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Abstract

Fragmemntbased drug discoverjhas become a popular and successful method for
identifying small molecule modulators of various protein targ€sur FDA approved drugs
originated from fragment screeimswhich low complexitycompounds thata® 300 mol ec ul
weight are tested for binding activity against a given tarBespite drugs and chemical probes
having significant 3Echaracter, traditional fragment libraries are highly 2D with fetwcspters,
stereocenterandunsaturated ring systenibhe use of 3Eenricted fragments is highly debated
especiallyregardingtargeting proteifprotein interactionsThe two main concerns with using 3D
fragmentsarethat theincreased complexity of the compounds wéliseprohibitively low hit rates
and that3D-compounds are not well suited for targeting the highly 2D prgteteininteraction
interfaces.However,it is hypothesized that using 3itagments will allow for a fuller exploration
of the binding pockets resulting in selectivity amongst targdteainset of drug discovery.

The first part of this dissertation details my work using-éiched fragments for
targeting bromodomains, a class of epigenetic proteins that function through ppobe#in
interactions but have well-defined binding site Mis-regulation ofbromodomais has been
associated with many disorders and cancers making them an attractive therapeutitcaeyedr,
gaining selectivity amongst the @komodomainisoforms has proven challenging as they all
recognizethe same substre, N-Oacetylated lysine, a post translation modification on histones.
Due to the selectivitghallenge bromodomains are a good candidate for the exploration ef 3D
fragments. The second chapter of this dissertation desampe®rk using a 3Benriched fragment
library to target the firdtromodomairof BRD4.A range of affinities andelectivty were obsered
for hit compoundss well & a hit rate roughly half that of a similar 2ibrichedfragmentscreen.
Analysis of the shapeliness of the hits and library revealed that hits are not enric3ieddio2D-
compounds supporting the inclusion of both-2lDd3D-fragmentsin screening libraries against
bromodomais. Chapter two also includes a brief vignette of a prgeainming from a highly 3D
hit, 1,4thiazepanedopr targeting BRDA4.

In a second project described in chapgteee | developed a sceming workflow for
screening cocktails of fragments against two proteins simultanedius$ymethodusesprotein
and ligandobserved NMR binding assays in concert, specifically praibasrved fluorine (PrOF)
NMR andH CPMG NMR.In PrOF NMR,selectamino acids are labelled witfF producing a
simple spectrum. The hyperresponsiveness dfheucleus allows fadetection of binding events

characterized as a change in chemical shift. ithaithlly, since the'*F nucleusis extremely



sensitiveto its environment}®F labeled proteins often have baseline resolved resonances allowing
for the screening of multiple proteins in a single NMR experim&nfa binding assalj CPMG

NMR detects binding events as a change in ligand resonance intensityirfSingtual ligand
resonances aidentifiable,'H CPMG NMR is useful for screening mixtures of fragmeHiste |
combinel the two NMR methods$o screen dragment libraryin mixtures gainst!°F labeled
bromodomais BPTF and PlasmodiumFalciparum (Pf) GCN5 first usingPrOF NMR followed

with *H CPMG NMR deconvolutionThis represents the first fragment screens against BPTF and
PfGCN5 providing new chemical matter for inhibition developmdihis platform is a time a
resourceefficient workflow for screening against multiple targets at once.

In a third project described in chapfeur, | work to develop an improved method to
fluorotyrosine label proteins for use in PrOF NMR assBgs PrOF NMR, proteins are commonly
sequence selective labeled with fluorinated aromatic amino acids suflna®&yptophan (5FW)
or 3fluorotyrosine (3FY)5FW labelingis cheap and efficierfiecause itan be accomplishetith
BL21 cells andhrough metabolic labelingy supplying the bacteria with-fluoroindole ($50/g,
Sigma) which gets converted to 5FW through tBleikimatepathway.In contrast, 3FY lalikng
requires the use of auxotrophic cell lingkich give low yieldsand necessitates supplying the
bacteria with expensive 3F%229/g, VWR).Although 5FW labelig gives higher yields and is
cheaper, 3FY labeling is desirable because generally themeaeelyr spanning thentireprotein
giving a more detailed picture of binding site location and protein behavior during a PrOF NMR
assay.This project is a collaboration with the Dr. Smanski and Dr. Erin Carlson to engineer a
biosynthetic system that usé&yrosine phenol lyagdPL) to produce fluorinated tyrosine species
in cell that are then directly incorporated into the desired protéh.is used tocatalyzes the
conversion ofluorinatedphenols ($3.8 $31/g) to their correspondirilyiorinated tyrosine species.
Upon optimization, this method will allow the use of rauxotrophic cell lines and fluorophenols
to fluorotyrosine label proteins more efficiently and cheaper than previawshable methods
Additionally, this method can be used to produce difluorotyrosine species that are not currently
commercially available in bulk or for direct incorporation into proteins.

