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David Xu
COMPUTATIONAL METHODS TO IDENTIFY AND TARGET DRUGGABLE BINDNG
SITES AT PROTEINPROTEIN INTERACTIONS INTHE HUMAN PROTEOME

Proteinprotein interactions are fundamental in cell signaling @mterprogression. An
increasing prevalent idea in cancer therapyhe development of small molecules to disrupt
proteinprotein interactions. Smatholecules impart their action by binding to pockets on the
protein surface of their physiological target. At protpintein interactions, these pockets are often
too lage and tight tdoe disruped by conventional design techniques. Residues that contribute a
disproportionateamountof energy at these interfaces are known as hot spots. The successful
disruption of proteirprotein interactions with small molecules is #ttited to the ability of small
molecules to mimic and engage these hot spots.

Here, he role of hot spots explored in existing inhibitors and compared with the native
protein ligand to explore how hot spot residues can be leveraged in g interactions.

Few studies have explored the use of interface residues for the identification of hit confamands

structurebased virtual screening. The tight uPARAuUP/

that leverage hot spots on both the protein receptor and ligandthod is describetthatenriches
for small molecules that botngage hot spots dhe protein receptor uPAR and mimic hot spots
on its protein ligand uPAnN addition,differences inchemical diversity immimicking ligand hot
spotsis explored

In additontou PARAU P A, t h e opportanities atapertlibed iproteipadtein
interactionsimplicated in cancer Projects such as TCGA, which systematically catalog the
hallmarks of cancer across multiple platforms, provide opportunities to identify novel protein
protein interactions that are paramount to cancer progresiiothat éxd, a census ofancer
specific binding sitesin the human proteomare identified toprovide opportunities for drug
discovery at the system levdiinally, tumor genomic, protelprotein interaction, and protein
structural datds integratedo create chmogenomic libraries for phenotypic screening to uncover

novel GBM targets and generate starting points for the development of GBM therapeutic agents

Huanmei Wy PhD, Co-Chair
Samy MerouehPhD, Co-Chair
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Chapter 1
INTRODUCTION

1.1 BACKGROUND

1.1.1 Cancer Genomics.Hallmarks of canceare driven by perturbations in protein
protein interactions and signaling pathw§/s Large scale sequencing studies of human tumors
such as The Cancer Genome Atlas (TC@AY the International Cancer Genome Consortium
(ICGC) provide opportunities to uncover the genetic basis of the processes that drive cancer.
Whole-genome gene expressiprnofiling studies have been instrumental not only in classifying
tumors and uncovering genetic alterations in cancer cells (mutations, copy number, and
rearrangements), but as a rich source of potential targetaaimety ofcances[2-13]. These studies
have been instrumental identifying tumor subtypes and uncovering driver mutations of these
diseases.

While TCGA has been successfuldentified critical cancer driver alterations at the gene
level, the contribution of genes to the dysregulation of oncogsiginaling pathwaysremain
unclear.The characterization of the molecular landscapes of cancers have identified a subset of
genes andheir protein productsthat promote tumorigenessnd progressiorthrough driver
mutations[14, 15] These mutations result in tumor heterogeneity, whepatignts with similar
cancers can exhibit different responsestraditional treatmentoptions Somatic mutations
contribute totumorigenesis by destabilizing protein structure and altering protein furjdégn
Many of thesealteredproteirs do not have prototypical enzyme active sites traditisaah in
traditional singletargetdrug discoveryefforts, and can only be targeted through thaiotein
proteininteractiong17].

1.1.2 Protein-Protein Interactions. Proteinprotein interactiongPPIs) control nearly
every aspect of normal cellular functjdncluding enzyme catalysiBNA regulation biological
signaling,and immune respons&hese interactions also contribute to activating or suppressing
signaling networks involved in pathological pesses such as candéw, 18] In cells, it is
estimated that signaling pathways occur in a network of more than 200,000 -protein
interactiond19-21]. Proteinrprotein interactions were previously considered undruggable, largely
due to the size of the protein interfaces (~3@000A?) compared to traditional enzyme active
sites (~306600A?) [22, 23] The protein interfaces are also generally flat and devoid of grooves
and cavities present at traditional enzyme binding gt#s Unlike enzyme binding sites, there are

no native smalmolecule ligands or substrates that bind to the binding pocket and can act as a



natural starting point. These three factors represent significant challenges in current duggydisco
efforts of proteinprotein interactions despite their therapeutic importance.
However, not all protetprotein interactions share these limitations. Rathestept
protein interactions range from transient to tif-27]. They have been classified as primary,
secondary, or tertiary depending on the architecture at the interface of the cfi2@pl&timary
interfaces are generally simple, involving a short linear peptide bound to the surface of another
protein. Secondary -heat e #fuandhatisftes ensconoes inte a welb f an
defined cavity of the receptofertiary interactions are more complex, sometimes involving
mul tiple secondar-lye lsitcreustandst Thes $izes af thér cordast sutface
increases from primary to tertiary, reaching more than 1,500nAsome cases for tertiary
interactons[28].
Theinteraction energyess) of proteinrprotein interactions not evenly distributed across
the entire interaction interfad@9]. Hot spots are residues that contribute substantially to the
proteinprotein interaction. They can be located either on the protein ligand or on the receptor. Hot
spots argenerally identified by alanine scanning studies, where individual amino acids are mutated
to alanine and the resulting impact on the binding affinity is measured using biochemical or
biophysical methodf30]. Computational methds such as molecular dynamics simulations have
also been successfully usgl, 32] Throughthesestudies, critical hot spot residues have been
discovered on previously considered undruggable prof@8)s34] The amino acid composition
of interfaces favor certain amino acids, such as hydrophobic aromatic residues like tyrosine or
tryptophan28, 35] Charged residues such as arginine, lysine, and glutamicraatka frequently
found at interfaces and often engage residues through sait d g eatienrinteractiong36, 37]
As a result, these residues are often identified as hot $fmitspots are often assembled in tightly
packed clusters on thieterface andre often referred to as hot regi¢88]. It has been suggested
that the distribution of these regions play a role in how proteins can have multiple binding partners.
In this work,the current challengesiargeting proteirprotein interactionatboth a taget
specific level and across the human interactmegplored A seriesof studies describeny effort
to first understand the structural basis of prefeiotein interactionby comparing the engagement
of existing inhibitors of proteiprotein interagons with the native protein ligarat five protein
protein interactions that are critical to cancer cell signalivig find that more potent inhibitors of
these proteirprotein interactions are better able to engage critical residues, or hotgaits, on
the protein receptor as well as minhiot spots present on the protein ligatie then propose a
method to represent tiemgagement of compounds from chemical libraries to a protein receptor as

a bitwise fingerprinto rank-order compoundsom compuétional screeningcancer exhibits many



phenotypessuch as uncontrolled cell growth, invasion, and metasi&&igpropose that to inhibit
many of the phenotypes associated wttimorigenesisand tumor progression will require
compounds that can targhe underlying protenprotein interaction network associated with these
phenotypes at more than one pointthe final part of this work, a structubased approach is used
to identify compouds that target genes that have been implicated in cancer progressidinstW
identify druggable binding sites across the cancer proteome. Then, we propose a mathiotl to
chemical libraries for phenotypic screening to identify compounds that cantipliyetarget

druggable binding sites on proteingplicated in cancer.

1.2 CHALLENGES ADDRESSED

While proteinprotein interactions are implicated in the pathogenesis of diseases such as
cancer,one challenge is the identification of potential druggalimelibg sites on these proteins.
Despite the therapeutic potential of protphotein interactions,wrent efforts in drug discovery
are largely focused on targetitkinases, nuclear receptors, ion channels, and rhodbksiG
proteincoupled receptorsgPCRs)39]. The lack of favorable physicochemical properties rsake
proteinprotein interactions unsuitable for drug discovery. However, recent advartbesdesign
of proteinprotein interaction inhibitors that target tight and stable interactions critical to cancer
signalinghave providedpportunities tadentify critical intermolecular interactions between the
native proteidigand complexo enrich chemical libraries for potential inhibitors of these pretein
protein interactionsln this work, we followed a structwigased approach to develop scoring
approaches talentify compounds that can potentially inhibit protpiotein interactionsOften,
one of the firststeps in targebased drug discovery is the use of struchased virtual screening
to computational enrich or rardeder a chemical library to a welkefined binding pocket on a
target of interesHowever, traditional scoring functions were developed for targeting binding sites
on enzymes, and not suitable for protpiotein interactiondHere, we develop a scoring function
that uses the native interamtias a guide to rardrder chemical libraries.

In addition to targeting individual proteprotein interactions implicated in cancer, we
developed an approach to enrich chemical libraries for phenotypic scre&uatiger than
identifying compounds thatrget single proteinghenotypic screening identifies compounds that
modulate a specific tumor phenotype, for example, cell viability or cell invabiaditionally, this
is done in a highhroughput mannerin which millions of compounds are screenddften,
compounds identified from this approach amtspecific to either the targets of interest and are
toxic to both cancer and normal cellsthe second part of this work, we address this challenge by

following a structurebased approach for canesgecific drug discovery bfy) identifying relevant



cancerspecific targets with druggable binding sites, anddgveloping methods tdentify small

compounds for cancer therapeutics

1.3 MAJOR CONTRIBUTIONS

Here, four major projects are presented to address these challenges in identifying potential
inhibitors of proteirprotein interactions(i) understanding the structural basispodtein-protein
interactions, (ii) leveraging hot spots for the inhibition of individual prepeotein interactions,
and (iii) identifying and targeting proteprotein interaction networks.

First, topics related to targeting individual protgiroteininteractionsare exploredin
Chapter2, the role of hot spots is exploreldy surveyingexisting proteipprotein interaction
inhibitorsas summarized iRig. 1.1 Computational methods are used to identify critical residues,
also known as hot spots, @tteinprotein interaction interfaces using alanine scanning and per
residue energy decomposition. Then, we explore engagement of compounds with receptor hot spots
and investigated overlap between compounds and ligand hot spots.

Next, we leveraged this fostructuralbased virtual screening. Structutssed virtual
screening is often the first step in tarpased drug discovery. The goal of structinased virtual
screening is to enrich chemical libraries for potential compound candidates by dockieg lar
chemical libraries to a wetlefined binding site on a target of interest. Molecular docking is used
to predict the binding poses of each compound to the target, and scoring functions are used to
evaluate these poses and raméler compounds. Howeveradtitional scoring functions are
designed for welllefined binding sites on enzymes, nuclear recepteppin coupled receptors,
and other targets that have been wgalidied in cancer and other diseases and are not suitable for
proteinprotein interatons. Therefore, we developadmethod texploit the interaction of small
molecules with both receptor and ligand hot spot&dentify potential leads of proteprotein
interaction inhibitorsat individual proteirprotein interactionsn Chapter3. This scoring method
was applied to the urokinase protgirotein interaction to rankrder commercial compounds,
eventually leading to the discovery of a fragmiée compound that was optimized to inhibit the
interaction with low singlaligit micromolar biming affinity (Fig. 1.2).

In Chapter4, the role of chemical diversity is explored in mimicking ligand hot spots by
comparing three chemical libraries with different physicochengoapertiesand developmental
ideologies(Fig. 1.3. Three different tightinteractionsfor which hotspot residues have been
identified were selected for analygisorder to provide insight into how different areas of chemical

space can be used for the discovery of potential inhibitors.



