue #129

; *Note: amino acid number change from Modeller

HCD HCE HBK | 130 HN | 2.00 5.00 7.00 | 0.00 | 1

; thiol methyl of the ligand and the amide of residue #130

; *Note: amino acid number change from Modeller

HAJ |29 HN | 2.00 5.00 7.00 | 0.00 | 1

; HAJ proton (proton 22 in the paper) of the ligand and amide of residue #29

HAL | 129 HN | 2.00 5.00 7.00 | 0.00 | 1

; HAL proton (proton 14 in the paper) of the ligand and amide of residue #129

HBJ HCC | 129 HN | 2.00 5.00 7.00 | 0.00 | 1

; HBJ and HCC protons (ambiguous proton 10 in paper) and amide of residue #129

[HSQC]
; Reference = Wang et al. 1996. Figures 2 and 5

25 HN | 1 ; D25 HSQC shift

125 HN | 1 ; D125 HSQC shift

82 HN | 1; V82 HSQC shift

182 HN | 1 ; V182 HSQC shift

30 CG |2 ; Large D30 HSQC shift
130 CG | 2 ; Large D130 HSQC shift
129 CG | 1 ; D129 HSQC shift

29 CG |1 ; D29 HSQC shift

[END]
Figure 3.S6. Experimental input used to drive the molecular docking of KNI-272 onto HIV-1

Protease. The comments are shown in black and the simplified language used to produce the CNS-
compatible distance restraints are shown in red. These sections are described in detail at

http://128.192.148.219/COPClasses/index.php/HADDOCK-Vina.
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[LIGANDS]
LIG -1

[MUT]

; Reference = Tsai and Yan. 1991.

36 |2 ; 44R in Tsai and Yan 1991

882 ;97R in Tsai and Yan 1991

167 |2 ; 149R in Tsai and Yan 1991
[HSQC]

; Reference = Aden et al. 2007. Figure 3A
61 HN | 1 ; Large HSQC shift on D61

63 HN | 1 ; Large HSQC shift on L63
66 HN | 1 ; Large HSQC shift on 166

[END]
Figure 3.S7. Experimental input used to drive the molecular docking of AMP onto E. Coli Adk.

The comments are shown in black and the simplified language used to produce the CNS-
compatible distance restraints are shown in red. These sections are described in detail at

http://128.192.148.219/COPClasses/index.php/HADDOCK-Vina
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CHAPTER 4
A NMR-DERIVED MODEL OF THE ACETYLSALICYLIC ACID HIGH AFFINITY
BINDING SITE ON BOVINE SERUM ALBUMIN USING THE HYBRID MOLECULAR

DOCKING WRAPPER HADDOCK-VINA *

> Wilt, L.A and A. G. Roberts. To be submitted to PROTEINS: Structure, Function, and
Bioinformatics.
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4.1 ABSTRACT

Deciphering the interactions of drugs with their corresponding receptors can greatly
accelerate their development. Two powerful structural biology techniques that have been
successfully used to investigate these interactions are X-ray crystallography and protein NMR.
Using these approaches has been extremely informative. Unfortunately, building drug-bound
receptor complexes de novo for drug discovery and development is often an arduous and time-
consuming process. To overcome this barrier, we developed a wrapper called HADDOCK-Vina
in Chapter 3 that can utilize experimental data to drive molecular docking to receptors solved by
X-ray crystallography and NMR. The HADDOCK-Vina wrapper is a hybrid molecular docking
approach that fuses the rigid molecular docking of AutoDock Vina with the molecular dynamic
capabilities of HADDOCK to accurately reproduce small molecule-bound X-ray crystal receptor
structures with sparse experimental data. To demonstrate the ability of the HADDOCK-Vina
wrapper to be used for building drug-bound receptor complexes, an aspirin (ASA) site on bovine
serum albumin (BSA) was determined using NMR relaxation, ligand competition and information
from an X-ray crystal structure of a related ligand. The experimentally-derived ASA-BSA model
revealed that the ASA binding site overlaps with a related non-steroidal anti-inflammatory drug
(NSAID) located within subdomain IB of BSA. This experimentally-derived position is consistent

with previous investigations of ASA with BSA.

4.2 INTRODUCTION
There are more than 20,000 ligand-bound X-ray crystal structures currently in the protein
database (PDB)."”" In many cases, these structures have provided valuable insight that could be

135,185

exploited to accelerate drug design and development. Unfortunately, successful co-
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crystallization of protein receptors with drugs still remains a major experimental hurdle.*”* *** The

quality of the electron density surrounding the ligand is critical for determining an accurate ligand-
protein complex;*** *** however, the electron density of the ligand can be ambiguous due to the
presence of several ligand-bound orientations, partial occupancy in the binding pocket*” > or no
electron density despite high ligand concentrations.'”” These limitations are particularly true for
ligands that have weak binding affinities. As a result, a major fraction of drug-bound X-ray crystals
in the PDB database are with high affinity inhibitors,'”' when many drugs are actually low affinity.

NMR is particularly suited for analyzing the interactions of low affinity ligands to
receptors.”’’” There are several ligand-based NMR techniques that are amenable to probing the
interactions of weakly bound ligands to receptors.””” The saturation transfer difference (STD)
NMR technique can identify functional groups of a weakly bound ligand that are involved in the

14,15

molecular recognition of the receptor. The exchange transfer nuclear Overhauser effect

208

(etNOE) experiments can reveal the bound ligand conformation. The position of a weakly

bound ligand can be ascertained using paramagnetic relaxation enhancement (PRE)***'! or
pseudo contact shifts (PCS) NMR.'"** Ideally, this experimental information can be combined
with already solved X-ray crystal receptor structures to accurately reproduce the drug-bound X-
ray protein crystal structures. For this purpose, the hybrid molecular docking approach
HADDOCK-Vina was developed by our laboratory.

The HADDOCK-Vina wrapper is a hybrid molecular docking approach which combines
the High Ambiguity Driven biomolecular DOCKing (HADDOCK) protocols'’ with AutoDock
Vina'* and PROPKA'®* ' to accurately model ligand-protein complexes.”'® The wrapper also

provides an easy experimental input to produce experimentally derived distance restraints for the

molecular docking simulations. In the previous chapter, the HADDOCK-Vina wrapper accurately
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reproduced drug-bound X-ray crystal structures using sparse NMR and non-NMR data.*"”
Therefore, this approach was employed to determine the high affinity site of ASA on BSA using
NMR distance restraints.

The BSA-ASA complex has not been determined by X-ray crystallography; however, a
ligand-bound X-ray crystal structure of BSA with a closely related drug 3,5-diiodosalicylic acid
(DIS) is available (PDB ID 4JK4*'* ). From the DIS-BSA X-ray crystal structure, DIS occupies
four binding sites on BSA in subdomains IB, IIA and IITA. Assuming ASA overlaps with one of
the DIS binding sites on BSA, this DIS-bound BSA X-ray crystal structure will provide a
qualitative measure of accuracy. ASA is known to occupy a relatively high affinity and low affinity

215

binding site on BSA.”” Fluorescence spectroscopy was used to determine the affinities of the

"low" and "high" affinity binding sites of BSA. ASA is relatively weakly bound,*'®>'® so it is
amenable to a number of ligand-based NMR approaches.”'” Since BSA has a single free cysteine
(C34) that is readily accessible to labeling,”*’ PRE NMR was used to identify the ASA high affinity
site. To isolate the "high" affinity binding sites, the NMR experiments were performed at
stoichiometric concentrations of BSA and ASA. PRE NMR revealed the relative location ASA
with respect to a flexible paramagnetic label. PRE NMR measurements of ASA in the presence of
DIS also limited possible locations of the ASA binding sites. To ascertain the effect of specific
restraints on the final ASA-docked BSA model, separate HADDOCK-Vina simulations were

performed with each set of experimental restraints and with all the restraints. The effects of

restraints on the molecular docking and the final ASA-bound BSA model are discussed.
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4.3 MATERIALS AND METHODS
4.3.1 Materials.

Dibasic potassium phosphate was purchased from Acros Organic (Geel, Belgium). Zinc
chloride, anhydrous was purchased from Alfa Aesar (Haverhill, MA). Manganese sulfate
monohydrate was purchased from Amresco (Solon, OH). Deuterium oxide was purchased from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). Monobasic potassium phosphate and
Amicon 30 MWCO spin concentrators were purchased from Fisher Scientific (Waltham, MA). All
the remaining chemicals that were used in this study were purchased from Sigma Aldrich
(Milwaukee, WI). The high purity BSA lyophilized powder (Sigma, >99.9% purity, product no.
A-7638) was used for this study because it has been useful in several structural studies of the
protein. “& **'"** Confirming the BSA purity, only a single band was detected by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (data not shown). For NMR and

fluorescence experiments, this BSA was suspended in 100 mM potassium phosphate (KPi) pH 7.4.

4.3.2 Labeling BSA

Thiol-reactive EDTA label (N-[S-(2-pyridyldithio)cysteinyl]ethylenediamine-N,N,N’,N’-
tetraacetic acid monamine) was incubated with either paramagnetic Mn®>" or diamagnetic Zn**
metal ion at a 1:1 ratio in unbuffered water for an hour at room temperature.”** The resulting Mn**
and Zn®" chelated EDTA labels will be referred as Mn*"-EDTA and Zn*"-EDTA, respectively, in
the text. To saturate the known Ca®" binding sites on BSA,*'**** 2-5 mM of BSA was dissolved
in 200mM CacCl, solution and 100 mM KPi pH 7.4 15 minutes prior to labeling. To ensure labeling
of the single free C34 residue on BSA, Mn*"-EDTA and Zn’'-EDTA labels were added at

stoichiometric concentrations and incubated at room temperature for two hours in two separate
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reactions. Labeled BSA samples were extensively dialyzed against 100 mM KPi pH 7.4 to remove
excess label and metals. The degree of labeling was verified by a fluorescent thiol detection assay
(Cayman Chemical, Ann Arbor, MI) and found that > 98% of BSA was labeled by this approach

(data not shown).

4.3.3 NMR spectroscopy

NMR experiments of ASA and BSA were performed on a Unity INOVA 600 MHz
spectrometer at 25°C with a 5 mm z-gradient 'H{">C/"’N} cryoprobe (Agilent Technologies, Santa
Clara, CA). All NMR samples contained 100 mM KPi, pD 7.4 with 80% D,0. '"H NMR peaks of
ASA were assigned according to the Spectral Database of Organic Compounds (SDBS). Both
longitudinal 7, and spin-spin 7, relaxation experiments were performed on the NMR samples
containing 500 pM ASA and 500 uM Mn**-EDTA or Zn>" EDTA labeled BSA. Figure 4.1 shows
diagrams of the pulse programs. The 7 relaxation pulse sequence in Figure 4.1A is comprised of
a composite 180° pulse followed by an inversion recovery delay and 3-9-19 WATER suppression
by GrAdient Tailored Excitation (WATERGATE) to suppress background water signals.*®>** A
30 ms Tio spin lock filter”’ was added to reduce interference from background BSA protein
signals. T, relaxation pulse program shown in Figure 4.4.1BB used the standard Carr-Purcell-
Meiboom-Gill (CPMG) spin echo sequence followed by 3-9-19 WATERGATE for water

226-228

suppression. Details of the pulse sequence are in the Figure legend.

4.3.4 Processing the NMR Spectra
The NMR spectra were processed and analyzed using the NMR processing software, iNMR

(http://www.inmr.net), and Igor Pro 6.2 (Wavemetrics, Tigard, OR), as previously described.”*”
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% The NMR spectra were converted into ASCII text format in iNMR and imported into Igor Pro

software package. In Igor Pro, residual background protein signals were removed using Igor Pro
and scripts written in the Python programming language.”” Proton peaks arising from BSA were
separated from the ASA proton peaks using the multiple peak-fitting package 2.0 in Igor Pro 6.2.>%
For processing the 7, relaxation NMR spectra, the fitted peaks were used with singular value
decomposition (SVD) analysis to estimate relaxation-induced changes in the ASA NMR
spectra.””” The resulting exponential decay curves were fit to:

M,(6) = M,(1— 2+ fe™t™s (1)
where Mz is the z component of nuclear spin magnetization, M, (t)is the M. at thermal equilibrium,
R, is the longitudinal relaxation rate, ¢ is inversion recovery time and f'is to adjust for small errors
in the 180° pulse. The paramagnetic relaxation enhancement (PRE) of the EDTA labels on ASA
due to spin-lattice relaxation (Rp;) was estimated by taking the difference in the relaxation rates of
BSA with the paramagnetic Mn>*-EDTA (R1, para) and diamagnetic 7Zn*"-EDTA labels (R1.dia)s

which are calculated from the inverse of the spin-lattice relaxation decay constant:

1 1

P1 = Rl,pam - Rl,dia = - T (2)
1,para 1,dia

where Ty and T 4, are the spin lattice decay constants of ASA with BSA labeled with Mn*"-
EDTA and Zn*"-EDTA, respectively. The error was estimated from the mean and standard
deviation of several Rp; measurements.

Because of protein interference on the baseline, the two point approximation method was
used to estimate the PRE of the EDTA chelated metal labels on ASA due to spin-spin relaxation
(Rp2).”" The intensities of the 'H NMR peaks of ASA in the 75 relaxation spectra in the presence

Mn*'-EDTA (Zpara) and Zn*"-EDTA labeled BSA (14i4) were taken at two times, 7, and 7, after the
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initial decay of the transverse magnetization. Rp; will have the following mathematical

relationship:>'

I (t) 1 (¢t
R _R R — 1 ln dla( b) pam( a) (3)

P2 Zpara 2 ta - tb Idia (ta ) ' Ipam (tb )

where R; 4« and R 4i, are the spin-spin relaxation rates of ASA in the presence of Mn**-EDTA
and Zn’"-EDTA labeled BSA, respectively. As noted earlier,”" *** the effects of *J coupling
during the decay of the transverse magnetization are cancelled out by using identical times, #, and
t», and intensity ratios in Equation 3. Errors in Rp, or o(Rp;) can be estimated through error

propagation with the following Equation:*'

2 2 2 2
(0 (9
o(R,,)= o {76‘”“ } +{7Gd"“ } +{ e } +{ e } 4)
tb - ta Idia (ta ) Idia (tb ) Ipara (ta ) Ipara (tb )

where G, and G4, are the standard deviations in the noise of the 'H NMR spectra of ASA in the

presence Mn>"-EDTA and Zn>"-EDTA labeled BSA.