Chapteffive of this dissertation describes a compilation of pitsjeggarding my structural
biology contributionsgo the Pomerantz labhave contributed totalof seven brormdomain crystal
structures to various projects in the PomerantzRabr structures are BRD4 -awystal structures
that have helped tacidin the development of a BRD4 D1 selective inhibiifawo BPTF cacrystal
structures havaidedin the development of a BPTF inhibitor. Finallyy apo structure of 5SFW
BPTF that was used to compare structural differences with the unlabeled BPTF, vatluatise
of the PrOF NMR binding assay.
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Chapter 1

Introduction

This dissertation details work on the use of-félgments to target broradomains,
development of a screening platform, and the creation of a new protein fluorination
strategy. Assuch, this introduction is divided into three parts. Part | introduces 3D
fragments. Part Il introduces brasdomains as targets of fragments. Part Il discusses the
biophysical methods used to characterize binding interactions used in this dissertation.

Part I: Fragment screening and 3Denriched fragments

1.1 Fragment Screening as amlternative to high throughput screening

Since the late 1990s fragmerdsed drug discovery (FBDD), or alternatively calledyment
based ligand discovery (FBLDis increasingly being used by industry and academia to uncover
novel chemical matter for proteins of interest. Fragments are small compounds often described by
the fAirule of threed, in which f2e@ghehydr bgee
donors and hydrogen B6&Theexgotatoa antl poputarity3BDDOVs o g P O
traditional highthroughput screening (HTS) is due te theory that fragment screening can more
efficiently sample a larger range of chemical space with a smaller library size than HTS. A higher
hit rate with smaller library makes FBDD screening more tractédesmaller institutions.
Additionally, FBDD hasal | owed previously thought Aundrugg:
for discovery leads using traditional HTS, to be targetable by expanding on initial fragment hits
into elaborated drug compountiglthough HTS still outnumbers FBDD, a search on PubMed
shows that FBDD is on the ris&igure 1.1). There is even a wetkspected blogPractical
Fragments (https://practicalfragments.blogspot.condevoted to covering FBDD papers and

topics.
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Figure 1. Scientific paperén a PubMed search resulting from a A) FBDD and FBLD searc
axis rang 350) andB) HTS search (y axis range600).

The traditionahigh throughput screerfsiTS) that gained popularity in the 1990s, suffers
from not being able to sample enough chemical space to effectively discover leads for different
targets. HTSemploys highly complex, high molecular weight drlige moleculesfollowing
Li pinski 6%molué @u lods0 phmal,®S hydbogen bond donor® 10 hydrogen
bond acceptors;l o g B). A® such, successful HTS have the potential to yield highly potent
inhibitors needingfew big structure chares duringmedicinal chemistncampaigngo elaborate
into lead compounds. However, the main challenges with HTS include not being able to effectively
sample enough unigue chemical space, the possible arrangement in space of atoms, and to discover
unique chemotypes for different targefbereareanestimated 18 druglike small moleculesan
astronomical number that is battore thamnumber of stars in the univeraad not possible to
physically make given the amount of matter in the univétsege librarie®n the order of millions
of compound$10° compounds) are expensive and only sampi&%f total druglike chemical
matter.Exacerbating the challenge, libraries are created using robust chemical reactions that have
limited the range of diversity of compounds used in screening, further shrinking the chemical space
explored. Diversity oriented synthesis, incorporation of multiple scaffolds in library construction,
has been used to address this issue to varying dégheesher issue with HTS ithe possibility
of overlooking a potent scaffold due to steric interactions that preventddipounds rom
binding A third challenge with HTS is that when a hit is found, because it is alreadyikkug
there are opportunities to increase its potency or selectivity cimibed by adding additional
functional groups without disrupting pharnsggnamic and pharmacokinetic properfids. the
late 1990s researchers started exploring the use of fragments to addressissass.i

Fragment libraries can more efficiently sample chemical space with a smaller number of

molecules through a reduction in the average fragment molecular weightr@axafpr molecular

2



complexity In a 2006 pivotal study, Reymond andworkers determined that there are 26.4
million (110.9 million including stereoisomers) possible compounds made up of eleven heavy
atoms (heavy atoms includ€] N, O, F) whileconsidering synthetic feasibility and compound
stability.” With this smaller chemical space, the same library comprised®dfadments would

now sample 3.8% of the available cheatispace. In a follow up study, Reymond expanded the
database and calculated a possible 970 million compounds comprised of 13 heavy atoms (heavy
atoms included C, N, O, S, ClAs you increase the number of heavy atoms or complexity in terms

of stereoisomers the chemical space increases requiring libraries to expand in size or risk not
effectively exploring valuable chemical space for inhibitor development.