Cancer is a diseasigat affects the proteiprotein interaction landscape. Disruptions in this
landscapeesults in multiple phenotypes indicative of cancer, for example, uncontrolled cell growth
andresistance of cell deatfften, these phenotypes are a resuttisfurbance of both previously
discovered and still undiscovered interactions criticakumorigenesis.There are additional
opportunities atindiscoveregroteinprotein interactiongnplicated in canceiSystematic cancer
projects such as TCGA have identifiewbvel targets critical to tumorigenesis and tumor
progression.n Chapter5, a setof cancerspecific druggable binding pocket® the human
proteomeareidentified with respect to their putative functionle in cancer signaling pathways,
and somatic mutationby integrating multiomic TCGA genomic data and structural data as
summarized irFig. 1.4 Finally, in Chapter6, a method to enrich chemogenomibréiries for
phenotypic screeningsing GBMspecific targets iglescribed.In this approach, a larggcale
proteinrcompound interaction matrix is generated from lesgale virtual screening of chemical
libraries to targets implicated in GBWi@. 1.5. Then, compounds amank orderedbased on their
ability to maximally target druggable binding sites on proteins implicated in the diSdsse
discovery of a compound thathibits GBM phenotypes without affecting normal cell viability
suggests that our ap@ch to create tumespecific chemogenomic libraries may hold promise for

developing more efficacious treatments for incurable diseases like GBM.
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Chapter 2

A COMPUTATIONAL INVESTIGATION OF SMALL -MOLECULE ENGAGEMENT
OF HOT SPOTS AT PROTEINT PROTEIN INTERACTION INTERFACES

2.1INTRODUCTION

Small molecules disrupt tight proteprotein interactions by engaging or mimicking hot
spots located at the proteimotein interfacd28, 33, 38, 40, 41]Hot spots are amino acids that
contribute substantially to the protginotein interaction. They can be located either on the protein
ligand or on the meptor. Hot spots are generally identified by alanine scanning studies, where
individual amino acids are mutated to alanine and the resulting impact on the binding affinity is
measured using biochemical or biophysical methf8§. Computational methods such as
molecular dynamics simulations have also been successfullj3se2R]

There is intense interest in the development of small organic molecules to disrupt protein
protein interaction§42]. Small molecules provide useful tools to dissect individual iotenas of
the cellular proteifprotein interaction network. In addition, small molecules that disrupt protein
protein interactions associated with a disease can be further developed into therapeutic agents.
Early strategies for developing protginotein nteraction inhibitors consisted of designing
compounds with substituents that mimicked side chains of the protein [@n@his has worked
particularly well for the development of peptidomimetic inhibitors of prepeotein interaction
[44]such as t he MD N8]Aposh8r agproachestsiatsof seavching for fragment
like compounds that bind to cavities at the prof@iotein interfacd46]. This method has letb
nanomolar and sutmicromolar inhibitors of Bek L A B[47k IL-2 A2 R (48], and more
recently K#&SPP1ANRF2

Structurebased computational screeningcommercially availablehemical libraries ha
also been applied towards the discovery of simallecule proteirprotein interaction inhibitors.
Virtual screening led to the discovery of fragméké compounds thadisrupted the interaction
between IFNU and it s bi nd[B0}dnothea strategy combinidNdoéking and
phar macophore definitions | ed t d5l]ilnHas leént or s
suggested that small molecules disrupt tight prepeatein int@actions by engaging or mimicking
hot spots located at the protgirotein interfacg28, 33, 38, 40, 41, 43Despite thewidely
acceptedview that disruption of hespot interactions is critical for the successful inhibition of
proteinprotein interactions, there is no systematic approach to take advantage of hot spots for the

rational design of smatholecule antagonists.
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Strategies thdtave designed compounds to mimic hot spots on the protein ligand generally
ignore hot spots located on the protein receptor. Similarly, compounds that are designed using
fragmentbased methods are conceived to bind to pockets on the receptor protein keitfaod to
hot spots located on the protein ligand. Understanding how compounds engage and mimic hot spots
could help guide the design of chemical libraries and to guide stridmagesl computational
screening of these chemical libraries for the discowtsynallmolecule proteirprotein interaction
inhibitors.

Here, we subject proteicompound and proteiprotein structures to expliefiolvent
molecular dynamics simulations and free energy calculations. We select five -pratim
interactions that heae been successfully inhibited with small molecules and for which there exists
quality binding affinity data and eorystal structures: Bet LABak, MDM2Ap53, XI AP,
2APRU, and BRD4 AH4proteiR and pratesworhpoupd conpkiyii -GBSA
free energy calculations were carried out to determine the binding free energy for comparison to
experimental binding affinities and 4. In addition, for each proteprotein complex, we
determine the free energy change due to mutation of interfaitkies to alanine (computational
alanine scan). We explore the interaction of each compound and protein ligand to the predicted hot
spots on the receptor using pesidue decomposition energy calculations. Furthermore, we use
pharmacophore modeling to iestigate how effectively compounds mimic hot spots located on the
protein ligand. Finally, molecular dynamics simulations are analyzed to compare the effect of

compounds on the dynamics of the receptor to those of the protein ligand.

2.2 RESULTS

2.2.1 Protein-Protein and ProteinrCompound Complexes. Five proteinprotein
interactions that have been successfully inhibited previously with small molecules were selected
for this work (Table 2.1). Two of these interactions are classified as primary, corresponding to a
short linear peptide binding to a receptor protein: The Bir3 domain-lfikéd inhibitor of
apoptosis protein with a shorkKg=42e420nM), anthef Smac
first of two bromodomains on BRD4 with adic et y| at ed peptide from a h
Kad = 4.8 = 0.4 uM). Another two interactions are classified as secondary: MDM2, an inhibitor of
p53 transcriptional activation, with the tumor suppress@ p5 MD M 2KA p 223 nM), and a
pro-survival protein BeixL with a preapoptotic peptide of Bak (Bol L A Bka & 340 + 30 nM).
These consist of 23nd 16r e s i -tielices bound to wellefined pockets on MDM2 and Bcl
XL, respectively. The last interam is classified as tertiary: The cytokine interleuRin wi t-h i t s
subunit (IL2 A2 R B4 = 13 nM).
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A total of 36 smaHmolecule inhibitors that were emystallized with their respective
targets were consideret@igble 2.1). The compounds have a widmge of chemical structures and
physicochemical properties. The binding affinity of the compounds ranged fremasoinolar to
submillimolar. The BcixL compounds were generally the largest and exhibited the highest
affinities and inhibition potency, witthe majority showing nanomol& and 1Go. The weakest
affinity compoundp, was a lead compound that ultimately led to arsatomolar inhibitor of Bel

XxL[52.The inhibitors of the MDM2Ap53 interaction

from 0.4 to 916 nM, with similar 1§ values ranging from 1.1 to 1710 nM. Except for two of the
seven XIAP antagonist&qs and IGes of these compounds were in the -soiisromolar range.
Compoundd.8and22 showed micromolakq. The 1Gofor the four IL-2R antagonists ranged from

60 nM to 6000 nM. Finally, the BRD4 antagonists exhibited binding affinities that ranged from 36
nM to 2400 nM. The I&; values ranged from 16 tL00 nM.

Ligand efficiency is defined as a compound?d

of nonthydrogen atomg53]. Generally, ligand efficiency for druljke compounds should be

greater than 0.3[54]. Among the compounds that we have coaside d, only BRD4 AH4

exhibited |igand efficiencies that are greater

are below 0.3 with a |ligand efficiency of
efficiencies of 0.24 + 0.02, despithaving similar number of heavy atoms as inhibitors of
MDM2Ap53 (X1 APASmac: 35 N -WhineyvaDkslenAgstp 8 0.88)3 6

0. 2

N 2,

There are at | east two halogen atoms in each o

X1 APASmac ,aesutisgin@ppiodnately 80 Da increase in molecular weight despite the
almost equal number of heavy atoms. Finally,-Bd ABa k -2ARIRU Lhave |
efficiencies of 0.22 + 0.03 and 0.21 + 0.01, respectively. Overall, except for BRD4, most small
molecule proteirprotein interaction inhibitors have poor ligand efficiencies.

The lipophilic efficiency of a compound measures the difference between its activity and
lipophilicity [55]. Compounds with high lipophilicity tend to have increased target promiscuity and
decreased solubilitfp5]. Thus, interactions imdving compounds with high lipophilic efficiency
are primarily directed and specific to a protein receffiéf. Generally, lipghilic efficiency of
leadlike compounds is greater thari®]. Mean lipophilic efficiency across all inhibitors is 3.3 +
03,rmging from 1.9 N 0.5 in MDM2Ap53 to 5.7
we have considered, onlysmallo | ecul e X1 AP AS n286 evhich imhibasgl® Al 4.t s

2RU, have lipophilic efficiencies above 5.
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Table 2.1. Characteristicef protein-protein interaction complexes

PDB Compound Ligand LE2 LLE®  Ky/K;(nM) IC5 (M) Ref
Bcl-xL Bak
1BXL - 340+ 30 [57]
1YSI 1 N3B 0.27 1.6 36+ 1.6 [58]
2YXJ 2 N3C 0.23 4.4 0.37 2.5+0.6 [59]
3QKD 3 HIO 020 3.1 4.2 3 [60]
3SP7 4 03B 0.19 21 <1 6+1 [52]
3SPF 5 B50 0.14 0.6 138000+ 76000 453000+ 25000 [61]
4QVX 6 3CQ 0.32 6.2 <0.01 [62]
MDM2 453
1YCR - 295 [63]
1RV1 7 IMZ 0.23 0.0 140 [64]
1T4E 8 DIZ 0.28 25 80 220 [65,
66]
3JzK 9 YIN 026 05 1230+ 820 [67]
3LBK 10 K23 0.25 0.1 916 1710+ 1103 [68]
3TUl 11 07G 0.27 3.1 250 [69]
3W69 12 LTZ 0.21 3.0 58 [70]
4D1J 13 BLF 0.26 1.7 30 [71]
AERE 14 OR2 0.33 3.2 4.2+0.9 [72]
AERF 15 OR3 0.38 4.3 0.4 1.1+05 [72]
4HG7 16 NUT 024 0.7 71+ 11 [73]
XIAP A8mac
1G73 - 420+ 20 [74]
2JK7 17 BI6 027 49 67+ 18 [75]
20PY 18 CO9 0.19 6.1 30000+ 12000 [76]
3CLX 19 X22 025 5.9 250 270+ 20 [77]
3CM2 20 X23 0.23 6.6 870 970+ 120  [77]
3EYL 21 SMK 0.25 6.8 220 250+ 40 [77,
78]
3HL5 22 9JZ 0.16 3.4 34000 [79]
5C83 23 4YN 0.30 55 160 [80]
IL -2AL -2RU
1792 - 13 [81]
1M48 24 FRG 0.23 3.9 8200 3000 [81,
82]
1PW6 25 FRB 0.20 3.4 6000 [83]
1PY2 26 FRH 022 59 60 [83]
1QVN 27 FRI 019 28 250 [84]
BRD4A14
3UVW - 4800+ 400 [85]
2YEL 28 WSH 031 23 52.5 155+1.9  [86]

14



3MXF 29 JQ1 032 25 49 77 187,
88]

3P50 30 EAM 033 3.9 55.2 36.1 [88]
3U5J 31 08H 035 2.0 2460z 110 [89]

3U5L 32 08K 037 21 640+ 30 [89]
3ZYU 33 1GH 031 33 100 [90]
4F3| 34 0S6 0.36 3.6 36.1+ 7.8 30+ 4 [91]

4MR4 35 1K0 030 2.9 1142+ 46 [92]
5D3L 36 57F  0.28 3.6 880 [93]