4.3.5 Calculating distances from PRE
PRE through 7, and 7’ relaxation between a paramagnetic center and a nucleus can be used
to estimate their distances to ~35 A**? . The paramagnetic relaxation rates, Rp; and Rp,, the EDTA

label and ASA can be described with modified versions of the Solomon Bloembergen Equations:

e.g. 209211, 233

R, = OC%[ZL—O) 'ngjHZS(S+1)JSB(mN)
T
S))
1 ‘LLO ’ 2.2, 2
R, =O‘E[4_] Y GHS(S +1) (45 (0)+3] 5 (®,)) ©
T
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where L is the magnetic permeability of free space, yx is the nuclear gyromagnetic ratio, g is the
electronic g-factor, pp is the Bohr magneton, and @n/2m is the Larmor frequency of a proton. The
fraction of bound ligand (&) can be approximated with ([E]/(Kp+[L])), assuming a single ligand
binding model, where K is the dissociation constant determined by ASA induced quenching of
BSA fluorescence, /L] is the ASA concentration, and /E] is the BSA concentration. Fractional
binding of a ligand onto a receptor can affect the observed relaxation rate and should be considered
when calculating the Rp; and Rp;. Details of implementing the dissociation constant into distance

209, 211, 234

calculations involving mobile ligands and receptors can be found in . The generalized

spectral density function Jgz(w) can be approximated with:*"

Jgl@,)=r8 —5— ™)
SB N a 2.2
P1lt+o, 1.

where r,,, is the apparent time-averaged electron nuclear distance and 7c is the correlation time
for the nuclear-electron interaction vector. When the paramagnetic label is rigid, the Tcigiq 1S
defined by (e’ + 75")", T is the rotational correlation of the BSA and ts is the spin relaxation
time of the Mn?"-EDTA label. A 75 value of 1.3 ns was used in our distance measurements from
values calculated previously of Mn>"-EDTA labeled protein.”> For a paramagnetic label that is
mobile, the T¢ fexible 18 €qual to (TR'1 + Ts'l + Ti'l)'l , where T; is the internal motion of the label on
the order of low ns, which can significantly affect the distance calculation.”'® The 7; has significant
effects on the Rp;, but not the Rp,. Therefore, the Rp; Equation was modified with an S° order

parameter:210

RPl =S* Rp1 (TC,rigid ) + (1 - SZ) ’ RPl (Tc,ﬂexible) (8)

Curie-spin relaxation, which results from dipole-dipole interaction and time averaging of

210

the electronic magnetization, can affect the Rp; under certain conditions.” " This relaxation
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mechanism will not likely be significant for the Mn>"-EDTA labeled BSA in this work because

24 . . . . . . . .
Mn’" is an isotropic metal and BSA is a medium sized macromolecule, as previously described.*"’

4.3.6 Parameterizing the Mn**-EDTA label for Molecular Dynamics

The Mn®"-EDTA was attached to a cysteine residue (Mn*'-EDTA-Cys) in Avogadro 1.1.1
using the Ghemical force field.'”* The Mn**-EDTA-Cys was parameterized for the GROMOS
53A6 force field, which is optimized for simulations in explicit water,*® in GROningen MAchine
for Chemical Simulations (GROMACS) 4.5.7.>" The Mn®" metal ion and the surrounding nitrogen
and oxygen atoms of EDTA were given partial Mulliken charges of 0.762, -0.068 and -0.282,
respectively, for a Mn Schiff base complex in the ground state.”® The C6 and C12 Lennard-Jones
(LJ) parameters for the Mn*" were 3.63119 x 10™ kJ mol™ nm® and 1.21636 x 10 kJ mol" nm'?,
respectively, and were calculated using a distance between atoms at their lowest potential energy
of 0.2635 + 0.0072 nm and a well depth of 0.02710042 + 0.01063420 kJ mol”, averaged from

#% The remaining atoms of Mn*'-EDTA-Cys were given force field

several water models.
parameters derived from cysteine or functional groups such as carboxylic acids found in the

GROMOS 53A6 force field.”® The Mn**-EDTA-Cys label was integrated into the GROMOS

53A6 force field with the CED three letter amino residue designation.

4.3.7 Estimating the S° order parameter and simulating Mn**-EDTA label dynamics

The S° order parameter and internal correlation time (z;) for the Mn®"-EDTA label were
estimated from a 100 ns molecular dynamics (MD) simulation of BSA labeled with Mn*"-EDTA-
Cys.>**7 The Mn>"-EDTA-Cys label replaced cysteine 34 in the X-ray crystal structure of bovine

serum albumin (BSA) (PDB ID: 4JK4*'") using a script written in the Python programming
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language and the Biopython module.**’

To reduce the computational expense, the 100 ns MD
simulations was performed on domain IA of BSA (i.e. first 111 residues) that has the Mn*"-EDTA
label. This was simulated in a box having 50 A sides and containing ~11,000 explicit simple point
charge (SPC) model waters and 12 sodium atoms to balance out the charges.161 Particle mesh
Ewald method®*' was used for electrostatics of the protein domain and periodic boundary
conditions were provided in all dimensions. The domain was first energy minimized by steepest

d*** with a tolerance of 10 kJ mol™ nm™ and maximum step size of 1 nm. Then a

descent metho
short 250ps MD simulation at 300K was performed with the C,, backbone positionally restrained
and Berendsen temperature coupling with a time constant of 0.1 ps*** to allow the amino acid side
chains and Mn**-EDTA-Cys to equilibrate and to minimize van der Waals overlap. This was
followed by a 100 ns MD simulation performed at 300K with the C, backbone positionally
restrained in a GROMOS 53A6 force field with Berendsen temperature coupling (time
constant=0.1 ps).* After the simulation, the internal autocorrelation function (Cy?)) was
calculated using a second order Legendre polynomial of the vector between the Mn®" and the
amide proton of the cysteine group of the Mn>"-EDTA-Cys label using the g_rotacf program within
GROMACS.?*%7 Cy(1) for the MD simulation is shown as a function of simulation time in Figure
2. The Cj(t) stabilizes after 10 ns reaching a value of approximately 0.9. Assuming that the internal
motions are not coupled with the overall tumbling rate, Cy(?) for the internal motion of the Mn*"-

amide proton interaction vector can be approximated by:**

t

C()=S*+(1-S%e * 9)

where ¢ is the MD simulation time. Fitting the C;(?) curve shown in Figure 4.2 gives values for the

S§° order parameter and 7; of 0.91 and 6.64 ns, respectively. This S order parameter is within range
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of values calculated for amino acid side chains,”™ although the fact that it is close to 1 indicates

that it is fairly rigid.

4.3.8 Parameterizing Mn’*-EDTA label for HADDOCK-Vina

HADDOCK-Vina lacks specific parameterization of a Mn>*-EDTA label.”® Therefore, the
Mn**-EDTA-Cys was parameterized for the PARALLHDG force field. Force field parameters
such as charges and bond energies for the EDTA functional group and Mn*" of the label were
extracted from parameters of the deoxythymine labeled with Mn*>" chelated by EDTA (Mn*'-
EDTA-dT).”** Parameters for the cysteine functional group of Mn**-EDTA-Cys used parameters
from the cysteine residue of the PARALLHDG force field.'” Like GROMACS, this Mn*"-EDTA-
Cys label was added to the PARALLHDG force field and given the CED three letter amino residue
designation. The Mn*"-EDTA-Cys label in 100 ns MD simulation of the BSA domain IA was in
many different orientations. To produce a Mn>*-EDTA labeled BSA for HADDOCK-Vina, Python
scripts utilizing the Biopython module were used to manipulate the label and the BSA X-ray crystal
structure (PDB ID: 4JK4*'*). The Mn’"-EDTA-Cys labels were first extracted from the
GROMACS MD snapshots and the amide nitrogen, carbonyl carbon, C, and C.. of the cysteine
residue were aligned, which made them resemble a flower bouquet. Then the label ensemble was

protonated using Babel 2.31'"

and the atoms were renamed to make them compatible with the
modified PARALLHDG force field. Lastly, the C34 of the BSA X-ray crystal structure was
replaced with a label with the least amount of overlap from the ensemble. Using this single

conformation does not prevent the label from sampling many different orientations during

HADDOCK refinement. In fact, the label assumes a relatively similar distribution of label
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conformations after 100 HADDOCK-Vina runs as the label assumed during the MD simulation

(data not shown).

4.3.9 Fluorescence spectroscopy

Protein fluorescence spectroscopy is a powerful tool to investigate protein conformation
and investigate ligand-protein interactions.'”® Monitoring ligand-induced quenching of intrinsic
tryptophan fluorescence is a popular method to probe ligand interactions with proteins by

106
fluorescence.

The fluorescence technique has already been used in many studies to determine
the dissociation constants (Kps) of ligands with BSA. ©& 218222243247 The technique was used here
to measure the binding affinity of ASA to BSA. These experiments were performed with 1 uM
BSA and a range of ASA concentrations from 0 to 1 mM in 100 mM KPi pH 7.4 on an Olis DM
45 spectrophotometer (Olis Corp, Bogart, GA). BSA was excited at 295 nm and the fluorescence
was monitored between 300-500 nm. The fluorescence quenching was corrected for inner filter
58, 106

effects and changes in volume using the following Equation:

( eexbeergembem )[ Q]

=(F-B)I10 2 (10)

corrected
where F'is the observed fluorescence, B is the background fluorescence, /O] is the concentration
of the quenching ligand, ¢ is the extinction coefficient for the excitation (e.,) and emission (&)
wavelengths and b is the pathlength. For ASA, the extinction coefficients (¢) at 295 and 330 nm
were 2.24 M'em™ and 0.18 M™'em’™', respectively.

For fluorescence quenching that exhibits monophasic dependence with respect to ligand

concentration, the quenching curve can be fit to:*® '*°

corrected 0

F = comedd 4 op
corrected unquenched
1+Kg,[0] ™ an

124



where Ky is the Stern-Volmer constant, /O] is the concentration of the quenching ligand, Fiorrected,0
is the corrected fluorescence in the absence of quenching ligand, and Fuquencheq 1S an offset related

to the unquenched fluorescence. In cases where the quenching has biphasic dependence, the

quenching curve can be fit to the following Equation:*™ '*°

F F

Lo H0
= +

F;orrected - 1+ K 1+ K + F;mquenched
+Kg, 0] 1+Kg, 0]

(12)

where Fry and Fpy are the fluorescence amplitudes at low and high ligand concentrations,
respectively. The K; and Ky are the Stern-Volmer constants at low and high quenching ligand
concentrations, respectively. Intrinsic tryptophan fluorescence quenching can occur by static and
dynamic or collisional quenching mechanism.'” Static quenching is correlated to ligand binding
with the protein and can be used to calculate the binding affinity.'® The Ky value, in this case, is
equivalent to an association constant (K,) or 1/Kp. In contrast, dynamic quenching is associated
with random collisions between the ligand and the protein.'” These quenching mechanisms can

be differentiated by examining the temperature dependence of quenching.** '%

4.3.10 Estimated 7r by dynamic light scattering (DLS)

DLS spectroscopy is a useful technique to gauge the size of proteins.”*® ** The size of
BSA was measured in a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., UK) in silanized
105.251-QS ultra-micro fluorescence quartz cuvettes (Hellma USA, Plainview, NY). DLS samples
contained 1 uM BSA in 100 mM KPi (pH 7.4) at 25°C as described for the NMR experiments.
The DLS chromatograms were analyzed with Zetasizer 7.03 software using standard refractive
indexes for a protein in aqueous solution. Analysis of the DLS chromatograms of BSA revealed a

single peak with a hydrodynamic radius (rx) of 32 + 1 A (data not shown). The 7y was very close
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to the average ~35 A radius that we measured of the X-ray crystal structure of BSA (PDB ID:
4JK4*'*) and that was determined in previous DLS studies of BSA.*" Using the experimentally

determined 7, a Tg was calculated using the Einstein-Stokes Equation:™"

4rnr?
o= L (13)
3K, T
where K is the Boltzmann constant, T is the temperature (i.e. 25°C) and 7 is the viscosity of water
(i.e. 8.94 x 10™ Pa sec). The Tr was determined from Equation 13 was 29.8 ns, which is within

values determined previously for BSA. % >

4.3.11 Calculation of Root Mean Square Deviation (RMSD)

The root mean square deviation (RMSD) using the definition of RMSD was calculated
between ASA and 3,5-diiodosalicylic acid (DIS) located in subdomain IB (DIS3) from the DIS-
bound BSA X-ray crystal structure (PDB ID: 4JK4*'*) and was used to determine clustering of
ASA molecules bound to BSA. The RMSD definition used for AutoDock Vina'* was used for the
HADDOCK-Vina simulations.””®> This approach is advantageous because it can calculate the

RMSD between molecules that are not identical, as the case with ASA and DIS.*"

4.3.12 Calculation of Q-Factor

The Q-Factor is analogous to the R-Factor used in X-ray crystallography and is used to
calculate the agreement of calculated NOEs or relaxation rates with respect to the experimental
values.”* > The Q-Factor used in HADDOCK-Vina will be used in our docking simulations

when comparing the docked ASA molecules to the experimental distances used as restraints.*"
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Briefly, if the Q-Factor is equal to 0, the docked conformation of ASA falls within the minimum

and maximum experimental distances used as restraints.

4.3.13 Clustering of ASA molecules

The ASA molecules were clustered using the algorithm described in"

. Briefly, the
resulting MD protein structures are aligned. The ASA molecules are clustered using an RMSD-
based algorithm'® that is similar to the one implemented in AutoDock Vina.'* The RMSD cutoff
was set to 2A for clustering bound ASA molecules which is typical for small molecule clustering.
& 1% The ASA with the lowest Hy.. defines the initial cluster.”’> An RMSD is measured between
this ASA and other BSA-bound ASA molecules from the HADDOCK-Vina simulation according

to the Hy.ore. The first ASA molecule that is outside this RMSD cutoff defines the ASA molecule

that is used for the next cluster and so on.

4.4 RESULTS AND DISCUSSION
4.4.1 Kp of ASA to BSA deduced by fluorescence spectroscopy.

The Kp must be experimentally determined in order to estimate the fraction of ligand bound
or & in Egs. 5 and 6. This parameter can be determined using intrinsic tryptophan fluorescence.'®
Figure 4.3 shows the fluorescence spectra and analysis with BSA and ASA. The fluorescence
emission spectra of BSA with a range of ASA concentrations after excitation at 295 nm are shown
in Figure 4.3A. These spectra were corrected for background fluorescence emanating from ASA
by least squares fitting equivalent ASA fluorescence emission spectra in the absence of BSA. “*
254

Increasing concentrations of ASA induces a 30% decrease in intrinsic tryptophan fluorescence

of BSA. The large tryptophan quenching effect has been attributed to direct or indirect interaction
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of ASA with W134 and/or W213 of BSA, which lie in the IB and ITA subdomains, respectively.*'’
The amplitude at 330 nm in Figure 4.3A was plotted as a function of ASA concentration in Figure
4.3B. The fluorescence quenching curve was biphasic, so it was fit to Equation 12. The Ksy; and
Ky values determined from fitting with Equation 12 were 0.391 + 0.021 uM™ and 0.00862
+0.00210 pM™". These values decreased, when the titration was repeated at higher temperature
(data not shown), indicating that ASA induced quenching occurs through a static mechanism and
that these Ky values are association constants (K,'s). The Kp's for ASA determined from the K4's
were 2.56 £0.014 uM and 116 + 28.3 uM for each ASA binding site. These results are consistent
with the observation that there is a high and low affinity ASA binding sites on BSA.*'>*"” The
average affinity is in the range of ASA affinities determined by double reciprocal plot analysis and

Scatchard Plot analysis of UV-visible and fluorescence titration curves.”">2'7*>

4.4.2 PRE NMR experiments with ASA and BSA
PRE NMR of paramagnetically spin-labeled protein and protein with paramagnetic metal
centers has been used successfully to create accurate protein and ligand-bound protein

230, 256-258
structures.”