FBDD is predicated on the theory that decreasing the chemical space (complexity) of
ligands will lead to increased hits and chemical matter for drug development. In a seminal paper in
support of fragments,and a follow up study? Hann and cavorkers at GlaxoSmithKline
demonstrated the usefulness of fragments through a complexity analysis. Through a simple model
used to match receptor features i tlhanldiscaampd of
screening as the complexity of ligands incre&sgure 1.2). As the ligand complexity increases,
the probability of detecting an interaction increases due to increased binding affinity. However, for
the same increase in ligand complexitye probability of the ligand binding in a single unique
mode decreases due to an incregsebtability of ligandreceptor mismatches. These mismatches
prohibit a binding event. The takeme from this study is that the probability of detecting a unique

mode of binding is maximized with mildly complex ligands, i.e. fragments.
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Figure 1.2.An Successes | andscapeodo describing t
as the complexity of the ligand is increased. Reprinted with permissiorHfaom M.M; Leach,
A.R.; Harper, G.Molecular Complexity and Its Impact on the Probability mfding Leads for
Drug Discoveryd. Chem. Inf. Model200141 (3), 856864 DOI: 10.1021/ci00040& opyright
2020 American Chemic&ociety

Unlike HTS hits, fragment hits are often of low affinity necessitating substantial medicinal
chemistry toimprove affinity and selectivity through the addition of mass. Several strategies for
fragment hit to lead have been employed, most notably fragment linking, fragment growing, and
fragment hoppingHigure 1.3). The 1996 seminal fragment screening paped eBectureactivity
relationship by NMR to accomplish fragment linkitign fragment linking two fragments that bind
different areas of the binding site are linked togetheintoease affinity. This is an attractive
strategy due to dissociation constants being multiplicative, but perfecting the linker proves to be
challenging. However, there have been several fragment linking success'stanekiding the
FDA approved druyenetoclax® and dimerizing fragments to give an allosteric inhibitor of AMPA
receptors? Fragment growing, the most common strategy, is based on the idea that additional
functional groups can be built onto an initial fragment hit to more fully explore the binding pocket
resulting in increasd potency and selectivity. Pioneered by Silverman anslarkers, fragment
hopping is a new spin on fragment screertfhgirst, a known inhibitor is deconstructed into
important functional group fragments. Next, computational screening with fragments is done to
find new methods of linking the important functional graupkis method has been used to
successfully targemeuronal nitric oxide synthase (nNQ38)phosphoinositide -Binases (PI3K)
pl10b P'sawdfsotublevepoxide hydrolase (sEMj As FBDD continues to grow new

strategies for fragment hit to lead will continue to emerge.


http://practicalfragments.blogspot.com/2016/04/second-fragment-based-drug-approved.html
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Figure 1.3. Cartoons illustrating the fragment toatk strategies. A) Fragment linking |

Fragment growing. C) Fragment hopping.

1.2 Success ofragment-baseddrug discovery

FBDD has been succesdfulised to assess the druggability of a target. Druggability is the
probability of moduladhg a targeds function in vivo witha potent bioavailable small molecife.
24 Understanding the probability @f successful drug discovery campaign is important before
investing resources. In 2005 Abbdaboratories conducted the first experimental druggability
analysis using fragment$a 2D NMR and 23 protein targets with 28 binding sffe¥The authors
found that hit rate directly correlated with the likeliness of developing a potebitor. In another
study, AstraZeneca used a combinatifriragment screening hit rate and hit affinity to assign
targets a ligandability score, similar to the druggability but evaluating the ability of a small
molecule to bind a targét.Of their 36 target projects there was &% success rate when the
target had a ligandability score of medium or high indicating that ligandability is useful, but not
perfect, in determining the prospects $occessful drug development campaigns. In a third study,
Vernalis Research concludedathhigher hit rates in fragments screens are consistentthéth
druggability profile even amongst hard to target prepeitein interactioa® Fragment screening
druggability assessment has been employed to access the druggability of various targets including
enzymes such as pASP8? PTP1B*  the allosteric site of P38 MAPK lactate dehydrogenase
A (LDHA) ,*' methionine aminopeptidases 2 (MetAP2and proteinprotein interaction such as
the CBP/p300 KIX domair*and the pVHL: HIFLU i nt¥r acti on

Beyond assessing the druggability of a target, FBDD has been successful in finding

inhibitors for targets previously thougto be near impossible to engage. Challenging targets that

have been liganded via fragment screening inclpdgein tyrosine phosphatas€skKRAS
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(GTPasef® ATAD2 (bromodomainf’ ¥ Arno:ARF1 (proteinprotein interation),?® BAZ2B
(bromodomain¥’ BACE1 (betasecretaseg¥ 4*** human dpamine R/D, (GPCR * polymerase

3 B® mGIuR2 (GPCRY}’ The highest profile and highly anticipatachong this group are drugs
targeing BACE1to treatA|l z h e i me r As of sphings2@28 there are six drugs originating
from fragments in clinicatrials for BACE1, Lanabecestat (Astex/AstraZenecal/Lilly, phase 3,
NCT02972658, NCT02783573, NCT0224573VerubecestafMerck, phase 3, NCT01953601,
NCT01739348), LY2886721 / LY3202626 (Eli Lilly & Co. phase 2, NCT01561430), AZD3839
(AstraZeneca, phase 1, NCT0134873/2811376(Eli Lilly & Co. phase 1, NCT00838084). In

a recent report, Merck describes the FBDD program resuitingerubecestat® Inspired from
isothiourea fragment hitsand2 animinoheterocyclidragment library was synthesized and tested
against BACEL giving lead fragmeBi(Figure 1.4). Extensive SAR 08 yielded Verubecestat, a
potent BACEL inhibitor that lowers the Alzheimer causing amyloid beta peptide levels in vivo. In
addition to being used to ligand hard targets, fragments have been used to find inhibitors for a wide
range of prtein and DNA targets includinig-lactamasg® AChBP (acetylcholinginding protein