@Ligand Efficiency, T = 298.15 K
® Lipophilic Efficiency
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Table 2.2 Calculated free energies (x standard error) of pregbentein and proteitigand
complexes
PDB de £VDW &EELE £GB £SURF &EGBTOT mMM -GBSA
Bcl-xL ABak
1BXL -93.5+0.4 -266.1+2.2 2951+2.0 -13.6+0.0 -78.1+0.4 -36.7+0.5
1YSI 1 -494+01 -62+01 281+01 -63%+00 -33.8%x0.1 -16.7+0.3
2YXJ 2 -729+0.1 -433.4+£0.9 4589+0.9 -9.0+£0.0 -56.3+0.1 -28.7+0.3
3QKD 3 -71.2+0.1 -384.9+0.7 406.1+0.7 -8.7+0.0 -58.6+0.1 -33.2+0.2
3SP7 4 -83.3%+0.2 -223.2+0.7 238.8+0.6 -11.1+0.0 -78.8+£0.2 -449+0.3
3SPF 5 -39.8+0.2 -51+03 20.3+x02 -49+£0.0 -295+0.2 -11.3+0.3
4QvX 6 -84.2+0.1 -181.0+0.5 199.6+0.5 -98+0.0 -754+0.1 -49.0+0.2
MDM2 453
1YCR -73.5+£0.2 -377.5+1.2 4005+1.1 -10.1 +0.0 -60.6 £0.2 -25.1 +0.3
IRVl 7 -444+01 -81+01 209+0.1 -51+0.0 -36.7+0.1 -17.8+0.2
1T4E 8 -43.8+0.1 -136.9+0.9 151.8+0.9 -51+0.0 -34.1+0.1 -15.9+0.2
3JZK 9 -403+£0.1 -11.1+01 229+0.1 -45+0.0 -329+0.1 -14.3+0.2
3LBK 10 -36.6+0.1 -115.0+0.4 129.4+04 -45+00 -26.7+0.1 -9.7+0.2
3TUl 11 -424+0.1 -107.7+04 1236+0.4 -54+0.0 -32.0+0.1 -12.9+0.2
3we9 12 -484+0.1 59.2+0.2 -446+0.2 -58+0.0 -39.7+0.1 -20.0+0.3
4D1IJ 13 -447+01 -76+0.1 219+01 -53+00 -356+0.1 -16.1+0.2
4ERE 14 -40.3+0.1 -112.3+1.1 1258+1.0 -5.0+£0.0 -31.8+0.1 -12.0+0.2
4ERF 15 -38.7+0.1 -1455+0.7 156.1+£0.6 -52+0.0 -33.3+0.1 -13.7+0.2
4HG7 16 -454+0.1 -80+0.1 226%+01 -54+00 -36.3+0.1 -16.6+0.3
XIAP f8mac
1G73 -49.6 +0.4 -265.8+2.4 280.6+23 -7.2+0.0 -420+0.3 -9.7+x04
2JK7 17 -411+0.1 -133.0+0.5 131.4+0.4 -50+0.0 -47.8+0.1 -30.1+0.2
20PY 18 -32.7+0.1 -162.3+1.1 171.2+10 -43+00 -281+0.2 -83+0.2
3CLX 19 -39.6+0.1 -178.7+0.5 178.1+0.4 -52+0.0 -454+0.1 -23.8+0.2
3CM2 20 -37.0+0.1 -271.4+0.8 266.2+0.7 -50+0.0 -47.2+0.1 -26.7+0.2
3EYL 21 -40.1+0.1 -2475+0.7 240.3+0.6 -55+0.0 -52.6+0.2 -31.0+£0.2
3HLS 22 -32.8+0.1 -146.2+04 1422+0.3 -4.1+0.0 -409+0.1 -195+0.2
5C83 23 -43.4+0.1 -152.2+0.5 154.7+05 -49+0.0 -458+0.1 -23.7+0.3
IL-2AL -2RU
1792 -73.3+0.8 -674.0+7.1 683.9+7.2 -129+0.1 -76.4+0.9 -289+0.9
1mM48 24 -43.4+0.1 -129.7+0.4 1295+0.3 -59+0.0 -49.4+0.1 -285+0.2
1PW6 25 -39.1+0.2 -1189+0.4 120.6+0.3 -53+0.0 -428+0.2 -21.5+0.3
1PY2 26 -51.4+0.1 -228.9+0.8 2340+0.8 -6.8+£0.0 -53.1+£0.1 -26.1+£0.3
1QVN 27 -52.4+0.2 -133.7+0.4 140.3+04 -6.8+£0.0 -525+0.1 -24.7+0.3
BRD4A44
3Uvw -70.8+0.2 -159.8+0.9 177.7+0.8 -10.6 £ 0.0 -63.5+£0.2 -31.3+0.4
2YEL 28 -40.7+0.1 -80+01 200%+0.1 -50x00 -33.6+0.1 -16.1+£0.2
3MXF 29 -41.4+0.1 -23+0.1 138%+0.1 -49+00 -34.8+0.1 -17.7+0.2
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3P50
3U5J
3U5L
3ZYU
4F3I
4MR4
5D3L

30
31
32
33
34
35
36

-415+0.1 -99%0.1
-349+0.1 -98%0.1
-36.0+0.1 -11.7+0.1
-40.7+0.1 -93%0.1
-405+0.1 -40%0.1
-31.9+0.1 -19.8+0.2
-36.3+0.1 -29.1+0.3

23.0+x0.1
185+0.1
20.3+0.1
224+0.1
150+0.1
28.6 £0.2
39.8+0.2

-5.0+0.0
-4.1+0.0
-4.3+0.0
-49+0.0
-49+0.0
-4.4+0.0
-4.9+0.0

-33.4+0.1 -16.5+0.2
-30.4+0.1 -154+0.2
-31.6 £0.1 -14.9+0.2
-32.4+0.1 -155+0.2
-34.3+0.1 -17.6 +0.2
-27.6+0.1 -11.7+0.2
-30.5+0.1 -13.4+0.2

17



2.2.2 Molecular Dynamics Simulations and Free Energy CalculationsMolecular
dynamics simulations and Mi@BSA calculations were carried out for the five profeiotein and
36 proteincompound complexes. The MBBSA free energies for individual complexes are
reported inTable 2.2. The van der Wa &lpg) and the feem énergylduedon e r g y
burial of solvemta c ces si bl e Bus)r Wee anere favorabde fof ee protgmotein
complexes than the proteacompound complexes. The van der Waals potential energy ranged from
-93.5 + 0.4 kcamol™ for Bcl-x L A B@a-49.6 + 0.4 kcamol*f or X1 APASMare, whi l
ranged from-13.6 for Bekx L AB a k7.2 kcalmol* f or X1 A PHB&aria directly se
proportional to the change in solveatdcessible surface area upon bindB%j. The buried surface
area on the receptor in the protgirotein complexes are approximately 940, 900, 715, 660, and
250 A2 for Bel-xL, IL-2, BRD4, MDM2, and XIAP, respectively. Therefore, it was not a surprise
t o f i regdrewabsulistardially less fakable for the proteitcompound complexes than those
of the native proteiprotein complex considering the much larger surfaces of the latter. However,
aEsure for proteinprotein and protelt o mpound compl exes were simil e
some ofthe Bek LABak ant ag o nias6)sThigis expramediby tbesfact that the
XI APASmac interface is r el -aroteivemd proteimompdund, such
interfaces are similar in size. FortheBcL ABak i nter acti odandéhadihé@i t or s,
most f aEmev(-8313 i @2 ase84.2 + 0.1 kcamol™?, respectEde(Ell.yand and e
-9.8 kcalmol?, respectively).

The electrostatic contributions to the free energy of binding are represented by the
Coulombp ot ent i akge)@anmdehe Generdliz&Bor n ( GB) s olBsgaTheon ene
Coulomb energy is generally most favorable for the native protein ligands when compared to
compounds. The only exception was for8cL ABak wher e 2and3 exibitggounds,
substanti al | yEggn@omeountishandbe & b be had hi Gdhel Thisis avor ab
likely due to the formation of a salt bridge between carboxylic grougsaod6 with Arg-132 and
Arg-139 on Bcix L , respecti veblgyvalThes flazaad atbbd eBggicegh |l y u
since the desolvation of charged and polar groups is highly unfavorable. The Coulomb energies for
the BRD4AH4 compounds were the most unfavorabl
of these compounds hagbarged groups.

T h eEgg@grterm is the sum of polar and npolar interactions. When entropy is added
t 0 Eceor, the reLGuicdsaf reet e@eregy of b iGawdsdsansy . As |
substantially HE@&essncefthe entrapyftbinding alwagsmesudts in a penalty
to the free energy of binding. In most of the complexes, the entropy change due to binding of the

native protein to the receptor was about 30 ‘keal*. For compounds, the entropy penalty was
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more substantial for th&cl-xL antagonists, which in some cases were nearly as large as that of the
native ligand (e.g4). This is because the BkL compounds are generally larger than the other
compounds, but also possess linear architecture that makes them more flexiblereitbtatable
bonds. The larger number of rotatable bonds will result in more unfavorable entropy change
following binding.

The compuGvadtsdnonaan d (ex per i me e of bothmpretein e ner gi
protein and protesltompound complexes are also showrrig. 2.1. The correlation coefficients
when considering both proteprotein and protelt o mpound compl exes are r
= 0.31. When we only consider prota@iompoundcomplexes, the correlation coefficients are
higher (r = 0.64, 3} = 0.52, U = 0.38). Among t
ener gy, t he Etsoi @mpormemnts ofthel cpmputaficaeal free energy correlates with
the experimentalrée energy for all complexes. The antagonists of thekBclABa k and BRD4 A
interactions show the st rdnh8and0d.74craspectiecly.aMhéno n s |,
entropy i s Gweses thd eorrdation ¢faBek LABak and NMBM2Ap53
relatively similar, while the correlation of X
0.2. The predicted and experimental binding affinities did not correlate for t2eAll2 R U

complex.
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Figure 2.1. Comparison of free energies in protg@irotein and protektompound complexeBree

energies of proteiprotein and proteitompound complexes. Protgimotein complexes are

shown as diamonds while protasompound complexes are shown in circles.
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2.2.3 Computational Alanine Scanning and Free Energy Decompositioio explore
how effectively the native protein ligand engage receptor hot spots, we performed comalutation
alanine scanning of interface residues on the receptor of each of the five-protein complexes
using MM-GBSA. We mutated each receptor residue that is located at the interaction interface to
alanine and calculated the resulting change in the ®B&A free energy between the witgpe
and mutant GhyRPLR Eadiiton (o adamine scanning, we carried outnesidue
decomposition energy analysis for the native ligand and sn@écule inhibitors. This consists of
determining thenteraction energy of protein ligands and srnadilecule inhibitors to each of the
residues on the receptor. The decomposition energy includes all the components of G234V

free energy except for entropy.
We compare decomgnSYlibaanine seanning fee energy craanges

( a&ﬁl\,,aGSB $Jafor each residue at the interaction interfé€ig. 2.2). We observe good correlation
between the computational alanine scanning and total residue decomposition energies across the
five proteinprotein complexes. The mean correlation coefficient across the five complexes for r,
), a n €.80)+ 004-@.53+ 0.06, and-0.38 + 0.05, respectively. A negative correlation is
expected since residues that have favorable decomposition energies (negative energies) with the
protein ligand are expected to lead to a higher binding affinity penalty (positive energy) wh

mutated to alanine. Inspectionkif. 2.2 reveals that there are several exceptions. Several residues

l ead to umch@edyabl eheker interact iERaEIWhighy t he
favorable.

2.2.4Bcl-x L A BBhk Bcl2 protein family consists of apoptosis regulators, which are
divided into three subfamilies: piurvival (e.g. BeikL, Bel-w, and Mctl), Baxlike pro-apoptotic
(e.g. Bax and Bak), and BH3 only (e.g. Bad and B#8%). Inhibition of pro-survival activity occurs
through binding of a BH3 domain to a hydrophobic cleft formed by the BH1, BH2, and BH3
domains of a praurvival protein96, 97] One example is the complex between theqnvival
protein BeixL and the preapoptotic protein Bak, which is characterized by a 16 s i -Halixe U
peptide in a hydrophobic cleft formed by the BH1, BH2, and BH3 regions eflBFig. 2.3A).
This 16residue peptide, with a binding affinity of 0.34 uM, represents the minimal region required
to bind to BcixL [57].

Experimental alanine scanning of the Bak peptide identifiedrdalArg-76, Leu-78, lle
81, Asp83, and 1le85 on Bak, and Arg .39 on BcixL as critical for the interaction, while Hg0
and Asp84 on Bak and Arg.00 on BclxL were not as importarjs7]. No experimerdl alanine

scanning was done on the receptor. Thus, we carried out a computational alanine scan using MM
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GBSA to identify residues on BgL that are critical for binding to Bale{g. 2.3B). We found that
the computational mutation of nine residues toiaresulted in more than 1.5 keabltincrease
in the MM-GBSA free energy. These predicted hot spots include9PPh&rg100, Tyr101, Phe
105, Leul08, Glul129, Leul30, Arg139, Phel4d6, and Twl195. Arg139 was predicted to be
critical for binding consistent with experimental d§d].