The distances between paramagnetic centers and nuclei can be measured up
to~30A.*" For ligands that are in fast exchange with bulk solvent and protein, distances as short
as 10 A can be estimated from PRE NMR.>° For example, a distance of 2.6 A was calculated from
PRE between cytochrome P450 heme and bound water versus 2.2 A for the water bound X-ray

259, 260
crystal structure.””

In this study, the distances will be calculated using PRE between mobile
Mn*"-ETDA label on BSA and an ASA molecule. The effect of 3,5-diiodosalicylic acid (DIS),
whose four binding sites are known from an X-ray crystallographic study,”'* on the PRE on ASA

was also examined.
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One potential complicating factor to our PRE NMR measurements is the fact that ASA has
a high and a low affinity binding site on BSA. “® *!'" Luckily, PRE by the Mn>"-EDTA label on
ASA will only report the binding site that is closest to the label because of its ° distance

.g. 210
dependence. “®

Furthermore, the NMR experiments were performed with high concentration
BSA and a stoichiometric amount of ASA so that the high affinity site would be preferentially
populated to isolate the PRE effects on ASA occupying the high affinity binding site from the low
affinity binding site. Using a Mn>*-EDTA label as a paramagnetic center is advantageous in that
distances between the Mn”" and 'H can be detected at ~35 A.*** The ASA binding sites have been
identified to lie in subdomain IB and IIA,*"” both within the ~35A range. Therefore, we are
confident that the high affinity is within range of detection with the Mn**-EDTA label.

Another potential complicating factor to our PRE experiments was that serum albumins
are known to have esterase activity that could potentially convert ASA into salicylic acid.**"*** A
previous NMR study with ASA and BSA already demonstrated that BSA does not hydrolyze ASA
under their conditions.”'” Since the NMR experiments in this study were performed at high BSA
concentrations, ASA conversion to salicylic acid in the presence of high BSA concentrations (i.e.
500 pM) was monitored by NMR. No significant changes were observed in ASA 'H peak
amplitudes or "H chemical shift after 24 hours of incubation at room temperature (data not shown).
This confirms that BSA does not hydrolyze ASA.

Figure 4.4 shows the PRE NMR experiments with 500 pM ASA and 500 pM BSA.
Although the amplitude of the methyl 'H NMR peak labeled 5 of ASA was larger than the aromatic
peaks, there was too much interference from BSA "H NMR signals to reliably measure relaxation

(data not shown). Therefore, Rp; and Rp, were estimated using the aromatic '"H NMR peaks of

ASA labeled 1-4 (Figure 4.4A). Figure 4.4B shows a waterfall plot of aromatic region of the 'H
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ASA T relaxation NMR spectra in the presence of Mn>"-EDTA labeled BSA. The peaks of the 'H
NMR spectra were negative at short inversion recovery times and become positive at longer
inversion recovery times. After fitting the '"H NMR overlapping peaks, the relaxation-induced
changes in the ASA "H NMR spectra were determined by SVD analysis. Figure 4.4C shows SVD
analysis of 'H ASA NMR peak labeled 1. Fitting the relaxation curve in Figure 4.4C with Equation
1 produces an R; pu of 1.26 + 0.02 sec. Figure 4.4D shows the two point Rp; approximation
method applied to 500 pM ASA and 500 pM Mn”>"-EDTA labeled BSA. In the panel, the 'H ASA
NMR spectra were taken with transverse magnetization decay times of 8 ms and 32 ms. The 'H
NMR peak amplitudes at 32 ms were about half than at 8§ ms. From those amplitudes, Rp, values
were calculated using Equation 3 and are shown in Table 4.1. The effect of competing DIS with
ASA on the Rp; of ASA protons are shown Figure 4.4e. In the absence DIS, the Rp; values ranged
from about 0.1 to 0.4 sec™'. To saturate the four DIS binding sites on 500 uM of BSA, 2 mM of
DIS was added to the NMR sample. No 'H DIS NMR signals were observed in the PRE NMR
spectra under these conditions, which suggests that DIS is in slow exchange with BSA (data not
shown). In the presence of DIS, the Rp; was reduced to ~0 sec”', which indicates that ASA was
displaced far away from the label at C34 and it shows that the high affinity ASA binding site
overlaps with one of the known DIS binding sites on BSA.

Analysis of the data in Figure 4.4 allowed us to estimate the distances between ASA and
the Mn>"-EDTA label using Eqgs. 5, 6 and 8 (Table 4.1). The numbers of left most column of the
Table are the proton numbers of the molecular structure shown in Figure 4.4A. The 7; and 7>
relaxation results are shown on the top and bottom of the Table, respectively. Under the 7}
relaxation results section, the Rp; values that range from 0.09 to 0.17 sec’’. The 7/ min, T1,avg and

r1max Was calculated with Egs. 5 and 8 using the minimum, average and maximum Rp; values,
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respectively. The calculated distances range from about 22 to 31 A. The 7, relaxation results
section shows the Rp; calculated from the amplitudes of the NMR spectra. The Rp, values are
significantly higher with relaxation values ranging from 12 to 22 sec™. The distances calculated
using Equation 6 ranged from 17 to 21 A. The distances calculated from the 7; and 7 relaxation
are in the same general range. The differences may be the result of internal motion effects on the

Rp; and/or limitations in the two point approximation method for estimating Rp,.*'’

4.4.3 Molecular docking of ASA to Mn>*-EDTA labeled-BSA using HADDOCK-Vina

Without molecular docking with HADDOCK-Vina, our experimental data already reveals
the approximate location of the high affinity ASA binding site. The quenching of tryptophan
fluorescence (Figure 4.3) implies that ASA binds near to W134 of subdomain IB or to W213 of
subdomain ITA.*'* The 7 and T} relaxation experiments suggest that ASA binds within ~20-30 A
of the Mn*"-EDTA label (Table 4.1). Displacement of ASA by DIS, revealed by decreases in Rp,
(Figure 4.4D), suggest that binding occurs at one of the DIS binding sites. The DIS sites (DIS1
and DIS4) located near W213 in subdomain IIA exceed 30 A and would not detect ASA 'H
relaxation from the paramagnetic label at C34. The only DIS binding site that lies within the
experimentally-derived 7; and 7> distances (Table 4.1) is in subdomain IB (i.e. residues 112-205
of BSA) or DIS3.*"* Therefore, the DIS3 binding site was used as a restraint in HADDOCK-Vina.
The DIS3 binding site is defined by eighteen residues, that lie within 4 A of the DIS molecule:*"*
114, 115, 116, 140, 141, 142, 159, 160, 161, 180, 181, 182, 184, 185, 186, 187, 188 and 189. To
restrain the ASA molecule, the DIS3 residue numbers were inputted into the experimental input

of HADDOCK-Vina in [MUT] section as 18 separate restraints with a weight of 1. The
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experimental input used for the docking of ASA onto BSA is shown in Supplementary Information
(Figure 4.S1).

The 7; and 7T, relaxation-derived ASA to Mn>'-EDTA labeled BSA distances reflect a
distance weighted toward the shortest ASA to Mn®" distance because of the »° distance
dependence.’'’ In addition, a free ASA molecule that is in fast exchange between the bulk solvent
and BSA will assume many bound orientations with respect to BSA, so the r,,, in Equation 7
reflects the weighted distance average of a ligand bound in many different orientations. Distances
are inputted into the [PRENMR] section of the experimental input of HADDOCK-Vina as distance
(r), lower bound distance (7o) and upper bound distance (7pe), which are all used to define the
distance restraint within the HADDOCK protocols and CNS. The 7. and the 7 of the distance
restraint was set to 7y, and ryax, respectively, while the 7,,p.- was set to 7,4 plus the long axis of
ASA (i.e. 8.6 A) to account for free rotation of ASA (Figure 4.S1).

The receptor used for the HADDOCK-Vina simulations is the DIS-bound BSA crystal
structure (PDB ID: 4JK4)."* Since the sidechains are oriented for DIS binding, the sidechains are
essentially randomized for ASA binding and side chain movement occurs during HADDOCK
refinement. To dock ASA onto BSA, extraneous metals and ligands were removed from the

23 The ASA molecule was extracted from PubChem and

receptor, as described previously.
processed on the PRODRG server.'® 21 To effectively coat BSA surface, 2,000 ASA molecules
were docked with a weight repulsion of 0.3. From these ligands, ASA molecules that had a Hycore
of 0 and a favorable E.; were selected for HADDOCK refinement, as previously described.”"
Each selected AutoDock Vina conformation was subjected to 100 simulations of energy

minimization, simulated annealing and molecular dynamics with explicit solvent in HADDOCK

refinement.”” The bound ASA molecules were clustered according to their Hy.or and a2 A RMSD
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cutoff. The number of clusters with significant populations of molecules will decrease as the
RMSD between the ligand-bound model and the ligand-bound X-ray crystal structure decreases,
as observed previously.”"” Thus, we anticipate that the number of populated clusters will decrease
as we approach an accurate solution. In this study, there is no ASA-bound BSA X-ray crystal
structure; therefore, the ASA bound conformations will be compared with the structurally-related
DIS molecule bound at the DIS3 binding site determined from the X-ray crystal structure (PDB
ID 4JK4*'*). Of course, getting a low RMSD between an ASA bound on BSA and the DIS bound
on the X-ray crystal structure of BSA (PDB ID 4JK4*'* ) does not necessarily indicate a good
ASA-bound BSA model. Most importantly, a good ASA-bound model should have an E;;;, and Q-
Factor that approaches 0, suggesting the experimental data fit well within the model. In addition
to a reduced number of populated molecular clusters, the cluster formed from the bound ASA
molecule with the lowest Hy... should have a significantly higher population than the remaining
clusters.”"?

ASA was docked to Mn>"-EDTA labeled BSA using restraints derived from the NMR
relaxation experiments (Figure 4) and HADDOCK-Vina. To determine the effect distance
restraints on cluster distribution, HADDOCK-Vina molecular docking simulations were
performed with the distance restraints of each NMR experiment separately and combined in Figure
4.5. Table 4.2 shows the average Hicors, interaction energies and RMSDs for the lowest Hcore
cluster in the ASA molecular docking simulation with HADDOCK-Vina. A complete set of
statistics is provided in Table 4.S1 of the Supplementary Information. In Table 4.2, the left column
is the restraint type. For 7; and 7 relaxation, the distance restraints are found in Table 4.1. The
DIS3 competition restraint type are distance restraints derived from residues within the DIS3

binding site, and all is a combination of all the distance restraints. The lowest H,.... value that
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defines the first cluster is in the next column. The next columns have the average Hi.o.s and
interaction energies for that cluster. To correlate the ASA modeled site to the DIS3 site of X-ray
crystal structure of BSA,*'* the average RMSD between ASA in the cluster and DIS was
calculated in the second to last column using Eqs. 14 and 15. In the last column, a Q-factor was
calculated for the ligand in the cluster with the lowest Hy.,. from the simulations using the 7; and
T, relaxation derived distance restraints using Equation 15.

Molecular docking of ASA with BSA was first examined using only distance restraints
derived from 7 relaxation data. The resulting distribution of the 58 clusters from molecular
docking with HADDOCK-Vina is shown in Figure 4.5B and the BSA X-ray crystal structure with
the location of the ASA cluster with the lowest H.,. (red) and ASA clusters with Ey = 0,
indicating good correlation with experimental data (blue) is shown in Figure 4.5C. The lowest
Hieore cluster was formed from 41 ASA molecules and was ~28 A from the Mn*"-EDTA label,
which fits within the 7 distances (Table 4.1). The lowest Hy.,. of the ASA molecule occupying
the cluster was -169 A.U. (Table 4.2). This molecule also had Q-factor of 0.00 and was positioned
about ~11 A from the DIS molecule occupying the DIS3 binding site of BSA (Table 4.2). The
cluster associated with this molecule had an average Eyous of -95.7 £ 36.1 kcal mol™ and an average
Egis of 0.00 £ 0.04, indicating that the location of the docked ASA molecules corresponded well
within the experimental data (Table 4.2). Unfortunately, 48 other clusters also have average E iy
of 0 including clusters (Table 4.S2). While the lowest Hy,. structure is the most populated, cluster
#27 had 38 ASA molecules, as well as #21 and #34 clusters are also highly populated. Therefore,
additional experimentally derived distance restraints will be needed to reduce the ambiguity of

ASA molecules on BSA.
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Figs 5d and 5e show the distribution of 62 clusters and the position of ASA clusters on the
BSA X-ray crystal structure, respectively, using distance restraints derived only from 7> relaxation
measurements. The lowest H,qo from the initial cluster was -194, which was comprised of 22
ASA molecules. This cluster was ~21 A from the Mn*-EDTA label, within range of the
experimental data (Table 4.1). The lowest Hcor. structure within this cluster had both a Ey;, and
the Q-factor were 0 showing that its position fits well with respect to the experimental data. The
molecule lies about ~17 A away from the bound DIS molecule in the DIS3 binding site (Figure
4.5C). One of the issues with the molecular docking using distances derived from a single
experimental source is that the remaining 55 ASA clusters have an Eg of 0. This implies that the
other bound ASA molecules are equally likely to represent the ASA-bound complex, since they
fit well within the experimental data. In addition, one of the clusters has a much higher populations
of ASA molecules, cluster #16, which has 60 ASA molecules. Molecular docking driven by
distances restraints derived from either the 7; and 7> relaxation experiments from a single label is
clearly not sufficient to confidently identify a single ASA binding site on BSA.

Molecular docking of ASA with BSA using only DIS3 binding site residues as restraints
are shown in Figures SF and 5G. The first lowest Hy,r. cluster (Figure 4.5F) was found within the
IB subdomain of BSA (cf. Figure 4.5G and 5A), where we anticipate the ASA binding site lies.
The lowest Hcore, average Hicores and average Ejyqus of the ASA molecules with the cluster was -
131 A.U., -80.1 + 28.0 and -80.2 + 27.8 kcal mol ™, respectively (Table 4.2). This ASA cluster
essentially overlapped with the DIS3 binding site, with an average RMSD of 2.42 + 0.54 A (Table
4.1). The population of the second cluster (Figure 4.5F) was about half of this cluster. The lowest
Hi o of cluster #2 had a very similar Hy.,. to the lowest Hy.,e cluster, with a value of -130. This

cluster had an E_;,, of 0 kcal mol™! versus the E,;, of the lowest H,,,. cluster of 0.01 = 0.10 kcal
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mol” (Table 4.S1), which shows that cluster #2 correlates better to the experimentally derived
distance restraints. In addition, the lowest Hy.,. ligand in cluster #2 is considerably closer to the
DIS3 binding site with an RMSD around 1.79 A (Table 4.S2). Additionally, clusters #4 and #6
also had Ej; of 0 (Figure 4.5F). The DIS competition data by itself is clearly not sufficient to
resolve the ASA binding site on BSA.