),60 61 BCL-2 (antiapoptotic protein}® 2 CDK4/6 (Cyclindependent kinasgj c-MYC G-
quadruplex DNA* PDK1({phosphoinositidelependent protein kinas&)LTA4H (Leukotriene A4
Hydrolase f® HCV helicas¢” HIV protease® Hsp90 (heat shock protejff) ¢ JAK-2 (Janus
kinase 2y° MMP-13 (matrix metalloproteinasé) p53'Y220C mutan{phosphoprotein} SIRT2
(NAD-dependent deacetylase sirtli)SMAC (mitochondrial protein}* PtS (pantothenate
synthetase of tuberculosi®)Tyk2 (Nonreceptor tyrosingrotein kinase}® EphB4 (Ephrin type

B receptor)’ and bromodomasy(discussed in 1.

NH
s) LNH2

A =) P
Ve X N — =0
e
Ho / NH

HN._ NH
BACE1 K4 = 550,000 nM s N \f}/
o)
CI/j) 3 Verubecestat
g 2 BACE1 K4 = 3,700 nM BACE1 Ki=2.2 nM
2

BACE1 K4 = 15,000 nM

Figure 1l4.Summary of Merckobés FBDD program | e

The true measure ¢BDD success is the ability to generatmically relevant drugs. As

of spring 2020, there are four FDA approved drugs originating from fragment screen


http://practicalfragments.blogspot.com/2017/01/fragments-in-clinic-verubecestat.html
http://practicalfragments.blogspot.com/2011/11/and-once-more-into-breach.html

Vemurafenit® 7 (Zelboraf, 2011, Plexxikon) Venetoclax®* (VENCLEXTA®, 2016,
Astex/Johnson & JohnsonPexidartini§® 8! (TURALIO®, 2019 Plexxikon) and Erdafitinib®

( BALVERSAE, 2019, AbbVi enpréemest roméntidi flagmeditothe af f i n
final drugs illustrates the power of FBDD in that once a relevant starting scaffold is available,
medicinal chemistry can be used to imprové&iggre 1.5). In addition to the FDA approved drugs

there are three drugsiginating from fragments in phase Il of clinical trials, 18 in phase I, 21 in

phase | (summary done by the bBractical FragmentsMarch 23, 2020). As the prevalence of

FBDD in academia and industry grows, the number of fraginastd drugs is bound to increase.

N
/(w/(\j])\1 (\ {‘//(MNH [Nm — CI\]L/-;Q F ol L\

H N
Venetoclax ﬂ Vemurafenib
)\NH

fT> — T{OPemdartmlb (L = J\[ﬂ@/

Erdafitinib o~

Starting Fragment  Final Drug Affinity

Drug Protein Target Target Class Disease Trea

affinity (uM) (um)
chronic lymph
=300 (F1), 6000 leukemi
Venetoclax Ks (F1), Ki = 0.00001 BCL-2 PPI eukermia, sn
(F2) lymphocyt
lymphomg
Vemurafenib Kg =200 (PIM-1)* ICsg =0.031 B-RAFVE0O0E Kinase late-stage mela
. L. IC5p = 0.013 (CSF1R), . tenosynovial ¢
Pexidartinib 1Cs50 = 100 CSF1R, KIT K
exidartini 50 0.027 (KIT) ' Inase cell tumor
. tastati 1
Erdafitinib ICs = 150 ICso=0.003 FGFR3 Kinase o oolanicUro

carcinoms

* The original screen targeted PIM-1, selectivity was achieved though the fragment development process

Figure 1.5. FDA approved drugs originating from FBDD. 8jructures of the original fragme
hits and final drugs. Cots are used to show the fragment being carried through the

development process. B) Properties of the fragment and final drugs.

1.3 3D-Enriched fragment screening

Three dimensional fragments are low molecular weight compounds that have adeigptesr

of nonplanar shape than 2bagments igure 16). The threedimensionality of fragments is


http://practicalfragments.blogspot.com/2011/08/first-fragment-based-drug-approved.html
http://practicalfragments.blogspot.com/2016/04/second-fragment-based-drug-approved.html
http://practicalfragments.blogspot.com/2015/10/fragments-in-clinic-plx3397.html

commonly described in four metridsactionsp® (Fsp), fraction of stereogenic centegsijnciple
momentof inertia (PMI), and plane of best fit (PBF).0posed in a seminal 3bagment paper by
Lovering et al., Fspis the degree of saturation and is defined as the number bflspdized
carbons divided by the total carbon cotffEsp’ gives an idea of the number of possible-ofit

plane substituents that can more fully explore the binding pocket. However, despite a Righ Fsp
character, in some cases compoucals still adopt highlylanar conformations. The fraction of
stereogenic ceats is defined as the number of stereogenic centers divided by the total number of
carbons. Steretemicalcomplexity is often closely related to target selectivity. PMI plots are the
most common way to display the QiDaracteristics of compounds. Compistas are used to
acquire moments of inert{# for fragments along three vecto(k, I, Is). These vectorare sorted

by increasing value and normalized by dividing the largestor valuel, by the othewalues (i.e.