We carried out decomposition energy calculations to determine the interaction energy
between Bak and individual residues on-Btl(Fig. 2.3C). There was strong engagement of hot

spots by Bak ERESHRgnitddestiatavdre dvarall geeater than 2-keail’. The
only exceptions are PHiI6 and Ty+¥195, which interact with Bak with decomposition energies of
-0.83 + 0.01 and1.69 + 0.04 kcaimol™, respectively. We also found that Bak engaged some
residues that are not considered hot spots. For exampié28ddinds to Bak with a decomposition
energy 0f2.06 + 0.02 kcamol* despite mutation of Val26 that resulted in a me®e42 kcaimol

! change in MMGBSA energy. Interestingly, this hydrophobic residue is among residues-on Bcl
XL that form contacts with BH8ontaining antagonist peptidf&/]. Work by Oberstein and €o
workers detailed the differences in van der Waals contacts of two BH3 peptides;BaetrBim,

at Tyr101 and Letl08 of BctxL [98]. They suggest that these differences were critical for the
binding speticity of BH3 peptides to BekL [98]. Previous mutagenesis studies of Xab
against other BH3 peptides revealed the importance of the residue in heterodimerizatiexiLof Bcl
[99, 100]

Decomposition energies for small molecul&sd 6) were carried out to gain insight into
their engagement of individual hot spots on-Blcl(Fig. 2.4A). We compared decomposition
energies of small molecules with those of the native Bak peptide to uncover how effectively
compounds mimic the native ligand. Surprisingly, in most cases, compounds do not engage Bcl

xL hot spots as effectively as Bak, desyifie substantial medicinal chemistry efforts that were

invested in developing these compounER§i2T¥ or
values that are equal or greater than those off@dhkot spot residues Aff§00, Tyr101, and Glu

129. The remaining hot spots, P8¢, Phel05, Leul130, Arg139, and Twl195 engagéour, ong

five, two, andthreeof the six compounds with similar interaction energies to the native protein
Bak, respectigly. We found three hot spots bind strongly to all three of the nanomolar inhibitors,
namely Phe97, Leu130, and Twl95. The sumanomolar inhibito shows a unique pattern of
hot-spot binding. The compound binds to P, Leuw108 and Argl39 much mae strongly than

the other compounds3 06 + 0.01;3.51 + 0.02, aneB.15 + 0.04 kcamol™?, respectively). In each

of these cases, compouficbinds to these hot spots much more strongly than that of the native

ligand Bak.
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Figure 2.3. Bcl-x L A BPaoten-Protein Complex(A) The protein complex of BetL and Bak
peptide. BeclxL is shown in surface and colored by hydrophobicity, with more hydrophobic
residues in brown and more hydrophilic residues in green. The Bak peptide is shown in cyan and
represented in cartoon with side chains in st{&. Surface representation of Bd., where
residues at the interface on Bdl are colored based on the change in free energy after mutating
the residue to alaningéC) Surface representation of Bl colored by petresidue decomposition

energy with Bak.
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A Bak Decomposition
AlaScan Decomp 1 2 3 4 5 6
AGg,p 88 -10.2 -12.9 -11.4 -123 5.3 -15.0

Glu-96 [0.80 £ 0.68 -0.06 +0.01|-0.90+0.01 -1.16 £0.03 -0.82 = 0.01 0.02+0.00 -1.49+002
Phe-97 -1.84+001 -0.90 + 0.01

Arg-100 -1.30+0.01 -047+0.01 -0.75+0.02 -0.76 + 0.01 -0.07 +0.00 -0.22 + 0.01
Tyr-101 -165+001 -1.25+£0.02 -162+0.02 -1.43 +0.01 -1.50+0.02
Phe-105 -0.48+0.01 -0.83+0.01 -0.79+0.01 -0.40+0.01 -0.61 = 0.01

0.02£0.00 0.110.00 0.05+0.00 0.04=0.00 -0.01=0.01 0.81=0.01
0174000 -133£0.01 -137£001 -058 2001 -1.15= 002

0.01£000 0.05£000 0.04=000 0.04=000 -0.09=0.01 0.060.00
0.000.00 -0.03%0.00 0.02+0.00 0.1 £ 0.00 -0.21 £ 0.01 -0.01 £0.00
000000 000000 000000 001000 001£000 001000
0.01£000 000000 0.00=000 0.02+0.00 -0.09=0.01 0.020.00
-0.01£0.00 -0.72 £ 0.01 -0.65+0.00 -0.59 = 0.01 147 £0.02 0.08 = 0.00
Glu-129 002000 0.43+0.01 039+ 001 053 0.01 -0.84=0.02 0.20 = 0.01
Leu-130 057001
Arg-132|0.02+ 066 054=002(001+000 0.11+0.00 0.130.00 0102001
Asn-136 |-0.68 = 0.68 -0.78 = 0.05|-1.22 £ 0.03 4.70£0.03 -0.71 £ 0.01 -0.25+0.01 0.03=0.00
Trp-137 0712069 126+ 002|-096 =001 123001 -155+0.01 ~155=0.01 -0.02 £ 0.00 -0.19 £ 0.00
Gly-138 1412002 ﬁ-om +0.00 -1.02 = 0.01
Arg-139 ‘-1 21£001 -1.15+0.01 -1.51 =0.01 048£0.02 d
Val-141 037 2068 -058=001|-110£001 -1.70£0.01 -135001 -1.59£0.01 021 £ 0.00 -1.06 = 0.01
Ala-142 122£001(-100£001 -144+001 -157£001 -1562001 -103 =001 -164 =001
Phe-146 |190£068 -0.83=001]|-004 000 -098=001 -075= 001 -2.01 £0.01 -140=001 -1.78 = 0.01
GIu-193 1302068 -022=002(002+000 -003£0.00 -0.03+000 -0.03+000 000=000 000=000
Leu-194 | 067 066 ~142=003|-0.18=0.00 -0.17 =000 -0.14 £ 0.01 <.70£0.01 0.00 000 -0.04 £ 0.00

Asp-107 |0.18 = 0.69 0.09 = 0.00
Leu-108 | 1.58 + 0.67
GIn-11110.18 + 0.69 -0.57 = 0.03
Leu-112|0.37 £ 0.69 -0.62 +0.01
Ser-122 1-0.33 £+ 068 0.03 +0.00
GIn-1251-1.37 £ 0.68 -0.12 = 0.01
Val-126 | 0.42 = 0.66

Interface Residues

-0.50+0.01

Tyr-195 -1.69+0.04 -148+002 002+0.00 -1.49=0.01
Bel-XL+Bak AlaScan Bel-XLeLigand Decomp
(kcal-mol1) (kcal-mol™)
-3.0 [ 0 3.0 OE T 30

1.0

8]

o

‘; 1

i

= N
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L0

— 0

3

o
(~ 30
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Figure 24. Bcl-x L A Ramlparisorwith inhibitors (A) Residues on BekL at the interface of the
proteinprotein interaction. On the left, residues are colmled based on experimental
mutagenesis studies. Known hot spots residues are highlighted in green and residues that are not
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hot gots are highlighted in orange. The first two columns show alanine scanning aedigee
decomposition at the specific residue in the prepeatein complex, respectively. The third to last
column show the peresidue decompaosition of at the specifesidue for each eorystallized
inhibitor. Alanine scanning and pegsidue decomposition energies are colmtled per the scales
in Fig. 2.3 andFig. 2.3C, respect i v e lGyare shBwnpretheifirsterowtfaa achse
complex. Numbers are shown inakenol™. (B) Surface representation of Bl colored by per

residue decomposition energy with compo@nd
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Individual compounds showed differences in their binding to hot spots when compared to
the native peptide Bak. Compoubdvhich hagpoormicromolar affinity, bindsveakerto hot spots
compared to Bak, particularly at PB&, Arg100, Phel95, and Asfl36to Arg-139. Compound
1, on the other hand, interacts more tightly with A@p than the other compounds, but shows little
interaction with hot spots Lel08, Vat126, Glu129, Leul30, and Phd46. The cecrystallized
structure of2 is shown inFig. 2.4B. Compound2 (ABT-737) binds to BekL, Bcl-2, and Bclw
with subnanomolar affinities, but shows micromolar affinities to M&8]. Critical interactions
between BekL and2i n c | u d e atnt&éon interactions between T¢85 and nitrobenzene
of 2, as well as hydrogen bonding between-GB8 and Asril36 to the sulfone and nearby
secondary amine moieties Bf respectively. Tyl01l also foms -4 i nter acti on Wwi
benzene ring in the core structure of the compound. The decomposition energy betwg@h Tyr
and5 is similar to that of the nativeeptide ands an additional 1 kcahol* better than the other
compounds. Finally, PR@7 and Val141 form hydrophobic contacts with the thiophenak.ofhe
interaction with Ph&®7 in1 and5i s much weaker than in -fhe ot
interactions with the residue in both compounds. CompoBiagisl4 share similar core structures
and binding modes witl2. A modification an amide carbonyl in the core 2to generate a
quinazoline i results in an additional hydrogen bond between the quinazoline and the side chain
of Tyr-101. Compound forms a salt bridge with Ard39. Among alkix antagonists of BetL,
only 4 and the suimanomolar compoun@interact with the key Arg 39 residue. The most potent
compoundg,f or ms a nt er ac t105amd hydiogem borRis with 1-408 and Ash
136. These additional interactions allove thompound to engage more hot spots onxBchnd
mimic more of the interactions seen in the native Bak peptide.

2.25MD M2 A pMDB®I2 is an inhibitor of transcriptional activity of the tumor suppressor
p53 [101]. This interaction is characterized by a-n% s i ¢helie of P53 binding into a
hydrophobic teft of MDM2 (Fig. 2.5A). The region on p53 from THI8 to Leu26 represents the
minimal region required to bind to MDM202]. On p53, the three side chains of Rlg Trp23,
and Leu26 are buried in the hydrophobic pocket of MDM2 anccaitéesal for binding[103]. There
are no published alanine scanning studies for MOMZitro, therefore, the contributions of
residues at the MDM2Ap53 interf aceisptomptedisndi ng
to conduct a computational alanine scan to identify hot spots attémtace Fig. 2.5B). Wefind
that Met50, Leu54, lle-61, Val93, and Ty¥100 on MDM2 are hot spots, resulting to more than

1.5 kcalmol*c h a n g eGhindB S &Bimilarly, the decomposition energies show that-déir
Met-50, Leu51, Leub4, lle-61, Val93, Arg97, Tyr100, and Twl04 contribute more than 2

kcal-mol™*to theinteraction Fig. 2.5C).
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Figure 2.5.MD M2 A g4 Bhe protein complex of MDM2 and p53 peptide. MDM2 is shown in
surface and colored by hydrophobicity, with more hydrophobic residues in brown and more
hydrophilic residues in green. The p53 peptide is shown in cyan and represented in cartoon with
side chans in stick(B) Surface representation of MDM2, where residues at the interface on MDM2
are colored based on the change in free energy after mutating the residue to @r8neface

representation of MDM2 colored by persidue decomposition energytiwp53.
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Leu-54
Phe-55
Thr-56
Leu-57
Cly-58
GIn-59
Tyr-60
lle-61
Met-62
Tyr-67
Asp-G8
Lys-70
GIn-71
Gin-72
His-73
Val-75
Cys-77
Phe-86
Phe-91
Val-93
Lys-94
His-96
Arg-97
lle-99
Tyr-100
lle-103
Tyr-104

p53
AlaScan Decomp 7

8

Decomposition

9 10 11

12 13

14 15 16

80 | 04

9.1

-8.1 7.9 -9.0

99 -10.3

-11.4 -12.2 9.8

-0.82 £ 044 0.29+0.03 |0.03 £0.00
125+044 0.01 +£0.00
-0.67 £0.44 -0.24 £ 0.00{-0.01 £0.00
2.00+045 -0.05+0.00
-0.25 £ 0.45 -2.29 £ 0.05| 0.02 + 0.00
-0.67 £0.44 -0.18 £ 0.00|-0.12 + 0.00
1567 £0.45 -1.80 +0.01
-0.75 £ 0.43 -0.36 £ 0.00|-0.37 + 0.01
-0.42 £ 0.45 -0.14 £ 0.00{-0.13 + 0.00
002+044 -124+001|-1.37 0.01
-1.05£0.01(-2.01 £0.02
-0.37 £ 0.45 -0.07 £ 0.00(-0.06 + 0.00
-0.43 £0.44 -0.19 £ 0.00{-0.13 £ 0.00
159+044 -211+£0.01(-1.45+0.01
013+044 113+002|-160+0.01
141+£045 127 £0.01(-036 +0.01
-0.56 +0.44 0.03 +£0.00|0.01 £0.00
-0.24 £ 0.44 0.12 £0.00 | 0.04 £ 0.00
-1.09 £0.45 -0.07 £ 0.02|-0.02 + 0.00
047 045 -1.85+0.03(-0.83 +0.02
-0.99 £ 0.44 -1.23 £0.03|-1.08 + 0.01
-0.15£0.43 -0.62 £0.00|-0.45x0.01
-1.34 £0.45 0.02 £0.00|0.00 £0.00
-0.19 £ 0.43 -0.03 £0.00{-0.23 £ 0.00
-0.05 +0.44 -0.08 + 0.00
2712044
-1.28+0.44 -0.76 +0.03
042+044 159 +002
085+047 -203£009|-0.04+0.00
047 +0.44 -140+0.01|-1.78 +0.01