Figs. 5h and 5i show the molecular docking with HADDOCK-Vina with all the
experimentally-derived distances. The molecular docking of ASA with these distance restraints
resulted in 6 clusters (Figure 4.5H). All the clusters are located within domain I of BSA. The initial
cluster formed from the bound ASA molecule with the lowest Hycor 0f -167 A.U. was populated
with ~89% of the ASA molecules from the HADDOCK-Vina runs (Figure 4.5H). This cluster had
an average Eyo and Egig of -49.3 + 28.7 and 1.70 + 1.55 kcal mol™, respectively (Table 4.S1). The
average Ey, 1s the highest value compared to the lowest H.... clusters derived distance restraints
from a single experimental source because the combined distance restraints will oppose each other,
as seen previously.”"> However, the ASA molecule with the lowest Hy.. that defines the cluster
had a Q-factor and E;, of 0 and 0.14 kcal mol™, respectively, showing that it fits well with all the
experimental data. The molecule also had the Ejy of -168 kcal mol™. The RMSD of this bound
ASA molecule to the DIS molecule occupying the DIS3 binding site of the BSA X-ray crystal

structure was 1.57 A, showing that they have overlapping binding sites.

4.4.4 ASA-bound BSA model versus DIS-bound BSA X-ray crystal structure
The molecular docking simulations of ASA to BSA using all the experimental restraints
were analyzed further in Figure 4.6. Figure 4.6A shows the most populated cluster from Figure

4.5H (red) with respect to the Mn*-EDTA label and DIS (black). The cluster is located in the 1B
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subdomain and completely envelopes the DIS molecule occupying the DIS3 binding site of BSA.
The RMSD of the lowest Hy...e ASA occupying the cluster and DIS was 1.57 A. The cluster
associated with this ASA molecule completely envelopes the DIS molecule from the X-ray crystal
structure with an average RMSD of 2.68 + 0.41 A (Table 4.S1). The cluster position is consistent
with the competition observed between DIS and ASA with BSA in Figure 4e. The next panel
(Figure 4.6B) shows the DIS molecule within the DIS3 binding site and interacting residues of
BSA. The carboxylic acid functional group of DIS forms hydrogen bonds with R185, while the
iodine functional groups interact with the backbone of R185 in addition to Y137, Y160 and M 184
as noted in the original publication.”'* The ASA molecule with the lowest Hyc, from the cluster
in panel a is shown in Figure 4.6C with surrounding residues. The ASA molecule was 26 A from
the Mn*"-EDTA label, corroborating the distances determined by PRE NMR (Table 4.1). The
R185 was displaced ~3 A from its original position in the X-ray crystal structure. The residues
R185 and K114 both form hydrogen bonds with the carboxylic acid functional group of ASA.
There are also hydrophobic interactions between the phenyl functional group of ASA and L115.
The two tyrosine residues that interacted with DIS are shown in panel C for comparison. While
both Y137 and Y160 are too far away to interact with ASA, in the absence of DIS3, the two

residues overlap to satisfy pi-pi stacking interactions between them.

4.5 CONCLUSION

In the previous publication, the HADDOCK-Vina protocol integrated several software
programs to experimentally drive docking. With the software, we essentially reproduced the ligand
positions from the X-ray crystal protein structures. Using the molecular docking strategy

developed in the previous manuscript, HADDOCK-Vina was used to dock a weakly interacting
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ligand in fast exchange to a macromolecule under conditions that would be difficult to investigate
by X-ray crystallography. In HADDOCK-Vina, information from PRE NMR relaxation
experiments with paramagnetically labeled BSA and competition with DIS were used to drive
docking of ASA to BSA. Using the PRE NMR relaxation derived distance restraints alone was not
sufficient to unambiguously identify the high affinity ASA binding site. In these cases, the cluster
number and distribution showed a lot of variation between molecular docking simulations. When
additional restraints were added, the ASA molecules coalesced toward the cluster derived from the
lowest Hycore ASA molecule. Our experimentally-driven docking revealed that the ASA binding
site was posited on the subdomain IB of BSA. The approach applied to the BSA and ASA model
system can be translated for docking other weakly interacting ligands such as substrates and drugs.
Therefore, HADDOCK-Vina protocol can serve as a powerful tool for receptor-small molecule

docking with experimental data.
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4.6 TABLES

Table 4.1 Paramagnetic relaxation rates and the calculated distances

T, relaxation results

proton R pira (Sec_])zl R iy (Sec_l)b Ry, (Sec_])c Y1, min (A) ’ T1avg (A)* Y1 max (A) )
H-4 1.19+0.01 1.34 £ 0.06 0.09 £0.03 26.92 28.38 30.68
H-2 0.967 £ 0.06 1.43£0.05 0.34 £0.07 22.09 22.79 23.68
H-3 1.04 £0.04 1.45+£0.02 0.27 £0.04 23.04 23.61 24.29
H-1 1.26 £0.02 1.62 +£0.02 0.17£0.01 25.10 25.44 25.80

T, relaxation results

proton Lt Dyara®)’ Lt Lia()  Rop (5e€")'  ppin (A) 1o (A) 1y (A)
H-4 0.92, 3.55 1.25,3.61 11.8+4.31 18.73 19.73 21.27
H-2 1.33,3.39 3.63,5.42 223+1.31 17.58 17.75 17.93
H-3 0.74, 3.03 2.65, 6.46 21.7£3.96 17.34 17.83 18.44
H-1 2.40, 6.25 5.68,9.46 18.6 £1.32 18.09 18.30 18.53

*® The T relaxation rates for the paramagnetic (R} ,.,) and diamagnetic (R, 4,) were calculated by exponential fitting

for protons 1-4.

¢ The relaxation rates (Rp;) were calculated by taking the difference of the R; p., and R; p;, rates for each proton.
4 The intensities of the 'H NMR peaks of ASA in the paramagnetic samples at two time points.
¢ The intensities of the "H NMR peaks of ASA in the diamagnetic samples at two time points.
" The T relaxation rates (Rp;) were calculated by the two time-point measurement method for each proton.

" For both 7 and 7>, the average distance (7,,,) was calculated using the modified Solomon-Bloembergen equation.
The minimum distance (#,,;,) and the maximum distance (#,,,) were calculated from the maximum and minimum R,

values.
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Table 4.2 Cluster analysis of ASA-BSA complex with HADDOCK-Vina.

Average Average E,;, Average E,,, Average Average E;;,  Average E,, Average
Restraint Hoore
H,,.+S.D. +S.D. +8S.D. E 0 + S.D. +S.D. +S.D. RMSD +  Q-Factor®
Type (A.U.)a * * * * * * *
(AU (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)® S.D. (A)*
T, PRE
-169 -95.6+36.3 -13.6 £2.56 -92.1+37.7 10.0 £ 9.64 0.00+ 0.04 -95.7 £ 36.1 10.2+0.55 0.00
NMR
T, PRE NMR -194 -119+34.5 -11.3+4.31 -119+£30.2 12.0 £ 9.30 0.00+ 0.00 -119+34.5 20.5+1.05 0.00
DIS Binding
-131 -80.1 +£28.0 -20.6 £2.80 -67.5+24.4 791+11.0 0.01+0.10 -80.2 £27.8 2.42+0.54 --
Site
All -167 -32.3+34.0 -159+2.24 -40.8 £26.3 7.41+9.52 1.70 £ 1.55 -49.3 +28.7 2.68+0.41 0.00

*Average + standard deviation (S.D.) for each docked structure within the cluster. Clusters with a S.D. of 0 had only one docked structure populating the

cluster.

*The lowest HADDOCK score (H,,.) structure of the lowest Hy,,.s cluster
"The average Hi.,.qstructures within the lowest Hy,.q cluster
“The total intermolecular energy (E i = EvawTEeicet™EdesortEaisi) Was calculated for each structure and averaged for the lowest H,.q cluster
4The RMSD was calculated for each structure and averaged for the lowest Hyq cluster

“The Q-Factor of the lowest Hyor ligand in the lowest H,,,.s cluster
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4.7 FIGURES

90 180 90 90

(a ) 3-9-19 WATERGATE
P @

( b 3-9-19 WATERGATE

H(mllilmw,,

Figure 4.1. Pulse sequences for measuring PRE. (A) Rp; and (B) Rp, showing the 'H and pulse

field gradient (PFG) channels. The bars reflect square pulses, while the parabolas are gradient
pulses. The 90°, 180° and Ty, spin lock pulses are labeled. The 6 pulses titled with 3-9-19
WATERGATE were used for water suppression. The relaxation delays, d; and d,, were 15 and 4
s, respectively. The d;,, is the inversion recovery time. The 7 in (B) was set to 1 ms. Phase cycling:
P1=X; G2=Y5 G3=(X,XY,YoXomXomY Yo Y Yo Xow XY oY XXX, XY=y X XYY 0m Yo=Y o Xo XYY omX,X) ;- 0a=(-
AVER O EASSAASSAS AT &S WAL B BAAA D EAS® IS VA S
X,Y,Y,-X,-X,-X,-X,Y,¥,-X,-X,y,y). The field gradients, G, and G,, were optimized to suppress water.
The variable n is the number of spin echo repetitions, which was calculated by dividing the

transverse magnetization decay time by 2*
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Figure 4.2. Internal autocorrelation function (C;(z)) of the vector between the amide proton and
the Mn”>" nucleus for the Mn*"-EDTA labeled C34 on domain IA of BSA as a function of MD
simulation time. The C;(?) values are shown as solid gray squares and the fit to Equation 9 is shown

as a black line.
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Figure 4.3. Intrinsic tryptophan fluorescence quenching of BSA in the presence of ASA. (A) The
normalized BSA tryptophan fluorescence spectra (310-400 nm) with increasing concentrations of
ASA. The BSA tryptophan fluorescence spectrum at 0 and 3.0 mM ASA are represented as thick
and thin black lines, respectively. The intermediate concentrations are shown as gray lines. (B)
The amplitude at 333 nm corrected for inner filter effects, background and volume is plotted as a
function of ASA concentrations and normalized. The fit to Equation 12 is shown as a black line.
The data points represent an average and the bars represent the standard deviation of at least three

experiments.
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Figure 4.4. Relaxation of '"H NMR peaks from 500 uM ASA in the presence of 500 uM Mn*"
EDTA labeled BSA. (A) A waterfall plot of "H ASA NMR spectra at various inversion recovery
times. (B) SVD analysis of proton labeled 1 as a function of the inversion recovery time. (C) The
'H ASA NMR spectra at 8 ms and 32 ms 7 relaxation times (black) and the least squares fits
(gray). (D) The Rp; of aromatic protons of ASA in the absence (black bars) and the presence of

DIS (gray bars).
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Figure 4.5. Experimentally-driven molecular docking of ASA to BSA with the HADDOCK-Vina
protocol. (A) The structure of BSA with the subdomains labeled. Molecular docking of ASA using
distance restraints derived from (B,C) the 7 relaxation (Table 4.1), (D,E) the 7> relaxation (Table
4.1), (F,G) the DIS competition (Figure 4D), and (H,I) all the NMR experiments. The clustering
distribution from the molecular docking simulations is shown B,D,F,H with the highest populated
cluster denoted with an asterisk. Clusters with a Ey, = 0 are designated with a pound sign. The
clusters are organized, so that ASA molecules with the lowest H,os in each cluster are ordered
first. Clusters with the lowest Hy.,. (red) and Eyi;; = 0 (blue) are rendered as van der Waals volume
in C,E,G,I. The overlaid numbers, 1-4, correspond to the DIS binding sites, DIS1-DIS4, that were
noted in the DIS-bound BSA X-ray crystal structure®'* . The “L” represents the location of the

Mn*"-EDTA label.
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Q@»

Figure 4.6. The high affinity ASA binding site of BSA deduced by HADDOCK-Vina. (A) The most populated cluster of ASA using

all experimental data derived distance restraints (transparent red) with respect to the Mn**-EDTA label. The DIS molecule from the X-
ray crystal structure is shown within the ASA cluster (black). (B) The bound DIS molecule in the DIS3 binding site within subdomain
IB of the BSA X-ray crystal structure’'* . (C) The ASA molecule with the lowest Hy.. and E,,,; bound near to the DIS3 binding site of
BSA. The residues that interact with DIS and ASA in B,C are shown as sticks and labeled. In B,C, the carbons of DIS and ASA are
colored green, while the carbons of interacting residues are colored gray. The dashed lines in B,C denote H-bonds and interactions

between the ligands and BSA.
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4.8 SUPPLEMENTARY INFORMATION

Table 4.S1 Cluster analysis of all clusters produced from HADDOCK-Vina

Average Average Average Average Average Average Average
Restraint Cluster Number Lowest
Sovertap” H,,, + E,;, +S.D.* E, ..t S.D.* E joor, 8.D.* E;,+S.D.* E i+ S.D.* RMSD +
Type Number in Cluster H,.,.'