I1/l2 and W/13). The twonormalzed PMI (NPR) for a single fragment are plotted onto an equilateral
triangle® The cornes of the triangle represent the extremes of molecular shape where the upper
left is rodlike (2-butyne), the lower middle is didike (benzene), and the upper right vertex is
spherdike (adamantane). 3agments aren the near the middle of the triangle while 2D
fragments are along the linear and disc vector. Plane of best fit (PBF) is the fourth way to measure
the three dimensionality of fragmeritsin this method, a plane is drawn through the energy
minimized molecule such as to minimize the average distance of eachdteavyo that plane.

The least squares method is used to calculate the distance of each heavy atom from the plane. The
average distance of each heavy atom from the plane is the PBF. While PBF theoretically can have
a range from zero (completely 2D) to infin most drug compounds have a PBF < 2 with 3D
fragments having been characterized as having PBF *®&%town in Figure 1.6, PMI and

PBF have good correlation while Egimes not always represent the true shapeliness of compounds.

= M
/H E— _ .:;211./] 2D-Fragment 3D-Fragment

N A
p -t s Q o o o
"y e s I YOS
SO - . o \ 7/
n"mny -
-I £ S

Fsp®=0.37 Fsp®=0.64

Ay

NPR2
0.5

= PBF<0.27 PBF=0.00 4
m 0.27 <PBF=<0.542 PBF=0.92

O 0.542 <PBF<0.813 RS nac
= PBF >0.813 * =Y NPR1=0.893

S NPR2 = 0.065 * NPR2 =0.50

Figure 1.6. Example PMI plot showing the correlation between PBF and PMI. Exampl
highly 2D and 3D fragments are also shotinth, N. C.;Brown, N.; Blagg, J., Plane of best f
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A novel method to characterize the thoBmensionality of moleculesl. Chem. Inf. Model
2012,52(10), 25162525 Copyright 2020 American Chemical Society.

Many studies have illustrated that ddilke compounds have substantial -8Baractef?
making 3Dfragments an attractive starting point for FBDD. However, conventional fragment
libraries are comprised of primarily flat molecufés statistical analysis by Lovering et al., of
druglike compounds has shown that during each phase of the drug deeekbjprocess,
successful compounds tend to have an increasing and statistically significant amount of Fsp
character, as well as at least one stereocehigureé 1.7).2% Natural products are known to be
highly potent and selective to their target, properties that are in part attributed to their 3D
charactef® A study by Feher et al compared various properties obmpounds made via
combinatoriakynthesisised in screening with drugs and natural produsitgite 1.7).8° Through
principal component analysis, it was shown that drugs and natural products have similar properties
while combinatorial compounds are less diverse. The first two components in thésagghlain
55% of the variance in the groups with a high influence from the ratio of aromatic atoms to ring
atoms and degree of ring fusion. Supportive of theicBBracter, natural products and drugs have
a low ratio of aromatic atoms to ring atoms anugh degree of ring fusion as explained by the
large number of spiro or nonaromaticsed ring systems. In another study, Clemons et al screened
a library of commercial compounds, diversitsientedsynthesis compounds and natural products
that have lowintermediate, and high Fsgharacter, respectively, against 100 targets. Hit rates and
selectivity was highest at intermediate Feiparacter and a moderate number of stereocefiters.
Two other studies have corroborated that a high degree-sh@pe in small molecule inhibitors
generally correlates with higher biological activity®® Since a high degree of 3gharacter is
prevalent in bioactive molecules, there has been redene¢gt in exploring 3E2nriched fragments

as starting points for FBDD.
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Figure 1.7.A) The first two components results of a principle component analysis comg
deviance of the factors in B between combinatorial, natural products and drug comg
Adapted with permissiofrom Feher M.; Schmidt JM.,Pr oper ty Di stri
between Drugs, Natural Products, and Molecules from Combinatorial Chendisiiigem. Inf.
Model. 200343 (1), 218227. Copyright2020) American Chemical Society. C) Comparisor
common dimensionality metrics for cooynds as they progress through the drug developi
phases. Adapted with perrsisn from Lovering, F.; Bikker, J.; Humblet, Clncreasing
Saturation as an Approach to Improving Clinical SuccdsdMed. Chem200952 (21),6752
6756.Copyright 2020 American Chemical Saociety.

Despite bioactive inhibitors having a high degree of 3D shape, there are concerns with
using 3Dfragments in FBDD. As such, many fragment libraries still follow conventional fragment
screening and areomprised of primarily flat moleculé$.The largest concern with using 3D
enriched fragment libraries is the potential for prohibitively low hit rates. In accordance with the
Hann complexity analysié described earlier, increasing the complexity of the molecule will
increag the chance for unfavorable interactions, thus, decreasing the probability of finding a hit.
As such, there is a fear that low hit rates will make FBDD programs less successful, especially for
targeting relatively large and flat PPI interfaces. AstraZameported a series of screens against
enzymes and PPI targets using a library in which 60% of fragments were considered 3D. Both the
enzymatic and PPI targeted screens resulted in 49% of all hits having significant 3D cFaracter.