292 +044 -0.48 £ 0.01
0.05+045 -0.65+0.01}-0.19 £ 0.00
070+045 220+ 0.06{0.00 +0.00

-0.03 +0.00
-0.80+0.01

0.06 £ 0.00

0.00 £0.00 002+

008+0.00 002000 003+000 006+0.00 005000 0.02+0.00
0.00+000 002+000 000+000 0.00+0.00 0.00+0.00 0.00+0.00 000+0.00 0.00+0.00 0.00+0.00

-0.02 £0.00 -0.01 £0.00 -0.01 £0.00 -0.03 £ 0.00 -0.01 +0.00 -0.03 = 0.00
-0.07 £0.00 -0.04 +0.00 -0.06 + 0.00 -0.11 + 0.00 -0.03 +0.00 -0.08 + 0.00
-0.05+000 -0.07+0.00 0.00+001 -0.24+0.01 0.09+000 0.04+0.00
-0.14 £0.00 -0.13 +0.00 -0.13 £ 0.00 -0.21 + 0.00 -0.09 + 0.00 -0.15 + 0.00

-1.88 £0.02
-0.48 £0.01

-1.75+0.02
-098 £ 0.00 -0.27 £ 0.01 -0.91 = 0.01

-1.65+0.01
-0.25+0.00 -1.61 £ 0.01

-0.12+£0.00 -0.12+0.00 -0.13+£0.00 -0.10 + 0.00 -0.09 + 0.00 -0.16 + 0.00

-1.22 001
-1.33£0.01

-1.43+001 142001 -1.14 £ 0.01
-1.3520.01 -1.54 £0.01 -1.35 £ 0.01

-0.89 +0.00 -1.33 £ 0.01
-1.06 £0.01 -1.85 £ 0.02

-0.20+£0.00 -0.12+0.00 -0.10£0.00 -0.16 £ 0.00 -0.17 +0.00 -0.55 + 0.02

-0.13 £0.00
-1.73+0.01
-0.79+0.01
-060+001
0.01+000
-0.01 £ 0.00
-0.02 £ 0.00
-0.31 001
-0.45+0.01
-0.60£0.01
0.01 £0.00
-0.16 £ 0.00

-219+£001
-0.15+0.00
-0.97 £0.02
-0.06 £ 0.00
-191 001
-033 001
-0.31 £0.00
0.01+£0.00

-0.18 £0.00
-1.75+0.01
-0.60+0.01
-031+001
0.04 +0.00
-0.01 £ 0.00
0.01+0.00
-0.14+0.01

-0.15+£0.00 -0.12+0.00
-1.76 £0.01 -1.53 + 0.01
-0.80+001 -0.74+0.01
-0.37£0.01
0.01+£0.00
0.02 £0.00
0.01+£0.00
-0.06 £ 0.01
-0.18 +0.00 -0.20 £ 0.01 -0.02 + 0.00
-0.77 £0.00 -0.39 £ 0.01 -0.36 + 0.00
001+£0.00 001+£000 0.01+0.00
-0.14£0.00 -0.23 £0.00 -0.15 £ 0.00

0.11+0.00
-0.01 £ 0.00
0.02+0.00
0.01 £0.00

-0.33+0.00 -0.24 +0.00 -0.20+0.00 -0.33 +0.00 -0.16 + 0.01

-0.13+0.00 -0.21 £ 0.00
-1.80+0.01 -1.80 + 0.01
-210+0.02 -1.57 £ 0.02

-0.97 + 0.01 [22:9250002| -0.27 + 0.01

-0.02 +0.00 0.03+0.00
0.07 £0.00 0.02 +0.00
0.05+0.00 0.01+0.00
0.08 £0.01 -0.04 +0.01
-0.33 +0.00 -0.13+0.00
-0.98 £0.01 -0.55+0.01
0.01+£000 0.01+0.00
-0.11 £0.00 -0.16 £ 0.00
-0.24 +0.00 -0.19 + 0.01

222+0.01 -258+0.02 -1.93 £0.01 -2.46 +0.01 -2.02 = 0.01

-0.05+0.01 -0.23 +0.00 -0.14 + 0.00
-061+002 -148+001 -1.05+0.02
-0.03 + 0.00 -0.05 £ 0.00 -0.04 + 0.00
-1.57 +0.01 -1.77 £0.01 -1.68 + 0.01
-029+0.01 -0.36 £0.01 -0.19+ 0.01
-0.24 £0.00 -0.22 £ 0.00 -0.26 + 0.00
0.01+0.00 0.00+0.00 0.01+0.00

0.05+0.00 -0.02+0.00
-0.55+0.01 -0.94 = 0.01
0.02 £0.00 -0.02+0.00
-1.40 £ 0.01 -1.63+0.01
-0.28 +0.00 -0.28 + 0.00
-0.14 £ 0.00 -0.19 £ 0.00
0.01+£0.00 0.01+0.00

-0.03 £0.00 -0.02 £ 0.00 -0.01 £ 0.00
-0.09 +0.00 -0.08 +0.00 -0.04 + 0.00
-031+0.01 -0.03+0.00 0.02+0.00
-0.19 +0.00 -0.16 + 0.00 -0.10 + 0.00
227002 -1.96 +0.01 -1.75+0.02
-1.36 £0.01 -0.32 + 0.01 -0.37 = 0.01
-0.18+0.00 -0.09 £ 0.00 -0.12 + 0.00
-1.15+0.01 -1.06 £+ 0.01 -0.93 + 0.01
-1.90+0.01 -0.86 £ 0.01 -1.08 £ 0.01
-063x0.01 -0.10+0.00 -0.38 £ 0.01
-0.14+0.00 -0.09 £ 0.00 -0.11 £ 0.00
-1.48+001 -1.21 +0.01 -1.26 + 0.01
-117+0.01 -0.54 £ 0.01 -1.79 £ 0.02
-0.02+0.00 -0.68 =0.01 -0.58 £ 0.01
0.08+0.00 0.08+0.00 0.01+0.00
-0.01 £+0.00 -0.02 +0.00 0.02+0.00
-0.12+0.02 0.01+£0.00 -0.05%0.00
0.05+0.00 0.03+0.00 -1.04 +0.02
-0.18 £ 0.02 -0.07 + 0.00 -1.41 = 0.01
-0.39+0.01 -0.27 £ 0.00 -0.38 £ 0.00
001+£0.00 0.01+£000 0.01+0.00
-0.12+0.00 -0.15 £0.00 -0.07 £ 0.00
-021+0.01 -0.22 +0.00 -0.15 + 0.00

-1.74+0.02 -2.31 £0.01
-0.15+0.01
-1.23+0.01

-0.96 + 0.05
-045+0.01

-0.03 +0.00 -0.05 £ 0.00 -0.02 + 0.00
-1.25+0.02 -2.08 £+0.01 -1.37 +0.01
-0.17 £ 0.00 -0.34 £ 0.01 -0.22 + 0.01
-0.13+0.00 -0.27 £0.00 -0.13 £ 0.00
0.01+0.00 0.01+0.00 0.01+0.00

MDM2+p53 AlaScan
(kcalmol)

-30

30

MDM2-Ligand Decomp

(kcalmol)
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(1 Jow-[e2y)
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Figure 2.6.MD M2 A pofngarison witlinhibitors.(A) Residues on MDM?2 at the interface of the
proteinprotein interaction. On the left, residues are colmded based on experimental
mutagenesis studies. Known hot spots residues are highlightgéen. The first two columns
show alanine scanning and pesidue decomposition at the specific residue in the prpteitein
complex, respectively. The third to last column show ther@gidue decomposition of at the
specific residue for each -@awystallized inhibitor. Alanine scanning and pesidue decomposition
energies are colezoded per the scaleskig. 2.5B andFig. 2.5C, respectively Ex per® ment al
are shown in the first row for each complex. Numbers are shown in kcal-(&) Surface

representation of MDM2 colored by persidue decomposition energy with compodsd
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Decomposition energies for small moleculé$o(16) were carried out tgain insight into
their binding to hot spots on MDMZFig. 2.6A). Threehot spots that were found to be strongly
engaged by p53 bind strongly to most compounds, namehbfelie-61, and Val93. It is worth
noting, however, that #61 interacts with compoundsgorsethan the native p53 protein. Two of
the hot spots that astrongly engaged by p53 did not bind to compoufd$. For example, p53
binds to Met50 and Ty¥100 with decomposition energies ¢£.68 + 0.03 and4.85 + 0.05
kcal- mol™, respectively. Yet, the magnitude of the interaction energies of the compouhdseo t
hot spots is nearly consistently below 1 koail™. It is interesting to note that p53 strongly binds
to Tyr-100 with a decomposition energy-df85 + 0.05 kcamol*. Some compounds, like the most
potent inhibitor, namelg5, revealed unique intecdons not present in others. The compound binds
very strongly to Lys94 and His96 with decomposition energies absolute values greater than 3
kcal-mol™. Like the p53 peptide, compoundsl6 show strong interactions to L&i4 and Vai93,
and weaker bindim to Leu57, GIy58, lle61, Met62, His96, and 11e99. The majority fail to
mimic the interaction energies of p53 at B, GIn72, His73, Arg97, Tyr100, and Tw104.

Compoundl5 (AM-8553),shown inFig. 2.6B, binds to MDM2 with an affinity of 0.4 nM
[72]. One of the chlorobenzenesBoc cupi es-2pB5 P kleeu-andnter met ao
with the imidazole of Hi®©6. The carboxylic acid of5 forms a salt bridge with Ly84 and a
hydrogen bond with Hi®6. The interactions between thengmound and Ly®4 and His96 on
MDM?2 is reflected in the favorable8 kcatmol? interaction decomposition energies. These two
interactions are absent in the other (weaker) compounds. The other chlorobenzene group mimics
the sixmembered ring of the indole f p 5 38. §he fiydnpxyl group points away from the
positively chargedGk6 9, t her eby all owing the nd%pockeg et hyl
and engage -580&62,asl M&32.yReplacement of the hydroxyl groupl&fwith a
sulfoneresulted in a 10old improvement irkqy [104]. By mimicking both Trp23 and Let26 on
p53, compounds engage favorably with {=uard 1le-99. Similarly, mimicking both Ph&9 and
Trp-23 on p53 engages &l and Val93 on the receptor. In sum, it appears that the MDM2
antagonists have been designed to mimic hot spots of p53.

226 X1 AP A SThaE3.ubiquitirprotein ligase XIAP is anember of the Inhibitor of
Apoptosis Proteins (IAP) family, which suppresses apoptotic cell death pathways through the
inhibition of caspasefl05, 106] Smac/DIABLO binding at the proteiprotein interface otthe
BIR3 domain of XIAP interferes with XIAP inhibition @ASP9[74, 107] A short AVP}peptide
at the Nterminal of Smadorms the interface at the dimer structure between the protein and the
BIR3 domain of XIAP Fig. 2.7A). Mutationof any of the first four residues of the Smac peptide
resulted in greater than 106ld decrease in binding affinity of the BIR3 of XIAP4, 108]. On
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XIAP, mutations at As{296, Leu307, Trp310, Glu314, and Trg323 greatly decreased the
binding affinity of Smac, while mutations at A845, Glu318, His343, and GIf319 had little to
no effect[74]. Although mutation of His343 had little effect on Smdmsnding,in vitro inhibition
of caspas® was completely abrogatt4].