S.D.o* (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) S.D.** ()

1 41 0 -169 -95.6 +36.3 -13.6 +2.56 -92.1+37.7 10.0 +9.64 0.00 + 0.04 -95.7 +36.1 10.2+0.55
2 8 0 -158 -83.4+452 -9.05+2.75 -90.0 + 46.0 14.7+14.3 0.09 +0.24 -84.3+46.3 9.19+0.73
3 3 0 -151 -124+285 -12.4+3.09 -116 +27.2 4.07+122 0.00 + 0.00 -124 +£28.5 10.3+0.35
4 11 0 -136 -76.6 + 36.6 -4.61+3.00 -84.3 +36.9 12.3+8.67 0.00 + 0.00 -76.6 + 36.6 27.2+0.66
5 3 0 -132 -105+£26.9 -18.5+2.64 -94.4+18.5 7.65+11.6 0.00 + 0.00 -105 +£26.9 10.9+0.18
6 10 0 -131 -52.4+44.6 -16.9 +1.53 -40.7 + 44.0 4.74£5.39 0.05+0.13 -52.9+443 9.97 +0.39
7 4 0 -129 -82.3+ 445 -10.3+3.10 -76.9 + 46.0 4.93+£3.95 0.00 + 0.00 -82.3+44.5 8.59+0.84
8 14 0 -127 -67.5+253 -18.0+2.01 -60.3 +24.2 10.8+16.3 0.00 + 0.00 -67.5+25.3 1124045
9 1 0 -125 -125+0.00 -10.7 + 0.00 -130 +0.00 16.2+0.00 0.00 + 0.00 -125+0.00 8.7240.00
10 1 0 -112 -112£0.00 -12.5+0.00 -118 +0.00 19.0 +0.00 0.00 + 0.00 -112 £ 0.00 10.1+0.00
11 1 0 -105 -105 £ 0.00 -5.12+0.00 -106 = 0.00 5.81+0.00 0.00 + 0.00 -105 +0.00 9.34 4 0.00
12 4 0 -105 -69.1+32.4 -19.7+1.22 -49.8 +34.9 0.41+724 0.00 + 0.00 -69.1+32.4 11.0+0.44
13 3 0 -104 -61.5+36.9 -8.40 +3.91 -59.0 +21.6 591+12.3 0.00 + 0.00 -61.5+36.9 27.6+0.74
14 4 0 -100 -83.2+14.0 -20.5+2.58 -76.4 +20.2 13.7+7.19 0.01 +0.02 -83.2+14.0 11.5+0.52
15 2 0 -88.5 -34.6+76.3 -3.82+0.66 -458+71.3 15.1+4.29 0.00 + 0.00 -34.6+76.3 25.3+0.63
16 1 0 -76.3 -76.3 +0.00 -10.4 +0.00 -84.7 +0.00 18.4+0.00 0.04 + 0.00 -76.7 + 0.00 9.55 4 0.00
17 2 0 -69.8 -46.4 +£33.1 -14.9 + 4.67 -46.5 +33.9 13.4+6.05 0.16 +0.22 -48.0 +35.2 9.86 +0.41
18 2 0 -64.8 -53.1+16.6 -19.9+3.10 -40.1+23.3 6.03+1.85 0.13+0.18 -54.4+18.3 10.7 +0.31
19 5 0 -63.3 -25.1+345 -5.00 +2.28 -35.1+255 15.0+11.9 0.00 + 0.00 -25.1+34.5 26.4+0.98
20 1 0 -56.9 -56.9 +0.00 -16.4 +0.00 -51.5+0.00 10.9 +0.00 0.00 + 0.00 -56.9 +0.00 11.0 +0.00
21 20 0 -56.4 -0.42+18.6 -3.99+ 1.79 -5.25+16.0 8.70 +7.33 0.01+0.03 -0.54+18.5 25.4+0.74
n 22 5 0 -54.4 -27.6+23.3 -4.09 +0.70 -33.4+254 9.93 +6.60 0.00 +0.01 -27.6+23.2 25.6+0.56
23 5 0 -51.4 -3.21+30.2 -2.27+0.71 -13.3+£253 124+ 14.1 0.00 + 0.00 -3.21+30.2 26.2+0.72
24 5 0 -36.4 -1.90 +23.2 -4.44+2.29 -6.29 + 14.6 8.84+10.5 0.00 + 0.00 -1.90 +23.2 27.0+0.43
25 6 0 -325 -3.31+21.4 -4.21+0.73 -9.73 £ 16.7 10.6 +9.62 0.01+0.01 -3.36+21.4 26.3+0.72
26 3 0 -32.0 -12.5+19.9 -1.60 + 0.56 -14.0+173 3.03+30.2 0.00 +0.01 -12.6+19.9 279+ 1.56
27 38 0 -289 -1.84 +8.94 -5.26+1.95 -3.04 +3.01 6.46 + 8.30 0.00 + 0.00 -1.84 +8.94 3234084
28 5 0 -242 -9.56+13.4 -7.42+3.07 -145+ 155 12.4+731 0.00 + 0.00 -9.56 +13.4 25.8+0.79
29 2 0 -203 -10.3+14.2 -6.16 +0.75 -29.4+2.42 -1.18+15.9 0.00 + 0.00 -10.3+14.2 26.3+0.33
30 3 0 -18.9 -9.01+13.9 -7.20+1.32 -6.47 +3.44 4.66+15.4 0.00 + 0.00 -9.01+13.9 33.1+0.63
31 1 0 -173 -17.3+0.00 -7.69 = 0.00 -8.83 +0.00 -0.74 + 0.00 0.00 + 0.00 -17.3+0.00 31.240.00
32 1 0 -12.8 -12.8+0.00 -5.63+0.00 -4.02 +0.00 -3.18+0.00 0.00 + 0.00 -12.8 +0.00 31.440.00
33 2 0 -123 -0.93+16.0 -5.33+0.92 -11.6+13.3 14.4+1.48 0.15+0.21 -2.44+139 25.9+0.02
34 25 0 -11.9 420+ 13.7 -4.86+2.2.0 0.25+2.14 8.70 +12.8 0.01+0.04 4.10+13.8 32.140.80
35 3 0 -11.9 -3.40+7.88 -6.24 +0.31 0.42+2.37 2.42+5.89 0.00 + 0.00 -3.40+7.88 32.540.19
36 6 0 -9.10 2.90 +9.04 -0.88 +0.42 -1.81+1.32 5.60+9.76 0.00 + 0.00 2.90 +9.04 33.5+0.73
37 8 0 -8.15 132+13.6 -1.54 +0.89 1.74 +4.97 13.0+10.4 0.00 + 0.00 13.2+13.6 27.9+0.90
38 3 0 -7.89 3.92+11.0 -1.14 + 0.69 <779+ 12.8 12.8 + 1.40 0.00 + 0.00 3.92+11.0 27.5+0.42
39 1 0 -7.34 -7.34+0.00 -0.82+0.00 -14.3 £ 0.00 7.79 +0.00 0.00 + 0.00 -7.34+0.00 29.5+0.00
40 4 0 -7.04 3.85+13.2 -6.65+2.22 -0.29 + 1.16 10.8+11.0 0.00 + 0.00 3.85+13.2 32.540.62
41 2 0 -5.47 -1.09 +6.19 -2.11+0.98 2.25+2.53 -1.23+4.64 0.00 + 0.00 -1.09+6.19 34.440.54
42 3 0 -4.59 0.89+5.21 -1.61+0.74 -0.97 + 1.41 2.73+6.81 0.07+0.13 0.14 + 6.42 30.8+0.43
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43 1 0 -4.58 -4.58 £ 0.00 -6.07 +0.00 7.42 £ 0.00 -5.93+0.00 0.00 +0.00 -4.58 +£0.00 32.6 £0.00
44 1 0 -3.83 -3.83+0.00 -4.14 £ 0.00 -0.05 £ 0.00 0.35+0.00 0.00 +0.00 -3.83+0.00 34.1+£0.00
45 6 0 -3.27 7.66 £10.5 -3.45+1.35 6.40 = 4.06 4.71+6.87 0.00 +0.00 7.66 £10.5 27.4+0.75
46 1 0 -0.89 -0.89 +0.00 -0.06 + 0.00 0.34+0.00 -1.17+0.00 0.00 +0.00 -0.89 +0.00 31.6 £0.00
47 2 0 -0.67 9.61 £14.5 -0.73 £ 0.51 -0.59 £0.37 109+ 14.4 0.00 +0.00 9.61 £14.5 33.6+0.24
48 3 0 0.69 11.7+9.74 -2.83+0.40 -0.22£1.49 14.8 +8.46 0.00 +0.00 11.7£9.74 32.4+0.29
49 2 0 0.91 9.87+12.7 -0.59 +0.09 -23.8+7.51 343+5.24 0.00 +0.00 9.87+12.7 27.0+0.16
50 1 0 0.95 0.95 +0.00 -0.49 +0.00 -1.27£0.00 2.71 £0.00 0.00 +0.00 0.95 +0.00 33.1+0.00
51 2 0 1.89 3.45+2.20 -2.43+2.68 2.33+0.69 3.55+0.21 0.00 +0.00 3.45+2.20 27.7+0.54
52 1 0 2.58 2.58 +0.00 -0.14 £ 0.00 0.28 £ 0.00 2.44 £0.00 0.00 +0.00 2.58 £0.00 27.5+0.00
53 1 0 3.64 3.64 +£0.00 -2.06 +0.00 -2.88£0.00 8.58 +£0.00 0.00 +0.00 3.64 +0.00 26.9+0.00
54 2 0 3.87 7.08 £ 4.54 -5.74+3.05 9.61+0.30 322+1.78 0.00 +0.00 7.08 +4.54 33.8+0.76
55 1 0 6.16 6.16 +0.00 -1.84 £ 0.00 2.27+0.00 5.73 £0.00 0.00 +0.00 6.16 = 0.00 25.840.00
56 2 0 6.40 11.3+6.92 -1.15+0.01 0.56+0.13 11.9+7.06 0.00 +0.00 11.3£6.92 32.7+0.42
57 1 0 8.59 8.59 +0.00 -3.43+0.00 13.7+0.00 -1.67 +0.00 0.00 +0.00 8.59 +0.00 33.9+0.00
58 1 0 10.7 9.77 £ 0.00 -4.73 £ 0.00 18.3£0.00 -3.80+0.00 0.00 +0.00 9.77 £ 0.00 34.2+0.00
1 22 0 -194 -119+£34.5 -11.3+4.31 -119£30.2 12.0+9.30 0.00 +0.00 -119£34.5 20.5+1.05
2 5 0 -181 -122£36.0 -8.18+2.76 -129 £ 40.4 153 +5.69 0.00 +0.00 -122 £36..0 9.50 £ 1.05
3 10 0 -168 -117+£36.4 -9.68 + 4.42 -115+£36.2 7.58 +£6.94 0.00 £0.01 -117 £36.4 21.4+0.85
4 17 0.01 -159 -102 £ 38.1 -10.6 +£2.67 -106 +36.3 14.6 £7.02 0.01 +0.06 -102 £38.1 7.23+0.85
5 9 0 -158 -113+£18.6 -12.1+£2.55 -112+£13.8 11.0+7.19 0.00 +0.00 -113£18.6 8.37+1.19
6 3 0 -141 -85.8+52.1 -12.7+0.94 94.8 +54.7 21.7+16.9 0.00 +0.00 -85.8 +52.1 7.00 +0.40
7 9 0.05 -141 -75.3+37.6 -8.41+2.01 -80.5 +38.3 13.6+16.3 0.00 +0.00 -753+37.6 6.79 £ 1.29
8 4 0 -135 -61.4+53.9 -9.02+2.79 -57.2+48.5 4.80+6.18 0.01 £0.01 -61.4+53.9 7.65+0.23
9 2 0 -134 -118£23.5 -7.31+3.75 -114 £30.7 3.23+3.86 0.03 +0.04 -118 £23.1 7.56 £ 1.147
10 11 0 -132 -86.2+31.7 -5.96+2.29 -92.2+£30.2 12.0+8.18 0.00 +0.00 -86.2+31.7 22.2+0.62
11 8 0 -131 -65.0 +38.0 -3.52+1.40 -74.2+352 128 +5.44 0.00 +0.00 -65.0 +38.0 23.6+0.68
12 4 0 -131 -111£26.0 -12.0+3.80 -112£18.0 12.8 +£6.06 0.00 +0.00 -111£26.0 19.9+0.83
13 11 0 -129 -77.0+50.9 -14.0+4.16 -72.7+49.8 9.67 +6.85 0.00 +0.00 -77.0 +£50.9 8.36+0.80
14 7 0 -123 -75.2+37.6 -6.98 +2.88 -74.4+£429 6.16 +7.04 0.00 +0.00 -752+37.6 23.0+0.66
15 3 0 -122 -93.1+29.4 -102+1.78 -95.8£32.6 12.5+3.41 0.04 £0.05 -93.5+29.0 9.95 £ 0.41
16 60 0.87 -117 -753+285 -21.5+1.86 -63.1£28.3 9.30+9.80 0.00 +0.00 -753+28.5 2.96 +0.69
T2 17 8 0 -114 -52.9+335 -13.3+2.34 -51.7+31.6 11.9+9.47 0.02 £0.05 -53.1+33.7 8.44 £ 1.14
18 1 0 -112 -112+0.00 -10.0 £ 0.00 -111£0.00 8.84 +0.00 0.00 +0.00 -112£0.00 21.3+0.00
19 1 0 -112 -112+0.00 -7.86 +0.00 -1200.00 16.4 +0.00 0.00 +0.00 -112£0.00 19.3+0.00
20 4 0.01 -107 -58.6 + 56.1 -11.2+1.98 -51.4£59.0 4.04+4.75 0.00 +0.00 -58.6 + 56.1 6.74 £0.29
21 2 0 -104 -72.9+43.6 -6.21+0.34 -75.3£32.6 8.58 £10.6 0.00 +0.00 -72.9+43.6 7.68 +0.80
22 1 0 -104 -104 £ 0.00 -12.0+0.00 -92.3£0.00 0.71 +0.00 0.00 +0.00 -104 £ 0.00 7.29 £0.00
23 5 0 -102 -75.2+27.6 -5.10 +2.60 -82.8+29.5 12.7+4.54 0.00 +0.00 -752+27.6 23.1+0.88
24 4 0 -102 -94.0 £ 5.46 <726+ 1.12 -96.8 £1.07 10.0 £ 6.29 0.00 +0.00 -94.0 +5.46 11.7+0.91
25 1 0 -96.3 -96.3 +0.00 -14.0 £ 0.00 -85.0 £0.00 2.76 £ 0.00 0.00 +0.00 -96.3 +0.00 7.71 £0.00
26 3 0.78 -94.9 -64.3+29.0 -19.7+3.75 -61.0 £ 35.1 16.4 £4.30 0.00 +0.00 -64.3+29.0 2.00+0.27
27 2 0 -94.9 -50.6 + 62.6 -9.21+2.73 -56.3 £68.2 149 +2.82 0.00 +0.00 -50.6 + 62.6 10.8 +0.66
28 3 0 -91.8 -68.5 +34.6 -15.8+1.59 -61.6 £26.9 8.89 £6.21 0.00 +0.00 -68.5 + 34.6 10.4+0.76
29 1 0 -90.9 -90.9 +0.00 -4.90 £ 0.00 -93.5+0.00 7.46 = 0.00 0.00 +0.00 -90.9 +0.00 22.6+0.00
30 3 0 -88.7 -75.1+14.6 -7.49 +0.49 -71.5£16.0 391+2.74 0.00 +0.00 -75.1+ 14.6 21.7+0.65
31 2 0.12 -88.0 -72.0+22.7 -14.1+1.90 -64.3£11.5 6.46 +£9.36 0.00 +0.00 -72.0+£22.7 4.07+0.04
32 5 0.11 -86.8 -40.1+35.0 -16.3 £ 1.65 -32.3+£42.6 8.46 +8.03 0.00 +0.00 -40.1+35.0 6.24 £ 0.49
33 1 0 -81.3 -81.3+0.00 -8.66 + 0.00 -88.3£0.00 15.6 £ 0.00 0.00 +0.00 -81.3+0.00 11.9+0.00
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34 1 0 -80.8 -80.8 +0.00 -6.22 +0.00 -80.4 £0.00 5.80 +0.00 0.00 +0.00 -80.8 +0.00 26.0 +0.00
35 4 0 -79.8 -43.6 £ 37.6 -6.80 +2.85 -50.0 £35.7 13.2+3.49 0.00 +0.00 -43.6+37.6 259+0.83
36 1 0 -75.7 -75.7+0.00 -9.89 +0.00 -57.6 £0.00 -8.27+0.00 0.00 +0.00 -75.7+0.00 6.02 +0.00
37 3 0 -72.7 -45.5+24.6 -12.1+3.82 -39.9+14.2 6.26 +10.4 0.03 £0.05 -45.8 +38.0 14.1+1.22
38 3 0 -72.4 -41.6 +38.0 -3.97+1.30 -45.5+£29.6 795+ 12.4 0.00 +0.00 -41.6 +38.0 24.1+0.11
39 2 0 -67.0 -32.0+49.5 -8.19+0.97 -44.6 £ 46.7 20.8 +1.80 0.00 +0.00 -32.0+49.5 13.7+0.17
40 1 0.14 -66.3 -66.3 +0.00 -20.5+0.00 -55.0 £0.00 9.19 +0.00 0.00 +0.00 -66.3 + 0.00 5.37+0.00
41 3 0.85 -66.2 -61.2+7.30 -18.9+ 1.04 -47.4 £7.64 4.91+9.90 0.02 +0.04 -61.4+0.00 1.47+0.08
42 2 0 -62.8 -33.6+41.3 -5.09 +0.92 -38.3+£54.5 9.83 £ 14.1 0.00 +0.00 -33.6+41.3 22.9+0.07
43 1 0 -62.3 -62.3 +0.00 -5.57+0.00 -61.4£0.00 4.66 = 0.00 0.00 +0.00 -62.3 +0.00 22.8+0.00
44 1 0 -61.1 -61.1+0.00 -10.4 £ 0.00 -68.8 £0.00 18.0 = 0.00 0.00 +0.00 -61.1+0.00 12.3+0.00
45 1 0.42 -60.5 -60.5 +0.00 -23.7+0.00 -42.7+£0.00 5.95+0.00 0.00 +0.00 -60.5 + 0.00 2.65+0.00
46 20 0.34 -60.2 215+ 158 -19.3+2.78 -8.60 £ 14.0 6.39 + 8.84 0.00 +0.00 -21.5+15.8 5.47+0.79
47 1 0.03 -54.2 -54.2+0.00 -9.58 +£0.00 -56.6 £ 0.00 12.0 +0.00 0.00 +0.00 -54.2+0.00 5.06 +0.00
48 1 0.13 -46.7 -46.7+0.00 -20.7+0.00 -19.6 £0.00 -6.39 +0.00 0.00 +0.00 -46.7 + 0.00 3.99 £0.00
49 2 0 -41.2 -36.9 £ 6.00 -520+ 1.15 -36.6£15.0 4.90 +7.81 0.00 +0.00 -36.9 +6.00 22.7+1.05
50 1 0 -37.0 -37.0+0.00 -6.73 £ 0.00 -23.7+0.00 -6.59 +0.00 0.00 +0.00 -37.0 £ 0.00 13.4+0.00
51 4 0 -32.5 0.46 £26.2 -3.20+ 1.31 -8.55+12.0 122+21.2 0.00 +0.00 0.46 +26.2 25.0+0.52
52 1 0 -28.4 -28.4+0.00 -4.71 £ 0.00 -13.7+0.00 -9.98 +0.00 0.00 +0.00 -28.4+0.00 16.7+0.00
53 3 0 -27.3 -8.93+22.7 -8.25+3.09 -12.0£19.7 11.3+4.34 0.00 +0.00 -8.93+22.7 26.6+0.82
54 1 0 -25.4 -25.4+0.00 -10.4+0.00 -18.3£0.00 3.27+0.00 0.00 +0.00 -25.4+0.00 9.93 +£0.00
55 2 0 -25.3 -9.36+22.5 -4.17+3.57 -8.20£16.6 3.01+£2.30 0.00 +0.00 -9.36+22.5 273+0.24
56 2 0.07 -23.8 -17.8+8.43 -17.1+0.04 -4.07 £ 1.86 3.92+6.60 0.00 +0.00 -17.8+8.43 7.23£0.17
57 2 0 -22.4 -13.5+12.6 -2.73+1.97 -14.0£11.8 3.19+2.79 0.00 +0.00 -13.5+12.6 24.0+0.38
58 1 0 -21.6 -21.6 £ 0.00 -3.40+0.00 -26.6 £ 0.00 8.40 £ 0.00 0.00 +0.00 -21.6 £ 0.00 25.5+0.00
59 1 0 -13.4 -13.4+0.00 -16.8 £ 0.00 2.46 +0.00 0.92 +0.00 0.00 +0.00 -13.4+0.00 8.96 +0.00
60 1 0 -1.79 -7.79 £ 0.00 -4.47 £+ 0.00 -13.0£0.00 9.63 +0.00 0.00 +0.00 -7.79 £ 0.00 26.2+0.00
61 1 0 143 14.3 +0.00 -9.46 +0.00 18.7+0.00 51.2+0.00 0.00 +0.00 14.3 £0.00 10.2+0.00
62 1 0 27.0 27.0+0.00 -1.69 + 0.00 10.1 £0.00 18.6 = 0.00 0.00 +0.00 27.0 +£0.00 27.1+0.00
1 100 0.94 -131 -80.1+28.0 -20.6 +2.80 -67.5+24.4 791+11.0 0.01 £0.10 -80.2+27.8 242+0.54
2 52 0.99 -130 -74.2+23.7 -18.4+2.92 -65.2+24.3 9.42 +8.36 0.00 +0.00 -74.2+23.7 1.72+0.28
DIS 3 22 0.7 -124 -80.4+35.8 -17.8+2.82 -69.5 £ 34.8 4.14+7.13 0.28 £0.74 -83.1+32.8 2.94+0.62
Binding 4 19 0.87 -97.2 -58.9+23.4 -21.5+2.28 -48.1 £ 18.4 10.8 £10.7 0.00 +0.00 -58.9+23.4 232+0.45
Site 5 2 0.32 -53.8 -39.6 +20.1 -17.7+0.22 -41.1£19.7 430+12.2 1.50+1.20 -54.5+32.1 2.80+0.19
6 1 0.47 -48.4 -48.4+0.00 -22.0+0.00 -24.9£0.00 -1.48 +£0.00 0.00 +0.00 -48.4 £ 0.00 1.88 +0.00
7 4 0.42 -46.8 -41.0 + 8.08 -16.9 £ 0.40 -40.1 £ 6.42 10.8 +£5.79 0.51+£0.48 -46.1+9.92 3.35+0.66
1 177 0.65 -167 -32.3+34.0 -15.9+2.24 -40.8 £26.3 7.41+£9.52 1.70 £ 1.55 -49.3+28.7 2.68+0.41
2 5 0.33 -81.7 -48.4+27.8 -16.5+1.19 -60.1 £29.1 10.8 +5.94 1.75+0.83 -65.9 +26.4 2.79+0.24
3 11 0.16 -62.7 51.8+85.0 -142+3.14 -1.92+28.3 5.13+8.36 6.28 £7.18 -11.0+31.0 4.33+0.43
A 4 4 0.32 -47.0 -14.9+26.5 -13.8+2.84 -35.5+£18.7 7.25+5.48 271+ 1.30 -42.0+15.6 2.96+0.12
5 1 0.5 -36.6 -36.6 +0.00 -15.8+0.00 -26.1£0.00 4.54 +0.00 0.07 +0.00 -37.3+0.00 1.64 +0.00
6 2 0 286 303+23.6 -12.8+1.68 17.8 £30.1 10.9+0.74 28.7+0.56 -16.0 +29.1 5.15+0.33