Although an increased 3D fragment hit rate was not observed for PPIs, there was no significant
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drop in hit rate. In another argument againstf@igments, researchers argue thatcBiaracter can

be engineered into inhibitors during the drug develogmeocess making 3ibamgents irrelevant.
Others would argue that it only takes one hit to start a FBDD campaign and tfrag&i2nts can
more fully explore the binding pocket potentially leading to more selective starting points for drug
development® Another concern with using 3Bagment libraries is racemization of stereocenters

in fragment screening desand that there are not enough robust synthetic methods to make
highly 3D-compound$*° The latter is a call, challenging synthetic chemists to devel@ap ne
reactions or better conditions furthering our knowledge of organic chemistry.

The lack of 3Benriched fragment libraries that perpetuatesutider exploratiomf their
use in FBDD, is being remedied by new library design strategies. One approachrsstydiv
oriented synthesis (DOS). DOS combines simple starting material with different reagents to give
diverse core scaffolds. Done in an iterative fashion, DOS is able to make more complex and diverse
fragments than traditional combinatorial chemi$trpOS has been employed to make highly 3D
enriched libraries diunctionalizedpyrrolidine-based scaffoldd bicyclic fragment¥, fluorinated
fragment&®, and spiro and unsaturated ring fused systén¥ Natural product inspired fragment
librariesare also being explored as-&nriched fragment libraries. Some natural product libraries
are comprised of fragments of deconstructed natural prdffastsile others are populated with
core scaffolds often seen in natural proddt4s'® In addition to published literature libraries,
commercial vendors such as Life Chemicals, May®&jcand ChemDiv are selling 3&hriched
fragment libraries.

Although the use of 3Bragments is in its infancy, there have been several stories of targets
being liganded using 3agmentsGréadler et al.from Merck,used 3Bfragments to target the
peptidyl-prolyl isomerase Cyclophilin Da target for immunosuppression drd@éfter an
unsuccessful HTS campaign, the authors were successful in finding eight hits in a fragment screen
using a shape diverse library. After crystallography revealed the fragments binding in different
pockets (8 or S2), fragment l' i nking, and fragment
potent and highly 3Bnhibators Figure 1.8). In another studyu et al., screened a natural product
inspired 3Denriched fragment library against 32 protein®ta@smodium falciparumsing native
mass spectrometry revealing 79 hits that inhibit cell grdi¥th/u et al., also used mass
spectrometry to screen a natur al product based
d e 0 x y u r-tripiasphae nGchjotidohydrolase (PfdUTPase) finding compounds that activate
the acivity of PfdUTPase which subsequently hinders cell sun/if¥aZhanget al., used a DOS
strategy to create a 3@&nriched fragment library to target allosteric binding sitesuaforaA

kinase'® Young and ceworkers used DOS to create a library of 3D fragmentartet adifferent
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kinaseG S K 3'®Each of the aforementioned studies were published within the last seven years,
demonstrating the recentdnising interest of using 3@agmentsChapter 2 of this dissertation
describes using 3@nriched fragments for targetirgomodomais.
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Figure 1.8. 3D-fragment screen couples with fragment merging and linking strategies re
in potent Cyclophilin D inhibitors. Adapted with permission from Gradler,Schwarz,D.;
Blaesse M.; Leuthner,B.; Johnson,T.L.; Bernard,F.; Jiang, X.; Marx, A.; Gilardane, M.;
Lemoine H.; RocheD.; JorandLebrun,C., Discovery ofnovel Cyclophilin D inhibitors starting
from three dimensional fragments with millimolar potend&#eorg. Med. Chem. Let2019 29.
Copyright2019 Elsevier Ltd. License numb&892550817304
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Part II: Inhibitor targets of thisdissertation: Epigenetic bromodomains BRDA4,
BPTF, and PfGCN5

Part of this is introduction is publishedBomerantz W.C.KJohnson J.A YcasP.D. (2019)
Applied Biophysics for Bromodomain Drug Discovery. In: Mai A. (eds) Chem
Epigenetics. Topics in Medicinal Chemistry, vol 33. Springer, Chaimense numbe
4892551227407.

1.4Epigenetics and thehistone code hypothesis

Epigenetics is the study dferitable,reversible chemicamodifications to proteins and
nucleic acidshatregulate the pattern and frequency of gene transcription. Epigenetic marks include
cytosine hypermethylation,post translation modificationPTM) on histones, and chromatin
remodelingt'! A subfieldin epigenetics is broadly interestadderstanding the role of proteins
involved in interpreting histone PTMs.

Histone poteins play an integral role in condensing the two meters of human DNA to fit
inside the 510 um diameter nucleus? Nucleosomes are octameric protein complexes composed
of H2A, H2B, H3 and H4 histone proteins. The central core is comprised of tweHaBAdimers
and a H3H4 tetramer. Approximately 146 DNA base pHitsre tightly wrapped around each
histone octamer via electrostatic interactions between the highly basic histone, and the negatively
charged DNA phosphate backbone. The single unit (idfone complex is called a nuctemne.
Nucleosomes assemble into a 30 nm chromatin fiber which further coils into chromosomes.