On XIAP, mutations to alanine at AZb8, Leu307, Trp310, Glu314, Trp323, and Tw
324 resulted in more than 1kBal-mol* change in free energy and are considered hot spigts (
2.7B). We also carriedw decomposition angdis to explore whether Smac binds strongly to hot
spots. We found that Arg58, Leu307, Thr308, Glu314, and Trp323 contributed more than 2
kcal-mol™ to the interaction energy with Smac while €96, Asp309, and Trg310 bound more
weakly to Smac wit approximately 1 kcamol™in the energydecompositionKig. 2.7C). In the
X1 APASmac -258forms asaltAridge with GRion SmacHowever, iterative truncation
of the first nine residues of the Smac peptide down to the first five residues did not affect the binding
affinity to the BIR3 domain of XIAH74]. Therefore, it is unlikely that Arg58 is critical to
XI APASmac bi ndi n g-306and Thi308 lare bative lysine resid@ek i the BIR2
domain of XIAP, and may account for the differences in binding affinity between the BIR2 and
BIR3 domaing[74]. While Gly-306 cannot be testdtirough alanine scanning, computational
mutation of Th¥308 to alanine resulted in negligible change in the binding free energy and are not
considered hot spots.

Decomposition energies were determinedfé23 to compare with interaction energies
of the Snac nativdigand ig. 2.8A). Amongthe six hot spots that we found on XIAP (A2§8,
Lew307, Trp310, Glu314, Trp323, and Ty324), three interact strongly with the compounds,
namely Leu307, Glu314 and Trp323. These three amino acids show the tightest binding to both
Smac and compous. Trp310 binds to Smac with a decomposition energy1053 + 0.01
kcalmol™, which is relatively weak. However, most compounds interact with this residue as
strongly as Smac, except f&@B, which interestingly is one of the weaker compounds with an
experimental binding affinity of6.2 kcalmol™. Arg-258 and Ty+324 are hot spots that do not bind
to any of the compounds, even though 2&f shows very strong interaction to Smac. Further
inspection of the data reveals T308 binds strongly to all comspnds as evidenced by
decomposition energies that are on averadeatmol™. Asp-309 was not as critical to the binding
since two of the most potent inhibitors, nam&kand23, do not engage this residue with high

affinity.
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Figure 2.7. X | A P A SA) &t protein complex of XIAP and SmBSABLO. XIAP is shown

in surface and colored by hydrophobicity, with more hydrophobic residues in brown and more
hydrophilic residues in green. Smac is shown in cyan and represented in cartoon with side chains
in stick. (B) Surface representation of XIARhere residues at the interface on XIAP are colored
based on the change in free energy after mutating the residue to gl@hBerfacerepresentation

of XIAP colored by peresidue decompaosition energy with Smac.
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Smac Decomposition
AlaScan Decomp 17 18 19 20 21 22 23

AGg, -8.7 9.8 6.2 9.0 -8.3 9.1 6.1 93
Arg-258 0.06 +0.00 0.00+0.00 0.05+0.00 0.07 £0.00 0.09+0.00 0.04+0.00 0.06=0.00
Leu-292 |-0.14 + 0.60 -0.35+ 0.01(-0.32 + 0.00 -0.32 + 0.01 -0.21 + 0.00 -0.29 + 0.00 -0.24 + 0.00 0.00+ 0.00 -0.23 +0.01

Asp-296 |-1.17 £ 0.62 0.01 £0.00|0.03 £0.00 0.05+0.00 -0.02+0.00 -0.12+0.00 -0.14 £ 0.00 0.06 + 0.00 -0.01 = 0.00
Lys-297 [-0.76 + 059 -017 +0.01|-064 + 002 -161+003 -0.74+000 -022+001 -0.75+001 0.12+000 -1.07 £0.01
Val-298 [ 0.35 + 0.61 -0.35+ 0.00/-0.33 + 0.01 -0.30 + 0.01 -0.36 + 0.00 -0.29 + 0.00 -0.39 + 0.00 -0.08 + 0.00 -0.30 + 0.01
-043+001 -0.11+0.02 -0.14 £+ 0.01 -0.13 +0.01 0.07 +0.00 -0.20 + 0.01
-1.21 +0.02 -1.60 + 0.00

Lys-299 [ 0.54 + 060 -067 + 0.05|-0.30 + 0.01
Gly-306
Leu-307

-0.18+0.01 -1.03 £+ 0.02

Thr-308 | 0.01 £ 0.59
Asp-309 |-0.55 + 0.62 -1.93 + 0.03
Trp-310
Lys-311
Glu-314
GIn-319
Lys-322
Trp-323
Tyr-324

Interface Residues

-1.00 £ 0.03 -0.59 +0.03 -0.26 £ 0.01 -0.85 £ 0.02
-1.60 +£0.01 -0.67 £+0.02 -1.43+0.03 -1.51+0.01 -1.49+0.01 -1.48+0.01 -1.76 £ 0.01
0.23+0.02 021+001 0.14+0.01 0.42+0.03
-0.94 £+ 0.04 -0.15+0.00 -0.48 £+ 0.03 -0.24 £ 0.02 -0.83 £ 0.03 0.02 = 0.01
015+000 0.19+000 030+000 025+000 017+000 -0.11 £0.00

-0.48 £ 0.61 -0.72 £ 0.03
-0.49+059 029+0.01

-0.24 £ 0.01
0.10 + 0.00

1.95+060 -0.28+0.01]-0.36 £ 0.01 -0.33 £+0.01 -0.50+0.00 -0.69 +0.01 -0.21 +0.01 -0.10 £ 0.01 -0.54 = 0.01

XIAP+=Smac AlaScan XIAP-Ligand Decomp
(kcal-mol) (kcal-mol™)

10 I 30

1.0

(}Jow-[22y)
dwossggL-dvIX

-3.0

Figure 2.8.XIAP ASmaccomparison wih inhibitors.(A) Residues on XIAP at the interface of the
proteinprotein interaction. On the left, residues are colmded based on experimental
mutagenesis studies. Known hot spots residues are highlighted in green and residues that are not
hot spots ee highlighted in orange. The first two columns show alanine scanning anelspire
decomposition at the specific residue in the prepedtein complex, respectively. The third to last
column show the peresidue decomposition of at the specific resiflureeach cecrystallized

inhibitor. Alanine scanning and pegsidue decomposition energies are colmtled per the scales

in Fig. 2.7 andFig. 2.7C respect i v e lGyare siewnpretheifirsterowtfaa eachae
complex. Numbers are shown in kcal-tho(B) Surface representation of XIAP colored by-per

residue decomposition energy with compodsd
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In the proteirprotein complex, the bulk of the contribution at @Gli4 is from electrostatic
interactions with the Nerminal Alal residue of the Smac peptide. Among the compounds, there
is a common amine moiety that replicates this interaction. Thélgingode ofl9is shownin Fig.
2.8B. Compoundd9-21differ only by a hydroxymethyl, methylamine, and ethylamine substituent
on the sevemembered ring, respectively. This results in an approximately 1.inadistronger
interaction with Asp309 on XIAP. While, the residue is not critical to Smac binding, andthe
and 1Go of 20 is about fowfold weaker than the other two compounds. The fused cycloheptane
and pyrrolidine ring mimic the side chains of \2&abnd Pre3 of the Smac peptide, respectively.

The fused ring also serves to bury the hydrophobie3@tiand Trg323 residuesThe final critical
residue of the Smac peptide,-eis mimicked by one of the two benzene rings of the compound.
While not hot spots, the compound is stabilized by hydrogen bonds between the backbonre of Gly
306 with the acetylamide by the two benzeiregs of the compound and FBO8 with the
aminobutanamide substituent of the fused ring. The two micromolar compd@rads]21, fail to

mimic Val-2 and lle4 of the Smac peptide, respectively.

2.271L-2 A42RU. IL-2 is produced after antigen activatidaring an immune response
and binds to -a- ©ocanbdl rexeptorgd0d]. Whife eddh receptor subunit can
bindtoI.-2 at varying affinities, r aq4supunintg abéutOorm appr
mM for the 92 subuni tapproxintately & pd[t8]. Bleree we ekplomathé e x | s
heterodimeric interface between®. a n dsuburtit@ig. PI9A). Site directednutagenesis and
other hot spot identification techniques have identified-8ysArg-38, Phed42, Lys43, Tyr45,
Glu-62, and Letr2 as critical residues on 42 at the interfacg110-112] Comparative
mutagenesis of 2 wi t h isubtink and ¢compoun@7 showed that Phd2, Tyr45, and
Glu-62 were critical for binding, while mutations M&9, Thr4l, Lys43, Phe44, and Letr2
showed moderate disruption in binding affinity of subunit bindB¢j. However, mutations at
Lys-35 and Arg38 showed less thanfbld change in binding affinity and mutations at f&®and
Val-69 were negligibl¢84].

Both the alaninescanning FFig. 2.9B) and residue decompositioRig. 2.9C) analyse®f
the IL-2 AR2RUlargely replicate the experimental mutagenesis of interface residues. Residues that
contribute more than 2 kcatol to the binding affinity in the residue decomposition include-Lys
35, Arg-38, Phed2, Lys43, Tyr45, Glu62, andPro-65. Along with these residues, P#é and
Glu-61 are hosspots residues from the alanine scanning that resulted in greater than triokcal
Ldifference in binding affinity when computationally mutated. Despite the neddig 3lecrease
in binding afinity from experimentally mutating Ar@8, the residue contributes abe@ikcal mol

! to the decomposition and approximately 9.5 koal* change in free energy upon computational
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mutation to alanine. In the complex, AB§, along with Lys35 and Lys43 are among a set of
positively charged residues that int eubant.t s wi't
Decomposition energies for compoun@4-27 were determined to compare their
interaction to I1:2AL-2 RU. Among t he weierdentfiadofrom cupatanine scanh a t
six of them engage compounds very strongly, namely35yArg38, Phe42, Lys43, Glu62, and
Leu-72. However, only four of these hot spots bind strongly to most compounds, named@,Arg
Phed2, Lys43, and Gle62. Lys-35 only binds t®6 with decomposition energy that is less than 2
kcalmol*i n magni tude, although this is -2RUitkl weak
interesting to note that compou@is the most potent inhibitor. Ar§8 shows substiial binding
to IL-2RU andengages compounds with favorable decomposition energies a@aedtmol™.
These interactions remain substantially lower than the very strong interaction betweshakrg
IL-2RU. One residue, namely L&(®2, shows relativelyigh affinity to most compounds, yet the
residue was not found to be a hot spot in our alanine scan. Two hot spet§, anyt Pheld show
weak interaction with the compounds. In the case of£heeven I1-2RU binds weakly to the
residue.
Compound24-27 interact with major hot spots on 42 in a similar manner to 2RU
(Fig. 2.10A). Comparedo the native subunit, the antagonists show similar interactions é28\rg
Phe42, Lys43, Glu62, and Let72, and weaker interaction energies at-Bfs Tyr45, and Preo
65. A common imine group mimics A6 on the subunit and forms hydrogen bonds vhighside
chain of Glu62. Another common carbonyl forms hydrogen bonds with the4Bykot spot to
stabilize the compound. At the opposite end of the compound, aromatic rings form salt bridges with
Arg-38. The orientation on the hot spot Pt side chain @ints down into the binding pocket
when bound to the antagonists b u tsubupito Thet s out
conformational change at this residue flattens the interface, allowing the compounds to adopt their
respective binding modes. Compouri27 are analogs with a common binding mo@é {s
shown inFig. 2.10B). Compound£6 and 27 feature additional substituents compared to their
analog23and25. Extending the core structures and adding carboxylic acid and amide moieties in
27 and 28, regectively, allow the compounds to mimic Adpon the native ligand and interact
with the Lys35 hot spoton I£2 . -cation interaction between T¥5 on IL-2 and Arg35 on the
native ligand is not seen in any of the compounds. A cyclohexateand isdutyl groups ir26
and27 form weak contacts with Ty45, but the decomposition energy is less favorable th&n

kcal-mol™.
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Figure 2.9. IL-2 A£ R ({A) The protein complex of H2 and Il-2 R U -2 islshown in surface

and colored by hydrophobicity, with more hydrophobic residues in brown and more hydrophilic
residuesingreen.t2 RU i s shown in cyan and repre@®ented i
Surface representation of-2, where residues at the interface on MDM2 are colored based on the
change in free energy after mutating the residue to alaf@eSurfacerepresentation of H2

colored by peresidue decomposition energy with LR U .
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A