"Average + standard deviation (S.D.) for each docked structure within the cluster. Clusters with a S.D. of 0 had
only one docked structure populating the cluster.

* The fractional overlap for each cluster.

® The lowest HADDOCK score (Hycore) found in the given cluster.

¢ The H,c.r was calculated for each structure and averaged.

4 The total intermolecular energy (Eu = EvawtEetecetTE gesontEaist) Was calculated for each structure and averaged.
¢ The RMSD was calculated for each structure and averaged.
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[LIGANDS]
LIG -1

[MUT]
; Residues within 4 angstroms of the DIS 603 binding site

11411
1151
116 | 1
140 | 1
14111
1421
1441
145 1
1591
160 | 1
1611
1631
1641
180 1
18111
1821
1841
1851
186 1
1871
18811
1891
19111
19211

[PRENMR]
; Ligand | Receptor | Distance
; Proton(s) | Residue Number , Atom Name | Min. Avg. Max. | Offset | Weight

HAE | 34 MN | 26.92 30.68 39.28 | 0 | 1 # T1
HAG | 34 MN | 22.09 23.68 32.28 | 0| 1 # T1
HAF | 34 MN | 23.04 24.2932.89 |0 |1 #T1
HAH | 34 MIN | 25.10 25.80 34.40 | 0| 1 # T1
HAE | 34 MN | 18.73 21.2729.87 | 0 | 1 # T2
HAG |34 MN | 17.58 17.93 26.53 | 0 | 1 # T2
HAF |34 MIN | 17.34 18.44 27.04 | 0 | 1 # T2
HAH | 34 MN | 18.09 18.53 27.13 |0 |1 #T2

[end]

Figure 4.S1. Experimental input for the combination experimental input ASA-BSA
HADDOCK-Vina simulation. [MUT] experimental input containing the 18 residues in the
DIS3 binding site with a weight of 1. The [PRENMR] experimental input containing both the
T, and T> distances. The ligand protons are listed, the Mn on residue 34, the 7n, 7max and the
Fmax + 8 A. There are no offsets and each restraint has a weight of 1. The comments are shown
in black and the simplified language used to produce the CNS-compatible distance restraints

are shown in red.

151



CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
5.1 SUMMARY
5.1.1 The molecular mechanism of ETT and STT transport by P-glycoprotein.

In this dissertation, the structural basis of eletriptan (ETT) and sumatriptan (STT) transport
by the multidrug resistant transporter P-glycoprotein (Pgp) was investigated. The triptan class of
drugs is used to treat migraines by acting on the Serotonin 1B/1D (5HT;g/ip) receptors in the
CNS.¥! Despite their structural similarities (Figure 2.1), ETT was shown to be actively removed
from the CNS by Pgp,”” " while STT showed little to no Pgp-mediated transport in cell-based
assays.® ® %2 These studies suggest that the chemical features found solely on ETT lead to an
increase in the rate of Pgp-mediated transport. Due to their large differences in efflux ratios, we
hypothesized that the observed increase in ETT-induced transport was due to the log P. ETT is
more lipophilic, with a log P of 4.1, while STT had a log P of 0.90.” To test this hypothesis, the
Pgp-mediated ATPase activity was probed in the presence of ETT and STT (Figure 2.2). ETT was
shown to stimulate ATPase activity and saturate the transporter at 125 pM, with a K,, of 14.8 3.1
uM. In contrast, STT maintained basal ATPase activity and could not be fit to the Michaelis-
Menten equation. However, this difference in ATPase activity allowed us to determine if the drugs
share a similar binding site on Pgp. ETT and STT displayed non-competitive inhibition, revealing

the two compounds occupy distinct sites within the TMD of Pgp, despite their structural

similarities (Figure 2.2).
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The drugs occupying two distinct sites on the transporter and the variations in their logP
suggest that ETT and STT would have differences in their binding affinity on Pgp. However, using
intrinsic protein fluorescence quenching, ETT and STT were found to have similar binding
affinities on reconstituted Pgp, 115 + 10 uM and 92.6 + 25 uM, respectively (Figure 2.3). These
data suggest that the driving force for ETT and STT binding was not lipophilicity but another
feature determined by the SAR studies.'*® To identify the functional groups on ETT that stimulates
Pgp-mediated ATPase activity and transport, saturation transfer double difference (STDD) NMR

was employed on reconstituted Pgp.''> '

The benzene ring on ETT was found to have the highest
interaction with the transporter, a structural feature found solely on ETT (Figure 2.4), suggesting
the aromaticity of Pgp substrates identified by the SAR study may be the driving force of ETT
binding and Pgp-mediated efflux.

Upon substrate binding, Pgp undergoes large conformational changes to render ATP
binding; thus, shifting the transporter into the closed conformation and promoting substrate
release. In this study, our goal was to determine if the ETT-bound conformation was more
favorable for ATP binding than the STT-bound by determining the change in tryptophan
accessibility (AKsy) between the substrate-bound and closed-conformations. In the absence of
drug, the transporter undergoes basal ATPase activity. This transition from the open to closed
conformation resulted in a AKsy of 0.68 M (Figure 2.5A). Upon the addition of STT, the STT-
bound conformation undertakes large conformational changes to reach the closed-state, producing
a AKgy of 1.44 +0.20 M™' (Figure 2.5B). In contrast, the ATP-induced closed conformation of the
ETT-bound complex required little to no change, with a AKgy of -0.10 + 0.09 M™' (Figure 2.5C).
These data suggest that ETT binding induces a favorable conformation for ATP binding, while the

STT-bound conformation undergoes large conformational rearrangement.
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68, 69, 73, 92

Using these findings, previous transport studies and X-ray crystal structures of

43,45, 46

Pgp, a simplified transport model was developed (Figure 2.6). In the absence of drugs, Pgp

adopts an open conformation, as observed in the mPgp X-ray crystal structures (Figure 2.6A).
Upon the addition of ATP, Pgp undergoes basal ATPase activity; thus, Pgp was depicted to be in
an intermediate conformation (Figure 2.6B). STT binding increases tryptophan accessibility and
maintains basal ATPase activity. Therefore, STT-binding may induce a more ‘“open”
conformation, as observed in X-ray crystal structures of Pgp in complex with inhibitors (Figure
2.6C).** ** Upon ATP binding, STT maintains basal ATPase activity and adopts an intermediate
conformation, similar to unbound Pgp (Figure 2.6D). ETT induces ~2-fold activation in Pgp-
mediated ATPase activity and the tryptophan accessibility of the ETT-bound conformation is
similar to the closed-conformation of Pgp. Therefore, ETT binding shifts Pgp in an intermediate
conformation (Figure 2.6E). This conformation is favorable for ATP binding, leading to an
increase in Pgp-mediated ATPase activity (Figure 2.6F). We believe this favorable ETT-bound
conformation is distinct from STT binding because of the benzene ring found on ETT. STT has no
additional aromaticity to the structure and may bind in a site that induces a conformational change
that is unfavorable for ATP binding. Therefore, STT transport would be minimal, as observed in

. . 68, 69, 73,92
previous transport studies.®® %7

5.1.2 The data-driven molecular docking wrapper: HADDOCK-Vina.
ETT and STT were identified to occupy distinct sites on the transporter and induce
conformational changes that correlate to the differences in their observed transport rates.*® % 72

Identifying the ETT and STT binding sites would provide better understanding on the structural

basis of these differences. To date, solving substrate-bound structures of Pgp has been unsuccessful
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45, 46, 50, 88

by X-ray crystallography and CryoEM. Due to this roadblock, using molecular docking
to identify the ETT and STT binding sites onto the transporter would provide key structural
information on Pgp-mediated triptan transport. Using experimental data to drive the molecular
docking would be advantageous in achieving an accurate triptan-bound Pgp model. Therefore,
data-driven molecular docking approaches were explored to model the ETT and STT binding sites.

HADDOCK is a data-driven software that was developed to dock and model protein-

P : 150, 18
protein interactions. = 2 263

Recently, HADDOCK protocols were adapted for ligand-protein
docking;"*" %> 2% however, the experimental data interface for ligand-protein docking is limited.
Users must input specific ligand atoms that interact with the receptor to proceed with the molecular

docking.*®

This is problematic when the ligand atoms interacting with the transporter are
unknown, in the case of site-directed mutagenesis or HSQC NMR data. Furthermore, small
molecules can become stuck on the surface when using HADDOCK for ligand-protein docking.