The Histone Code Hypothesisseeks t@xplain how PTMs on the N terminal histone tails
function to regute gene transcription by making DNA available, or shielded from transcription
complexesDNA that is tightly wrapped around histones and is not accessible for transcription, is
termed heterochromatin. Euchromatire regions of DNA that have dissociatewrh histones
making them accessible for transcriptiéfigure 1.9). PTMs on the unstructureddrminal tails
of histone proteins control the ratio of heterochromatin and euchromatin. Examples of PTMs on
histones include methylation, acetylatiambiquitylation phosphorylation, and crotonylation.
PTMs are reversible, coval ent modi fications a
feraserdo enzymes that add and remove the PTM
proteins that elicit downstreacellular responses such as transcription of genes.

The work in this dissertation is centered on studying the Paddtylaton of lysine.

Lysines are acetylated byistone acetyltransferase@HATS) and removed by histone
deacetyltransferases (HDACSBromodomains are readers of acetylated lysiregufe 1.9),
forming proteinprotein interactions with the exposed histone. tadetylated lysine marks are

commonly associated with euchromati.physiological pH, the side chain amine of lysine (pKa
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of 10.54) is protonated. When acetylated, the positive charge of lysine is neutralized, and the
negatively charged DNA becomes more loosely associated with the higemezallymaking it
available for transcription.

A)

Heterochromatin

Euchromatin

B) i
/é/\ﬂ,@s

Figure 1.9. A) A depiction of heteochromatin, euchromatin and the octameric histone pro
A bromodomain is bound to the acetylated lysine on a tail of a histone protein. B) The el
involved in the histone lysine acetylation cycle

1.5 Bromodomains

Named aftestudies othe brahma gene idrosophild'®, bromodomains are protein domains
that recognizeN-U-acetylated lysinegKac). Lysine acetylation igrimarily associated with
euchromati and gene transcription. As reader domains, bromodomains are involved in the
assembly of transcriptional complexes by recruiting additional epigenetic and transcription factors
to the accessible DNAS'Y” Due to their pleotropic roleni transcription, aberrant levels of
bromodomains have been implicated in many cancers, inflammation, and autoimmune
disorders'!81® No bromodomaintargeting drugs have been FDA approved and as such the
tractability and therapeutic benefits of targeting bromodomains have yet to be fully established.

Bromodomains are typically ~110 amino acid regions containigihvarger proteins. The 61
human bromodomains have been grouped into 8 sub families based on sequence héihology.
bromodomains have a left handed bundle of fainelices (Z, UA, UB andUC).**® The helices

are linked by two diverse loop regions (ZA, BC) that surround the acetylated lysine binding pocket.
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The acetylated lysine binding inteten is anchored by a hydrogen bond to a conserved asparagine
residue and a water mediated hydrogen bond to the hydroxyl moiety of a tyrosine located on the
BC and ZA loops, respectivelyFigure 1.10).12° Sixteen branodomains (26%) also have a
tryptophan, proline, and phenylalanine (WRREIf near the binding site. Although the sequence

is conserved in all BET bromodomains, the WPF residues vary within the bromodomain-family.

For example, 29% have a tryptophan, 90% have a phenylalanine, and 49% have a proline in the
respective position in the WPF molff.Within the Kac binding site there is a netwarkat least

five conserved structural waters that differ in energy across different bromodoitaigsting

these waters andseqience variations could be employed to achieve isoform selectivity in
bromodomain inhibitionPart of this thesis work is on small molecule inhibitors that displace some

of the structure waters as a way to gain selectivity (Chapter 5 of this dissertation).

Y97 ‘

Figure 1.10. Bromodomain structural elements. A) The BRD4 bromodomain (gray) is de
with a bound histone (green) and the four alpblces,(Z, UA, (B, UC, ZA loops, BC loops
and WPF shelf are indicate@®) Conserved binding interactions between a tyrosine
agaragine with the acetylated lysine binding partner. C) Locations of the five structural
in the acetyl lysine binding pocket. PDBID&. Adapted with permission frorRomerantz
W.C.K.; Johnson J.A.Ycas P.D, (2019) Applied Biophysics for Bromodaam Drug
Discovery. In: Mai A. (eds) Chemical Epigenetics. Topics in Medicinal Chemistry, va
Springer, ChamLicense numbe4892551227407