IL-2Ra

AlaScan _Decomp 24

Decomposition
25 26 27

AGr,p 10.8 15

-7.1 -9.9 -9.0

Tyr-31[0.05+1.41 0.08 £0.00
Pro-34 | 0.06 + 1.40 -0.59 + 0.02
Lys-35

-0.10 £ 0.01
-0.02 £0.00
-0.37 £0.01

0.00 £ 0.00 -0.25+0.01 -0.14 £ 0.01
-0.01 £0.00 -0.32 + 0.01 -0.53 £ 0.02
-0.48 £0.01 -1.52+0.04

Thr-37
Arg-38
Met-39
Thr-41
Phe-42
Lys-43
Phe-44
Tyr-45
GIn-57
Glu-61
Glu-62
Lys-64
Pro-65
Leu-66
Glu-68
Val-69
Asn-71
Leu-72
Ala-73
Thr-101
Met-104
Glu-106
Tyr-107
Asp-109
Thr-111

1050+ 1.41 0.14 +0.01 |-0.04 £ 0.00 -0.01 + 0.00 -0.03 + 0.00 -0.02 + 0.00
214003

-1.89+002 -0.84+001 -128+0.01 -1.09 +0.01

042 +0.01 -0.30+ 001 -0.44 + 0.01 -0.30 + 0.01

-0.59 +1.41 -0.12+0.00
140+139 -1.76 +0.03
-0.51 £0.01

1.53 +1.39
228+£140 -0.79+0.02
-0.80 = 0.01

-0.76 +1.42 0.05+0.00(0.00+0.00
194 +1.38 -1.17 £0.05|-0.02 £ 0.00

(1 Jow-[eay)
uedge|y BYZ-1+2- 1l

-0.89 £0.02 -0.68 £ 0.02 -1.06 £ 0.02
-1.14+001 -134+002 117001
0.00+0.00 0.00+0.00 0.00+0.00
-0.01 £0.00 -0.01 +0.00 -0.02 + 0.00

30

-0.40+1.41 0.00+0.02

0.17 £ 0.00
-0.92 £ 0.01
-0.12 +0.00
0.01 £ 0.00
-0.70 £0.01
-0.05+0.00
-2.09+0.01
-0.47 +0.01

0.18+0.00 020+0.00 0.17£0.00
-0.71 £0.01 -0.63 £ 0.01 -0.75 £ 0.01
-0.10 +0.00 -0.09 + 0.00 -0.12 + 0.00
0.01+0.01 0.05+000 0.00=*0.00
-0.40+0.01 -0.61 £0.01 -0.23 £ 0.00
0.00+0.00 0.00+0.00 -0.01+0.00
-212+0.02

-0.27+0.01 -0.96 +0.01 -1.01 +0.01
0.00+0.00 0.00+000 0.00+0.00 0.00+0.00
0.01£0.00 0.01£0.00 0.01+0.00 0.01+0.00
-0.02 £0.00 -0.02 £0.00 -0.02 £ 0.00 -0.02 £ 0.00
0.02+0.00 0.01+£000 0.02+0.00 0.03+0.00
-0.01 £0.00 0.00+0.00 0.00+0.00 -0.01 £0.00
0.04+0.00 -0.27 +0.01 -0.18 +0.01 -0.20+0.01

1.75+140 -2.14x0.03
-0.10+ 1.40 -0.23 + 0.00
1.42+1.38 0.03 +0.04
0.78 £1.41 -1.03+0.01
020+1.41 -0.11+0.02
089 +139 -190+0.03

-0.01 +0.00
124+141 0.04+000
-0.83+1.41 -0.13+0.01
-0.08 £ 1.42 -0.04 £ 0.02
015+140 -0.84x0.02
096 £1.40 -0.04 £0.02
0.72+1.39 0.04+0.01

Interface Residues

(}-low-jeax)
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-3.0

(|-low-[eax)
dwossq 9z-z-1l

Figure 2.10.IL-2 A R tbmparison withinhibitors.(A) Residues on W2 at the interface of the
proteinprotein interaction. On the left, residues are colmded based on experimental
mutagenesis studies. Known hot spots residues are highlighted magréeesidues that are not

hot spots are highlighted in orange. Mutations that do not greatly impact the interaction are
highlighted in yellow. The first two columns show alanine scanning arcepetue decomposition

at the specific residue in the pratgirotein complex, respectively. The third to last column show
the perresidue decomposition of at the specific residue for eaaimystallized inhibitor. Alanine
scanning and peesidue decomposition energies are caloded per the scales fig. 29B and

Fig. 29C,

are shown in kcal-mdl (B) Surfacerepresentation of H2 colored by peresidue decomposition

respect i v e lGuare shewnndghe firsheow foraech @mplex. Numbers

energy with compoungé.
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2.28 B R D 4 AFhé second primary interaction involves a prototypical member of the
bromodomain family, BRD4, and an acetylated histone tail. The family contains 61 bromodomains
on 46 proteins that affect pesanslational modification by reading the acetylated lysioie
epigenetic markerfd 13, 114] The structure contains two acetylated lysiesiduesat Lys5 and
Lys-8 buried deep into a hydrophobic pocket on the first bromodomaBR&f4 (Fig. 2.11A).
Alanine scanning of a teti@cetylated H4 peptide revealed that residoesediately flanking the
first two acetylated sites, Ly®&ac) and Lys3(ac), were critical (i.e. G, Gly-6, Gly-9, and Leu
10) [85]. On the interface between BRD4 and i5(ac) and Lys8(ac) H4, mutations at P81,
Leu94, Tyr97, Asnl140, Aspl45, and Metl49 resulted in approximately téold reduction in
binding activity, while mutations at P#&2, Tyr139, Aspl44, and llel46 resulted in
approximately twefold reduction in binding activit{85].

In the computational alanine scan, we identify several residyestestial hot spots-{g.
2.11B). These include PRe9, Val87, Leu94, Asp96, Tyr139, Asnl40, Lysl4l, Aspla4,
Asp-145, lle146, and Metl49. While mutation of Ile146 only reduced binding activity of the
double acetylated peptide by tfmld, the residue contacts both acetgthresidues in the complex
and contributes significantly to both histone and compound interactions. In the residue
decomposition, we identify the trio of T4iI39, Asnl140, and 1lel05 contributing more than 2
kcal-mol*to the interaction between BRD4 agioluble acetylated H4{g. 2.11C). Although Trp
81 was identified as a critical residue, it only contributes approximately 0.7@nkd¢ain both the
residue decomposition and alanine scanning. In the crystal structure, the residue is solvent exposed
and shields Lys(ac) from the solvent.

Decomposition energies for compour836 reveal that most hot spots on BRD4 do not
effectively engag the bound small molecules. For example,-PheAsp96, Tyr139, Aspla4,
Asp-145, and Metl49 show no interaction with the compounds. In fact,-86pand Tyf139
appear to be critical for H4 binding to BRD4 as evidenced by the loss of more thannoktal
upon their mutation to alaninénspection ofFig. 2.11A shows thatthese residues are located
outside the binding pocket that is occupied by the BRD4 antagonists. Compound substituent that
bind outside the binding pocket occupy sites that contair8Trand Ile146, both of which do not
contribute as much to H4 binding as A8p and Ty¥139. Several amino acids that are not hot spots
showed strong binding to compounds. 8&binds to compound33 and36 with decomposition
energies that are more faabte than-2 kcatmol™. Another example is Le82, which showed a
penalty of 1.44 + 0.49 kcahol* upon mutation to alanine and engaged most compounds with

decomposition energies that are less ti2akcatmol™.
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Figure 2.11. B R D 4 A(H)4The protein complex of BRD4 and H4 peptide. BRD4 is shown in
surface and colored by hydrophobicity, with more hydrophobic residues in brown and more
hydrophilic residues in green. The H4 peptide is shown in cyan and represented in cartoon with
side chaingn stick.(B) Surface representation of BRD4, where residues at the interface on BRD4
are colored based on the change in free energy after mutating the residue to @r8neface

representation of BRD4 colored by gesidue decomposition energy wit.
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Figure 2.12. B R D 4 Acdinparison withinhibitors.(A) Residues on BRD4 at the interface of the
proteinprotein interaction. On the left, residues are colmded based on experimental
mutagenesis studies. Known hot spots residues are highlightgeédn. Mutations that do not
greatly impact the interaction are highlighted in yellow. The first two columns show alanine
scanning and peesidue decomposition at the specific residue in the prpteitein complex,
respectively. The third to last colurehow the peresidue decomposition of at the specific residue
for each cecrystallized inhibitor. Alanine scanning and pesidue decomposition energies are
color-coded per the scalesfig. 2.11B andFig. 2.11C,

in the first row for each complex. Numbers are shown in kcai*ngB) Surfacerepresentation of

respecti velGaresh@wper i me

BRD4 colored by peresidue decomposition energy with compo@8d

40



Compound£8-36 do not appear to engage the gpots of BRD4 as strongly ashibitors
of the other protehprotein interactions considered in this woRig, 2.12A). Compound8-32
and34 share a common core structure and binding mode. One example is the interaction between
29 (JQ1) and BRD4, which consists primarily of hydrophobic contacts and van der Waals
interactions [Fig. 2.12B). A triazole ring or29 forms a hydrogen bond with the A440 hot spot,
mimicking Lys5(ac). The chlorobenzene ring of the compound occupies the pocket formed by
Lys-8(ac). Thet-butyl acetate moiety i@9 is replaced by different moieties in the otla@alogs
andextends out of the pocket into solution.28t he phenyl substiinttueemtc tfi o
with Leu-92, a norhotspot residue. Compourg# differs by replacing thé-butyl group with a
met hyl, thereby exposing less of the compound
affinity by appraimately 13 nM and |6 by more than 50 percent. Despite decreasing the size of
this moiety, there is no observable effect on the energy decomposition of these two compounds.
While the residue is more distant from L§&c) in the peptide, the residue serves to lodge the three
fused rings of the compounds in the binding pocket.

2.2.9 Mimicking Hot Spots on the Protein Ligand. Following our extensive study of
smallmolecule binding to receptor hot spots, we wondered how effectively existing- small
molecule proteifprotein interaction inhibitors mimic the position of hot spots on the ligand protein
of the complexes consideredtims work. To exploreeompoundoverlap with protein ligand hot
spots, we resorted to pharmacophore modeling-siot residues located on the ligand protein
were identified from the literature for the BelL ABak, MDM2Ap53, XI APASmac
complexesFor IL-2 AR RU, we could not i de mpotrésiguesonthet of
U-subunit; we selected all residues or2lRU at the interaction interf
modeling. Pharmacophore hypotheses were generated to summarize tbehgmyiial properties
of hotspot residue on the protein ligand using Schrodinger RhaSe116]

The overlap between compounds and hot spots on the protein ligasteis) specificFor
exampl e, moi eties on the inhibitors ofthet he MDI
most significant overlap with protein ligand hot spots. Smallecule inhibitors of Bek L AB a k ,

L2 ARRU, and BRD4AH4 showed thexlLdBakt dcognmpea n
overlap primarily with Leti78 and Ile85, while showing no deteaceverlap with the other four

hotspot residues, Val4, Arg76, lle81, andAsp-83 (Fig. 2.13). Compound<, 3 and 6 have

moieties that mimic the hydrophobic side chain of Z8uon the Bak peptide while compourids

4 mimic the hydrophobic moietyof B 5 on t he Bak peptide. On the
molecules showed excellent overlap with all three of theshot residues on p53, namely Plte

Trp-23, andLeu-26 Fig. 2.14). Compound® n MDM2 Ap 53 anicthaigdol@df Brpg s mi
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23 with similar indole or benzenes rings. The aromatic ring of1Phis generally occupied by
hydrophobic aliphatic moieties on the compouridd {, 12, 14, 15, and16), while aromatic groups

on the compounds were introduced to nainthe hydrophobic side chain of L@6. Like
MDM2Ap53molsenatil e inhibitors of XIAPASmac showe:q
of the Smac ligand. There are four hot spots residues atteriihal regiorof Smac Fig. 2.15).