43 t0 make the

To overcome these limitations, HADDOCK was combined with AutoDock Vina
wrapper HADDOCK-Vina. A customizable version of AutoDock Vina was used for initial
docking to effectively coat the surface of the receptor, including narrow crevasses and deep ligand
binding pockets. Additionally, HADDOCK-Vina as well as incorporates PROPKA'® to accurately
set the protonation states of polar side chains and has a simplified experimental interface to input
ligand-protein interactions.

The effectiveness of HADDOCK-Vina was demonstrated by docking three previously
determined X-ray crystal structures: imatinib onto Abl tyrosine kinase (PDB ID: 2HYY'®), KNI-
272 onto HIV-1 protease (PDB ID: 3FX5'*®) and AMP onto E. Coli Adk (PDB ID: 1ANK'*").

These three ligand-bound X-ray crystal structures were selected for benchmarking because they

have experimental data that can be used to drive the molecular docking. To use the receptors for
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the simulations, missing atoms and loops were modelled back onto the receptors using
MODELLER. This also relaxed the sidechains and eliminated the ligand-bound orientation of
these residues, which reduced any bias in our docking simulation. Furthermore, ligands used for
docking were taken from PubChem,” eliminating any conformation or coordinate bias of the
ligand. From our molecular docking simulations, combining experimental data for all three cases
led to a low RMSD cluster (Figure 3.2). Additionally, the most populated cluster from the
combination simulations were the lowest H,.. cluster, i.e. cluster #1. This population distribution
was large, with the lowest H,.. cluster having a much larger population than the subsequent
clusters. The lowest H;.... for all three cases had favorable Ej’s, Eqis’s and Q-Factors, which
suggest excellent correlation to the experimental data used for the docking simulation (Table 3.1).
These lowest Hycore clusters encased the ligand X-ray crystal structure and had foveriap’s >85%
(Figure 3.2). Also, the average RMSD with the lowest H,.,,. cluster for all three cases were ~2 A.
The lowest RMSD structures within these clusters were <2 A and showed good overlap to the
original structure (Figure 3.2).

The accuracy of HADDOCK-Vina was compared to HADDOCK and AutoDock Vina with
minimal modifications to default parameters, allowing direct comparison to HADDOCK-Vina. In
all three cases, the HADDOCK-VINA simulation was more accurate than HADDOCK and
AutoDock Vina (Table 3.2). HADDOCK-Vina produced clusters that overlapped with the X-ray
ligand structure and produced RMSDs <2 A. Unlike HADDOCK, which produced <46% overlap
and RMSD values 3.29 to 13.7 A. The lowest AutoDock Vina structures produced highly
unfavorable Hy.,..’s and E;y’s, with RMSD values ranging from 2.94 to 5.63 A. These studies

demonstrated that the molecular docking wrapper HADDOCK-Vina can produce more accurate
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and energetically favorable models using a combination of experimental data when compared to

HADDOCK and AutoDock Vina.

5.1.3 Docking the high affinity acetylsalicylic acid binding site on bovine serum albumin using
HADDOCK-Vina.

Paramagnetic relaxation enhancement (PRE) NMR is a technique used to determine the
binding sites of small molecules on receptors. The changes in the relaxation rate of ligand nuclei
are detected in the presence of paramagnetic centers in a distance-dependent manner. This method
will be employed to accurately determine the binding sites of ETT and STT on Pgp and the PRE
distances will be used to guide the molecular docking by HADDOCK-Vina. However, the
parameterization and methodology of using a paramagnetic label covalently attached to a receptor
in HADDOCK-Vina has not been established.

To demonstrate this method, acetylsalicylic acid (ASA) was modeled on bovine serum
albumin (BSA) using sparse PRE NMR data to drive the molecular docking by HADDOCK-Vina.
ASA occupies two sites on BSA, a high and weak affinity site, 2.56 £ 0.014 uM and 116 + 28.3
uM, respectively (Figure 4.3). To date, there are no ASA-BSA X-ray crystal structures available.
Fortunately, the structurally similar 3,5-diiodosalicylic acid (DIS)-BSA structure has been
determined.’'* To identify the high affinity site, this site was selectively populated by collecting
NMR spectra at a 1:1 stoichiometry. The paramagnetic label, Mn>"-EDTA, was covalently
attached to the single free cysteine found on BSA, Cys34. The 7, and 7> relaxation rates of the
ASA nuclei were measured in the presence and absence of the Mn”*"-EDTA label (F igure 4.4).
Both measurements identified the ASA molecule to occupy a site ~23 A from the label (Table 4.1).

To determine if the high affinity site overlaps with a DIS binding site, ASA 7 enhanced relaxation
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rates were monitored in the presence of excess DIS. The ASA T relaxation rates were eliminated
in the presence of DIS, suggesting competitive displacement at a shared binding site (Figure 4.4).
Examining the Dis-BSA crystal structure (PDB ID:4JK4*'*) revealed one DIS binding site that is
within the experimentally determined 7; and 7> distances from the paramagnetic label, DIS3.
Therefore, the residues surrounding the DIS3 site were used as an experimental restraint for
docking, as well as the 7; and 7> distances.

The individual experimental restraints (77, 7> and DIS3 binding site) and a combination of
all restraints were used to dock ASA onto BSA. From our previous HADDOCK-Vina study in
Chapter 3, the most accurate docking simulation was from the lowest H;.,,. cluster. Additionally,
this cluster had a higher population compared to the other clusters produced. For simulations using
T experimental restraints, the most populated cluster was the lowest Hy.,. cluster (Figure 4.5B).
However, the lowest Hycor. cluster was not the most populated for the simulations using solely 7>
experimental restraints (Figure 4.5D). For both the 7; and 7, simulations, multiple clusters
produced from the simulation that had a Ey of 0. These clusters were within the experimental
data but mainly lie on the surface of the receptor (Figure 4.5C,E). Additionally, 58 and 62 clusters
were produced for the 7; and 7> simulations, respectively (Table 4.S1). Therefore, it is unclear
which cluster produced the most accurate ASA-docked structure for these simulations.

Using the residues surrounding the DIS3 binding site greatly reduced the number of
clusters produced, with the lowest Hy,. cluster being the most populated; however, the cluster #2
population was half of cluster #1 and had a Ey of 0 (Figure 4.5F). Furthermore, all the clusters
produced from this experimental restraint were within subdomain IB and overlapped with the DIS3
molecule, making it unclear which cluster is the most accurate (Figure 4.5G). To clarify this

ambiguity, all three experimental restraints were combined. Here, the lowest Hy,. cluster was the
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most populated (177 ASA molecules) and this population was much larger than subsequent
clusters (Figure 4.5H). Similar to the DIS residue simulation, the clusters from this simulation
were found in subdomain IB (Figure 4.51). While the average E ;s for the lowest Hy,r. cluster was
the largest of the simulations, the lowest H.,. structure within this cluster had a Eg; of 0.14,
indicating excellent correlation to the combination of experimental data. This structure had a Hcore
of -167 A.U. and an Ej, of -168 kcal mol'. The RMSD of this docked-ASA molecule compared
to DIS3 was 1.57 A. This ASA molecule was docked into subdomain IB, with hydrogen bond
interactions between Argl85 and Lys114. (Figure 4.6C) The Argl85 residue that interacts with
DIS3 rotates ~3 A to achieve hydrogen bonding with ASA (Figure 4.6B,C). Additionally, Tyr137
and Tyr160 that hydrogen bond with DIS3 rotate to satisfy pi-pi stacking in the absence of DIS3.
(Figure 4.6B,C) In this study, using sparse PRE NMR data to dock a small-molecule onto a
receptor with a covalently attached paramagnetic label proved to be feasible and accurate by

HADDOCK-Vina.

5.1.4 The ETT and STT binding sites using sparse experimental data to drive molecular docking
by HADDOCK-Vina.

HADDOCK-Vina was shown to be an accurate method in docking small molecules onto
receptors using sparse experimental data. While PRE NMR experiments were not implemented
for ETT and STT, preliminary docking simulations of the triptan drugs with Pgp were performed.
The large intracellular loop connecting the two halves of the transporter and missing atoms at the
N- and C-terminal were added back onto mPgp using MODELLER.'®"?** The experimental inputs
used to dock ETT and STT are shown in Figures 5.1 and 5.2, respectively. Briefly, 126 residues

that line the large binding cavity were used as experimental restraints. These residues were inputted
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into the [SOI] experimental input and given a 20 A distance range due to the large size of the
binding cavity. Additionally, the STDD of the nuclei observed for both ETT and STT were
inputted in the [STD] experimental input. Finally, the molecular features that lead to Pgp
recognition from the SAR studies'” were used as experimental restraints. The aromatic functional
groups, tertiary amines and the hydrogen bond donor/acceptors were entered in the [SAR] section
of the experimental input. For the docking of ETT and STT, default HADDOCK-Vina parameters
were used except the weight repulsion, which was changed to 0.3 to increase ligand coverage on
the transporter, as done previously in Chapters 3 and 4.

Of the 1000 molecules used to dock ETT onto Pgp, the top two AutoDock Vina
conformations were selected for HADDOCK refinement because they had a H.o. = 0. From these
two ligands, 14 clusters were produced and the lowest Hy,,. cluster was the most populated (Figure
5.3A). From Chapter 3 and 4, we know that the lowest Hy.,. cluster will be the most populated,
with the remaining clusters having a much lower population resulting in a large distribution of
clustering. Here, cluster #2 has a population almost equal of cluster #1, providing some ambiguity
within the docking (Figure 5.3A). Additional experimental data would be needed to increase the
population distribution; however, cluster #1 is more favorable than cluster #2, with an average
Eiorar Of -124 + 21.3 keal mol™ (Table 5.1). The lowest Hyore structure within the docking
simulation is in cluster #1, -130 A.U., and is shown in panel C. This ETT molecule interacts with
transmembrane (TM) helices 2, 3, and 10, 11, which form ICLs 1 and 4, respectively. ETT-induced
conformational changes on these TM helices would translate to the IHI/IH4/NBD1 interface,
thereby stimulating Pgp-mediated ATPase activity as seen in crosslinking studies of the NBDs.>
"' This favorable binding and induced conformational changes provides a rationale for the

observed increase in ETT transport by Pgp. In this site, the benzene on ETT has direct interaction
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with hydrophobic residues within the cavity, i.e. L875 and A879. The protonated Lys883 on TM
10 is ~1.7 A from the sulfonyl groups on ETT and would promote hydrogen bonding interactions.
The Aspl184 residue on TM 2 is ~5 A from the nitrogen on the indole ring of ETT, forming
electrostatic interactions. From this preliminary docking study, ETT binding is driven by hydrogen
bonding, hydrophobic interactions and electrostatic interactions.

For the docking of STT, the default top three AutoDock Vina of the 1000 initial structures
were selected for HADDOCK refinement. From this simulation, 15 clusters were produced (Figure
5.3D). The lowest H,.or. cluster was also the most populated with 97 STT molecules; however, the
population distribution reveals some ambiguity with the docking. The population of cluster #5 was
almost as populated as cluster #1 with 76 molecules. Additional experimental data may relieve this
ambiguity; however, by examining the average Ey, the binding of STT within cluster #1 was
more favorable than cluster #5, with an average Ej,, of -118 + 18.4 kcal mol™ (Table 5.1).
Viewing the lowest Hy,. cluster, i.e. cluster #1, STT was bound at the upper region on the binding
cavity (Figure 5.3E). From this cluster, the lowest H,core STT molecule (-134 A.U.) had the indole
ring interacting with TM 12 (Figure 5.3F). The S989 residue on TM12 drives this protein-ligand
binding through electrostatic interactions with the amine found on the indole ring, ~4 A. The Q343
residue on TM6 is ~1.8 A from the sulfonyl group on STT and would form hydrogen bond
interactions. Interestingly, both TM6 and TM12 do not form the ICLs found on Pgp, as described
in Chapter 1; however, TM6 and TMI12 form the interface for substrate binding,265’ 266, 267
Additionally, previous cross-linking studies of TM6 to TM12 showed that TM6 rotates upon ATP
binding to form new residue contacts with TM12.2°® If STT binding in this interface locks TM6,
the transporter would require large conformational changes to rotate upon ATP binding and

promote changes in the IH1/IH4/NBD1 interface. Inability to produce conformational changes
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would lead to a large energetic barrier to reach the closed conformation for transport, as seen in

our acrylamide quenching data.

5.2 FUTURE DIRECTIONS

While these preliminary docking simulations of ETT and STT onto Pgp provide insight
into the structural basis of Pgp-mediated transport, the population of the clusters adds uncertainty
to the precision of the model. The addition of unambiguous experimental restraints would more
accurately determine the binding sites of ETT and STT on Pgp. Therefore, PRE NMR will be used
to determine the binding sites of ETT and STT onto Pgp. These distances will be used as
experimental restraints for docking, as done with the ASA-BSA model in Chapter 4. To do this,
single cysteine mutants would be engineered onto Pgp to allow paramagnetic label attachment.

Pgp has been previously demonstrated to be robust against site-directed mutagenesis with

% 43,203,299 Therefore, cysless Pgp would

little to no changes in ATPase activity or overall structure.
be engineered with all cysteines mutated to alanine, as done previously.*”” Single cysteine residues
would be reintroduced to the cysless transporter, allowing paramagnetic label attachment at these
positions. To improve the expression screening and stability of the transporter, cysless Pgp variants
will be engineered with a C-terminal green fluorescent protein (GFP) by a linker containing a TEV
protease cleavage site. Addition of a GFP tag has been previously demonstrated to provide
increased expression levels and allow for rapid detection of successful plasmid integration into the
P. pastoris choromosome.””"

To accurately identify the ETT and STT binding sites by PRE NMR, at least three mutants

would be required to triangulate the binding sites of the drugs on the transporter. The paramagnetic

label is effective in measuring relaxation rates at a maximum distance of ~35 A.*** Therefore,
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selection of the mutants needed to measure the relaxation rates of ETT and STT is critical for
accurate detection. Using the preliminary docking model may provide valuable insight in selecting
mutants for PRE studies. Residues within 35 A of the preliminary model will be selected for
cysteine mutation; however, residues that lie in the binding cavity will be avoided as to not disturb
the triptan binding site or lipid interactions.

Despite the robust nature of Pgp, the overall fold and activity of these mutants will be
compared to wildtype Pgp by circular dichroism and Pgp-mediated ATPase activity of the probe
substrate verapamil. Once these mutants are confirmed to be fully functional, the Mn*"-EDTA and
Zn>*-EDTA labels will be incubated with the transporter at a 1:1 ratio, as done previously in
Chapter 4. After extensive dialysis, the 7; and 7> relaxation rates will be measured for all three
mutants for ETT and STT binding. These distances would be inputted into the [PRE] experimental
interface for HADDOCK-Vina. The 7; and 7> distances would be combined with the previous
experimental restraints, [SOI], [STD] and [SAR]. We hypothesize that the ETT and STT binding
sites determined by the HADDOCK-Vina simulation using these combined restraints would be
similar to the preliminary docking study, with STT binding in the upper cavity of Pgp and ETT
interacting with TM helices that contribute to the IH1/IH4/NBD1 interface.

To validate the ETT and STT binding sites determined by HADDOCK-Vina, mutants will
be introduced to disrupt ETT and STT binding interactions. Again, the overall structure and Pgp-
mediated ATPase activity will be evaluated for the Pgp mutants and compared to wildtype. As
long as the mutants are stable and active, the effect of the mutants will be evaluated with ETT and
STT. Since STT maintains basal ATPase activity, measuring the effect of the mutation in the STT
binding site by Pgp-mediated ATPase activity would yield little to no changes. Therefore, the

changes in binding affinity of ETT and STT will be probed by protein fluorescence quenching of
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reconstituted Pgp mutants. We anticipate that mutations introduced to disrupt ETT and STT
binding would reduce or eliminate the binding affinity of these drugs, thus corroborating our ETT-

and STT-bound Pgp models determined by HADDOCK-Vina.

5,3 RESEARCH OUTLOOK

Using sparse experimental data to guide the molecular docking of ETT and STT by
HADDOCK-Vina has provided a rationale and the structural basis for the large differences in the
observed Pgp-mediated transport of the triptan class of drugs. This method presents an
advantageous approach to understand protein-ligand interactions driving transport and can
improve the drug development process. Pgp is a major hurdle in the pharmaceutical industry by
preventing many therapeutic compounds from reaching target sites, profoundly in multidrug
resistant tumors overexpressing Pgp. Efforts to relieve Pgp-mediated transport have been to inhibit
or circumvent the transporter and to date, these approaches have been unsuccessful in the clinic.
By using biophysical and biochemical data as experimental restraints, Pgp substrates and inhibitors
can be docked accurately onto the transporter by HADDOCK-Vina; thus, eliminating the
requirement of a substrate-bound structure and greatly improving the speed and accuracy of
identifying key protein-ligand interactions driving Pgp-mediated transport. While Pgp inhibition
has been unsuccessful, this methodology can be used to design selective inhibitors of the
IH2/TH3/NBD?2 interface and rapidly screen compounds for effectiveness. By understanding the
protein-ligand interactions that lead to Pgp recognition by HADDOCK-Vina, rational drug
modification of Pgp substrates can be employed to circumvent Pgp-mediated transport. We believe
this approach will aid in the development of novel drugs that circumvent or inhibit Pgp-mediated

transport and mitigate the multidrug resistance and drug disposition of P-glycoprotein.
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5.4 TABLES

Table 5.1 Cluster analysis of all clusters produced by HADDOCK-Vina for ETT and STT docking onto P-glycoprotein.

Average Average E,;, | Average E,jec Average Average E Average
Cluster Number in Hore
Triptan Heore £ S.D. +S.D. +S.D. Egesory + S.D. +S.D. Ep+S.D.
Number Cluster (AU
(AU (kcal/mol)” (kcal/mol)” (kcal/mol)” (kcal/mol)” | (kcal/mol)®"
1 84 -130 -79.4+243 | -38.1+6.18 | -53.1+£19.3 -32.5+12.0 4.42 +£1.88 -124+21.3
2 65 -125 -70.1£26.1 | -43.8+4.01 -37.0+13.0 | -31.3+11.8 421 +2.00 -112+18.1
3 23 -114 -56.6+21.0 | -47.4+3.93 -8.62+524 | -384+114 3.77+1.83 -94.4+13.1
4 2 -112 -82.6+9.11 | -323+2.23 -43.7+£5.80 | -29.5+12.2 2.28 +0.66 -105+15.8
5 7 -110 -435+32.1 | -36.0+1.86 | -9.38+7.23 -41.7+16.7 436+2.75 -87.1+£22.2
6 6 -110 -223+£69.0 | -31.0+558 | -499+114 | -314+6.77 9.00+6.84 -112 £ 8.21
7 1 -108 -743+0.00 | -42.3+0.00 | -40.2+0.00 | -41.1+0.00 5.22+0.00 -127£0.00
o 8 1 -106 -70.5+0.00 | -33.7+0.00 | -23.7+£0.00 | -46.5+0.00 3.34+0.00 -104 +0.00
9 1 -104 -68.3+0.00 | -42.4+0.00 | -68.3+0.00 | -18.7+0.00 6.10+0.00 -129+0.00
10 3 -101 -325+378 | -37.7+2.12 | -10.6+4.83 -23.0+3.44 3.88+3.78 -71.4+£6.28
11 1 -98.8 -55.6+0.00 | -26.7+0.00 | -27.9+0.00 | -48.5+0.00 4.75+0.00 -103 £0.00
12 2 -97.1 -22.4+285 | -31.3+3.78 3.80+1.27 -36.1£2.79 4.13£3.08 -63.6 +£2.25
13 3 -96.8 -27.9+10.1 | -37.5+284 | -480+9.14 | -33.8+4.42 4.82 +1.87 -76.1 = 8.84
14 1 -96.1 73.8+0.00 | -27.3+0.00 | -4.49+0.00 | -14.9+0.00 12.0+£0.00 | -46.6+0.00
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STT

1 97 -134 -82.3+23.1 | -33.3+3.11 -51.0+£13.3 -33.4+12.6 3.54+1.82 -118 + 184
2 46 -130 -89.8+23.7 | -31.9+2.94 -46.8 £ 10.9 -33.6+12.4 2.25+1.46 -112+17.1
3 2 -107 -93.4+188 | -27.0+1.49 -54.6 £12.7 -32.5+2.34 2.07£0.53 -114+13.5
4 21 -104 -70.5+248 | -29.6+3.78 -33.5+13.7 -36.6+11.4 292 +1.81 -99.7+ 18.6
5 76 -101 -60.4+£22.8 | -27.5+4.03 -23.9+16.8 -39.0+12.2 3.00+ 1.64 -90.5+ 18.7
6 2 -100 34.1+ 189 -17.5+2.51 -41.6+37.3 -42.1+5.71 13.5+£15.5 -101 +34.1
7 27 -96.9 -59.2+£20.8 | -27.9+3.56 -449+13.0 -289+11.8 4.26 £1.66 -102 +18.0
8 15 -96.7 -553+£21.7 | -29.4+4.18 -36.3+16.4 -37.0+9.46 4.74 £1.95 -103 +16.0
9 1 -84.2 -84.2+0.00 | -25.5+0.00 -67.5+0.00 -42.3 +£0.00 5.10+0.00 -135+0.00
10 7 -82.6 -63.2+20.6 | -26.74+3.53 | -429+5.10 -28.8+9.47 3.53+2.00 -98.5+13.0
11 1 -70.2 -70.2+0.00 | -30.5+0.00 -29.4 £ 0.00 -27.1+0.00 1.69 +£0.00 -87.1 £0.00
12 2 -69.5 -56.5+18.5 | -28.4+0.54 -58.3+21.9 -22.8+0.32 5.30+0.33 -109 +21.7
13 1 -58.2 -582+0.00 | -28.1+0.00 -33.1+0.00 -50.0 £ 0.00 5.27+0.00 -111£0.00
14 1 -56.1 -56.1+0.00 | -37.0+0.00 -8.82 +£0.00 -30.6 £ 0.00 2.03 £0.00 -76.4 + 0.00
15 1 -40.4 -40.4+£0.00 | -33.8+0.00 -40.6 = 0.00 -29.8+£0.00 6.37+£0.00 -104 £ 0.00

*Average + standard deviation (S.D.) for each docked structure within the cluster. Clusters with a S.D. of 0 had only one docked structure populating the

cluster.

* The lowest HADDOCK score (Hy,,.) found in the given cluster.

° The Hy.,.. was calculated for each structure and averaged.

¢ The total intermolecular energy (Epwi = EvawtEetecrtEdesonTEdis)) Was calculated for each structure and averaged.
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5.5 FIGURES

[LIGANDS]
DRG -1

[SOT]
; Residue numbers | Restraint Distance (r) | Weight (Integer)

180201
184201
188201
137]20 1
17620 | 1
875]20 |1
133201
8831201
927201
8721201
179201
136201
132]20]1
8791201
876201
938201
144201
886201
1771201
94220 |1
343|201
34620 | 1
868201
60 [20]1
864201
977|201
981201
861201
195(20 1
336201
64 1201
979201
174]20 | 1
350201
91620 | 1
169201
17020 | 1
894201
168201
1731201
1721201
930201
934201
94920 | 1
94520 | 1
94620 | 1
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94120 |1
114]20 1
129201
165(20 |1
16620 | 1
890201
191]20 1
347201
952201
68 (201
332|201
339201
7281201
30620 |1
71 1201
99020 |1
295201
98620 | 1
7241201
292201
774120 | 1
287201
822201
221201
810201
773120 1
778120 | 1
781201
281201
816201
710120 | 1
7211201
302201
303201
762120 | 1
819201
239201
291201
827201
769120 | 1
29820 | 1
232201
288201
225|201
785120 | 1
243201
992201
812201
294201
98920 | 1
815201
996 |20 | 1
993201
98820 | 1
236201
985201
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98220 |1
335|201
974201
975|201
97820 | 1
300201
67 1201
72 1201
75 1201
113]20 1
121]20 1
326201
327|201
328201
329201
333|201
7251201
7291201
7321201
946 |20 | 1
971201
953201
110]20 1
34020 | 1

[STD]
; Proton(s) | Weight

HAA HAE | 1 ; Protons 15,19
HAB HAD | 1; Protons 16,18
HAC | 1 ; Proton 17

HAL | 1; Proton 4

HAN | 1 ; Proton 7

HAR | 1 ; Proton 2

HAM | 1 ; Proton 6

[SAR]
; Ligand Atom Numbers | Weight

21-34,44-end| 1 ; aromaticity
42,43 | 1 ; hydrogen bond acceptors
511 ; tertiary amine

[end]
Figure 5.1 Experimental input used to drive the molecular docking of eletriptan (ETT) onto P-

glycoprotein (Pgp). The comments are shown in black and the simplified language used to produce

the CNS-compatible distance restraints are shown in red.
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[LIGANDS]
DRG -1

[SOI]
; Residue numbers | Restraint Distance (r) | Weight (Integer)

180201
184201
188201
137]20 1
17620 | 1
875|201
133201
883201
927201
872201
179201
136201
132]20]1
879201
87620 | 1
938201
144201
88620 | 1
1771201
94220 | 1
343|201
34620 | 1
86820 |1
60 [20]1
864201
977|201
981201
861201
195(20 1
336201
64 1201
979201
174120 | 1
350201
91620 | 1
169201
17020 | 1
894201
168201
1731201
1721201
930201
934201
94920 | 1
94520 | 1
946 |20 | 1
941201
114]20 1
129(20]1
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165(20 1
16620 | 1
890201
191]20 1
347201
952201
68 (201
332|201
339201
7281201
30620 |1
71 1201
99020 |1
295201
98620 | 1
7241201
292201
774120 | 1
287201
822201
221201
810201
773120 1
778120 | 1
781201
281201
816201
710120 | 1
7211201
302201
303201
762120 | 1
819201
239201
291201
827201
769120 | 1
29820 | 1
232201
288201
225|201
785120 | 1
243201
992201
812201
29420 1
98920 |1
815201
996 |20 | 1
993201
98820 | 1
236201
98520 | 1
982201
335|201
974201
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975120 |1
97820 | 1
300201
67 1201
72 1201
75 1201
113]20 1
121]20 1
326201
327|201
328201
329201
333|201
7251201
7291201
7321201
94620 | 1
971201
953201
110201
34020 | 1

[STD]
; Proton(s) | Weight

HAD | 1 ; Proton 4
HAF | 1 ; Proton 7
HAG | 1 ; Proton 2
HAJ |1 ; Proton 6

[SAR]

; Ligand Atom Numbers | Weight
21-30 | 1 ; aromaticity

35,36 | 1 ; hydrogen bond acceptors

511 ; tertiary amine

[end]

Figure 5.2 Experimental input used to drive the molecular docking of sumatriptan (STT) onto P-
glycoprotein (Pgp). The comments are shown in black and the simplified language used to produce

the CNS-compatible distance restraints are shown in red.
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Figure 5.3 The ETT and STT binding site of P-glycoprotein (Pgp) deduced by HADDOCK-Vina. The molecular docking of (A-C) ETT

and (D-F) of STT. The clustering distribution from the molecular docking simulations is shown A,D and the lowest H.,. cluster is

denoted with an asterisk. The lowest H,... cluster is shown on the structure of Pgp rendered as a gray cartoon in B,E. Within these

clusters, the lowest Hcor structure is shown in C,F. The transmembrane helices are shown in gray and labeled. The residues interacting

with the ligand are labelled. Dashed lines denote hydrogen bond interactions
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ABBREVIATIONS
ABC: ATP-binding cassette
Adk: adenylate kinase
Amp: amplitude
AMP: adenosine monophosphate
AMPPNP: adenosine 5’-(B,y-imido)triophsophate
ASA: acetylsalicylic acid
ATP: adenosine triphosphate
BBB: blood-brain barrier
BSA: bovine serum albumin
CHAPS: 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
CNS: central nervous system
CNS: Crystallography & NMR System
CS: chemical shift
DDM: n-dodecyl-B-D-maltoside
DEAE: diethylaminoethyl cellulose
E,;: ambiguous interaction restraint violation energy
EM: energy minimization
E 4eson: desolvation energies
E s ambiguous interaction restraint violation energy

E et electrostatic energies
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Epar total energy

ETT: eletriptan

E, 4 Van der Waals energies

EXNOE: exchange-transferred NOE

GI: gastrointestinal

HADDOCK: High Ambiguity-Driven Biomolecular DOCKing
HIV-1: Human Immunodeficiency Virus type 1
Hcore: HADDOCK score

HSQC: heteronuclear single quantum correlation
ICLs: intracellular loops

IHs: intracellular helices

Kp: Dissociation constant

Kopi: potassium phosphate

Kgy: Stern-Volmer quenching constant

MDyya¢er: molecular dynamics with explicit TIP3P model waters
MUT: site-directed mutagenesis

n: number of binding sites

NATA: N-acetyl-L-tryptophanamide

NBDs: nucleotide-binding domain

Ni-NTA: nickel-nitrilotriacetic acid

NMR: nuclear magnetic resonance

NOKE: intramolecular nuclear Overhauser effect

Pgp: P-glycoprotein
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Pi: inorganic phosphate

PRE: paramagnetic relaxation enhancement
RMSD: root mean square deviation

SA: simulated annealing;

SAR: structure-activity relationship

SOI: sphere of influence

STD: saturation transfer difference

STDD: saturation transfer double difference
STT: sumatriptan

SXR: steroid and xenobiotic receptor

T;: longitudinal relaxation

T;: transverse relaxation

TM: transmembrane helix

TMD: transmembrane domain

TROSY: 'H-"N transverse relaxation-optimized spectroscopy
Vi: orthovanadate

WATERGATE: water suppression by gradient tailored excitation.
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