Val-2, Pra3, andlle-4 all have hydrophobic pharmacophore features on their side chains. Most of

the XI APASmac inhibitors we have considered in
mimic the side chains of these residues. The exceptions are comi8ami2 3 overlapping with

Val-2 and compoun@2 overlapping with lle4. For IL-2 AR R U, there was remar
overlap between inhibitors of this interactions and hot spots located-2nRIlU . There are
r esi du e ssubaonit at the B2 AL R Wterfaee (Fig. 2.16). All the compounds for this

interaction have an amine group that mimics the positive charge 68 A&rg Fi nal | vy, BRELC
interaction antagonists mimicked the two acetylated lysine resiéhiges2(17). Compounds32,

33, 35, and36 mimic the hydrophobic pharmacophore feature onbhfge), while compoundas,

29, 33, and34 mimic the hydrophobic pharmacophore feature on&{g).
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A |Bcl-xL+Bak

Asp-83
Arg-76

\ .
N A
lle-81
Val-74 Leu-78
B Residue Feature 1 2 3 4 5 6
Val-74 Hydrophobic
Hydrophobic
Arg-76
Positive
Leu-78 Hydrophobic - .
lle-81 Hydrophobic
Asp-83 Negative

lle-85 Hydrophobic __

Figure 2.13. Hot-spot residues on the protein ligand Bak and overlap with inhibitors in Bcl

x L A B @Ak The pharmacophore modelf the proteinprotein interaction complex. The
pharmacophore features for each protein ligand are shown as small colored $pfanmgshobic

(H, green), positive charge (P, dark bluem)dnegative charge (N, red)olerancesare shown in
transparent gray spheres around the pharmacophore céBlemhe hotspot residues on the
protein ligand are shown with associated pharmacophore features for that residue. For each
compound (shown colurawise), if a chemical moiety matches the associated pharmacophore

feature at that residue, the box is colored blue.
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A |MDM2+p53

B Residue Feature 7 8 9 10 11 12 13 14 15 16

Aromatic

BN N
Hydrophobic ..........
Donor .. . .
Aromatic llllllllll
(Pyrrole)

Tp-23 o atic llllllllll
(Benzene)

Hydrophobic ..........

HEEEEEEEEE

Phe-19

Leu-26 Hydrophobic

Figure 2.14. Hot-spot residues on the protein ligggiBa nd over |l ap wi th i nhibit
(A) The pharmacophore modef the proteinprotein interaction complex. The pharmacophore

features for each protein ligand are shown as small colored spHgdeogen bond donor (D, light

blue), hydrophobic (H, green), and aromatic ring (R, tan). Tolerances are shown in transparent gray
spheres around the pharmacophore cenBjsThe hotspot residues on the protein ligand are

shown with associated pharmacophore features for that residue. For each compound (shown
columnwise), if a chemical moiety matches the associated pharmacophore feature at that residue,

the box is colored blue.
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A [ XIAP-Smac

B Residue Feature 17 18 19 20 21 22 23

Ala-1 -

Val-2  Hydrophobic

S T

lle-4 Hydrophobic

Figure 2.15. Hot-spot residues on the protein ligafginac and overlap with inhibitors in

X1 AP A S(WaThe pharmacophore modef the proteinprotein interaction complex. The
pharmacophore features for each protein ligand are shown as small colomed:$pfdrophobic

(H, green). Tolerances are shown in transparent gray spheres around the pharmacophore centers.
(B) The tot-spot residues on the protein ligand are shown with associated pharmacophore features
for that residue. Alanine residues had no plenophore features that could be considered and were

left blank. For each compound (shown columise), if a chemical moiety matches the associated
pharmacophore feature at that residue, the box is colored blue.
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A{IL-2+IL-2Ra

Residue Feature 24 25 26 27
Glu-1 Negative
Leu-2 Hydrophobic
Cys-3 -
Asp-4 Negative |
Hydrophobic
(S8)
Met-25 Hydrophobic
(Cy)
Acceptor
Hydrophobic
Arg-35 Positive |
Arg-36 Positive | [N N
Leu-42 Hydrophobic
Acceptor
Donor
Tyr43 Aromatic
Hydrophobic
Hydrophobic |

His-120
> Donor |

Figure 2.16. Hot-spot residues on the protein ligdhd2 R &hd overlap with inhibitors if.-2 A4 L

2 R.U(A) The pharmacophore modebdf the proteinprotein interaction complex. The
pharmacophore features for each protein ligand are shown as small colored spheresrHydrog
bond acceptor (A; red), hydrogen bond donor (D, light blue), hydrophobic (H, green), positive
charge (P, dark blue), negative charge (N, red), and aromatic ring (R, tan). Tolerances are shown
in transparent gray spheres around the pharmacophore c€Bjefhie hotspot residues on the

protein ligand are shown with associated pharmacophore features for that egitieiae residues

had no pharmacophore features that could be considered and were left blank. For each compound

(shown columrwise), if a cemical moiety matches the associated pharmacophore feature at that

residue, the box is colored blue.
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A (BRD4-H4

N Gly4

Lys-5(ac)

B Residue Feature 28 29 30 31 32 33 34 35 36
Gly-4 -
Donor
SRR Hydrophobicl .. ..
Gly-6 ; |
Donor

Gly-9 |
Leu-10 Hydrophobic |

Lys-8(ac)
Hydrophobic ..

Figure 2.17. Hot-spot residues on the protein ligadd and overlap with inhibitors iBRD4AH4.

(A) The pharmacophore modef the proteinprotein interaction complex. The pharmacophore

features for each protein ligand are shown as small colored spHgdesgen bond donor (D, light

blue) and hydrophobic (H, green). Tolerances are shown in transparent gray spheres around the

pharmaophore centergB) Thehot-spot residues on the protein ligand are shown with associated

pharmacophore features for that residB@b/cine residues had no pharmacophore features that

could be considered and were left blank. For each compound (shown eslse)nif a chemical

moiety matches the associated pharmacophore feature at that residue, the box is colored blue.
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Figure 2.18. Similarity in the dynamics of inhibitors with the native ligand on the protein receptor.
(A-E) Dynamic crosscorrelation matrices (DCCM) were generated for the prgieitein and
proteininhibitor complexes. At each residue, the Pearson correlationaestfbetween the cross
correlation of the proteiprotein and protektompound foA) Bel-x L A B@B)MD M2 A G 3,

XI APAdmi e AL RU, (EEBnRID 4 AAdpbsitive correlation at a residue indicates that

the residue on the protein receptor in preteinprotein and protektompound complexes are
moving in a similar manner, while a negative correlation indicates that the residue is moving in an
opposite manner between the protpiotein and proteitompound complexes. Residues at the
proteinprotein interaction interface on the protein receptor are shown as red squares at the bottom

of each panel.
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2.2.10 Effect of Native Protein Ligand and SmaliMolecule Inhibitors on Receptor
Dynamics. A question of interest is whether smalblecule inhibitorsmimic the effect of the
native ligand protein on the dynamics of the receptor. We compared the dynamics of the native
ligand and each of the inhibitors using dynamic ciselation matrices (DCCM[117]. A
dynamic crosgorrelated matrix measures the correlation of motion between each residue or ligand
with every other residue or ligand in the complex. A correlation coefficient of 1 means that the
residues arenoving in the same directipmvhile -1 correponds to two residues that are moving
away from each other. We determine the similarity between the correlated motions between the
native ligand and inhibitors for every residue on the protein receptor. Generally, the dynamical
motion of residues on hot g of the protein receptor is correlated between prqieitein and
proteinrcompoundccomplexeskig. 2.18).

The mean correlations are highest in MDM2Aj
of 0.95 + 0.04 and 0.87 £ 0.00, respectively. These are theytstems that overlap with both the
greatest number and percentage of hot spots on
xLABaXAR2RU, with mean correlations of 0.50 N 0.
Similarly, compoundsofte X| APASmalcABald Brtleractions overl a
spots in their respectively interactions, while compounds-@ W2 RU only over |l ap wi
hot spot. There is a significant difference in the correlations between residuesra¢rideion
interfaces and residues outside of the interface-XBclA B a k ;Whitiey mamksum testp =
1.55 x 1; MD M2 A p 5WhitneyManksaom testp = 4.81 x 1¢f;, X| APASmac, Ma |
Whitney ranksum testp=1.76 x 1¢; IL-2 AR RU, S tt-test,e=r63%xs10>> BRD4 AH4
Mann-Whitney ranksum testp = 5.41 x 15°).

2.3 DISCUSSION

We carried out extensive molecular dynamsosiulations followed by enrgoint free
energy calculations of proteprotein and protedltompound complexes. The goal was to
characterize how effectively existing small molecules that inhibit prqteitein interactions
mimic the binding of the proteiigand to the receptor. We selected five profaiatein interactions
for which smalmolecule inhibitors have been developed andrystalized with their target. The
five proteinpr ot ein interactions fal/l into thiree ca
XI APASmac), secondaxiABdMPM2Ap 28R PHRal)t. B aA yt o(tlall
compounds were considered. The compounds range in binding affinity and physicochemical
properties. In most cases, the compound ligand efficiencies were belovs\wkatrally accepted

as druglike, namely 0.3. The only exceptions were the BRD4 antagonists. This is attributed to the
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fact that large compounds had to be prepared to disrupt the ppovéan interactions, particularly
for the tighter interactions.

In addition to computational alanine scanning, we carried out decomposition energy
calculations. The interaction energy of compounds with individual amino acids is determined using
a similar approach to MMGBSA, except that only atoms on the ligand and glsiresidue are
included. Unlike alanine scanning, these calculations do not require a mutation and therefore the
effect on the interaction of the compound with the protein is not affected by the absence of the
residue. One can imagine that mutation of|arino acid with a side chain that plays a critical role
in the structural integrity of the protein could lead to changes to the stability of the protein that may

introduce changes to the free energy of binding of a small molecule that are unrelatpddzihe

compound interaction. While in geGih%ki&fdhdwe see

D : . :
&E¢ g T o Mere were, for each case, several exceptions. Several residues were predicted to be hot

spots, yet the intermolecular decomposition efithative peptide to the residue was not very strong.
This includes Phd46 forthe Bex L ABa K3,1 0Trfppr XI| AP-XASVabsE, Leuddind Phe
Asp-96, Lys141l, and Asgl 45 f or BRD4AH4 . The weaker decomj
energy can be attributetd the fact that the contribution of these residues to binding involves
entropy factors that are not considered in the decomposition energy calculations. Conversely, we
found several examples of native protein ligands that strongly engaged residuesehaitfound
to be hot spots in the alanine scan. Examples includd 2@lon BcixL, Thr-26 and Lys51 on
MDM2, and Thr308 on XIAP. Interaction of small molecules with residues that are not considered
hot spots provides an opportunity to design compsuwyith greater specificity.

Computational alanine scanning and decomposition energy calculations were carried out
for each proteirprotein complex, and decompaosition energies were calculated for each fprotein
protein and protestompound complex. Overallspection of these colaroded maps reveals that
small molecules strongly engagset ofhot spots on the receptor. These include®hd eu130,
and Arg139inBckx L ABa ksdand a9 3 i n  MD M2347 GluB14, anceTuB23 in
X1 APASmazLys-4B laed Glw62 inIL-2 AR RU, dmdéb lilne BRD4AH4. Mor e
however, was the number of predicted hot spots that were not engaged bynesleaillle
inhibitors. These include Arg00 and Gle129inBckx L AB a kspantB#L 00 i n MDM2 Ap 5 G
Trp-310and Ty'8 24 i n X1 A-BSAaBdraed5,in IFYAR RU, a-88dTyrA39p
Lys-141, Aspl44, Aspl45,andMetl 4 9 i n BRD4AH4. The | ack of eng
on BckxL, MDM2, and BRD4 are examples of residues further outside thenlgjqdicket, which

may provide additional opportunities for the design of inhibitors.
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