There is a need for isoform selective bromodomain chemical probes in order to elaborate
biologicalfunctions.Bromodomains are a part of larger proteins that have other domains such as
plant homeodomains (PHD), extierminal domain, and HAT domains. Moreovef®%. of
bromodomaircontaining proteins have at least two bromodomains, including all the

bromodomains in the bromodomain and extra terminal domain (BET) family (BRD2, BRD3,
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BRD4, BRDT).Thus, bromodomakgontaining protein knockouts are unable to give information
solely on the biological function of the bromodomairhe field of bromodomain inhitor
discovery has exploded since the 2010 seminal publication of two potent BET family inhibitors,
JQ122and FBET76223 Although the BET family of bromodomains has been the most well studied
and have been implicated in the regulating cell proliferative géhéscluding MYC,!25 126
biologicalstudies of the individual role of each of BBET bromodomains have been hampered by
the lack of isoform selective chemical probes. Selectivity has proven challenging due to the high
sequence similarity between the fidstmains (D1) and the secoddmaingD2) of the BETfamily
membergFigure 1.11). Despite this challenge there have been agamD2 selective inhibitors
including RVX-208'?" RVX-297128 ABBV-744'2° and GSK046*° SeveralpanD1 selective
inhibitors have also been disclosed including GSK?781S4363! and by the Pomerantz lab
1,4,5trisubstituted imidazole\).**2 While useful, parD1 and parD2 selective inhibitors cannot

be used to determine the individual role of each BET bromodondansuch, part of this

dissertation work has been helping to develop a BRD4ddective inhibitor.

D1 D2 ET

1 801
BRD2  80% 42%

1 762
BRD3  81% 38% .

1 1362
BRD4  100% 49%

1 936
BRDT  76% 40%

Figure 1.11, The sequence similarity in eaBfeT bromodomain relative to BRD4 DPercent
similarities relative to BRD4 D1 calculated by PDB Sequence & Structure Alignment. Mo
with permission from Cui, H.; Divakaran, A.; Pandey, A. kohnson, J. AZahid, H.; Hoell,
Z. J.; Ellingson, M. O; Shi, K.; Aihara, H.; Harki, D. A.; Perantz, W.C.KPotent and selectiv
N-terminal BRD4 bromodomain inhibitors by targeting rammserved residues and structul

water displacementnder review

Although many bromodomains are considered drugg&béamd there has been a sharp rise
in studyingbromodomais, there is still a lack of chemical probes and drugs for studying all
bromodomains. In the last decade hemodomairfield has moved fast to explore the therapeutic

potential of bromodomaininhibitors. Since the BET family is highly studied, all 15 of the

16



bromodomairtargeting drugs in clinical trials inhibit BEIromodonain (Table 1.1). Progress has

also been made to explore the role of otiremodomais in disease states. As of June 2020, there

are 29 bromodomain chemical probes available for purchase from the SGC or chemicalprobes.org
(Figure 1.11) These probes targdf of the 61 bromodomain in seven of the elgitimodomain
phylogenetic families. However, only four of the probes selectively target a birmgieddomain

Thus, although a great deal of advancement in the bromodomain field has been made since 2010,

thereis still a need for new chemical probes to unearth the roles lmfoaiodomais.

Table 11. Bromodomain drugs in clinical trial#Adapted with permission frorRomerantz
W.C.K,; Johnson J.A.;Ycas P.D, (2019) Applied Biophysics for Bromodomain Drt
Discovery. In: Mai A. (eds) Chemical Epigenetics. Topics in Medicinal Chemistry, vo
Springer, ChamLicensenumber4d892551227407

Identifier Structure Treat Target Clinical Trial
~o o
I, cardiovascular BET
RVX000222/RVX208 [ ' ovascy oL Phase3
H\QDNOH
R
AN breast angrostate
GSK%%SZE/#BET- e ) cancer. NUT  BET Severgl Phas
(J\y midline carcinoma
ol -
\N*‘/N/) Breast cancer, nen
ABBV-075 e small cell lung BET Phase 1
T %~ cancer
F~ F
N NUT midline
N . .
—&™ carcinomafriple
OTXbOlféCG)ZTQ( 015/ > v ‘”)[.N\H negative breast  BET Phase 1
O ¢ /2 cancer solid
o on tumors
jNa Some studies
A~V v multiple myeloma, .
CPL0610 g leukemia, eT M Phase2
B myelofibrosis Phase 1
Gl
BMS-986158 Q\,/\ 3 ad'ymphoma' BET Phase 1
NN vanced tumors
ERarRat:
acute myeloid
RO6870810 v~ leukemiaovarian gy Phase 1
R and b_reast cancers
O WA LT solid tumors
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CC-900010

BAY 1238097

INCB054329

INCB057643

PLX51107

CC-90010

ZENO003694

GSK2820151

ovarian and breast BET
cancers D2s

-
“C” solid tumors BET
(o]

0

©l ON}\—NH
G

q A
N-O

Not available

Not available

Not available

solid tumors and
hematologic BET
malignancy

advanced
malignancies,
metastaticcancer,
relapsed or
Refractory Primary
myelofibrosis,
secondary
myelofibrosis

BET

advanced
malignances,
myelodysplastic
Syndrome,
myeloproliferative
neoplasmsolid
tumors,non-
hodgkin's
lymphoma
glioblastoma, Non
Hodgkin
lymphoma,
neoplasms

castration resistant
prostate cancer,
triple negative BET
breast cancer,
mCRPC

BRD4

BET

solid tumors BET

Phase 1

Phase 1
terminated

Phase 1
terminated

Phase 1

Phase 1
terminated for
advanced
malignancies,
Phase 1 for
others

Phase 1

Phase 1

Discontinued
in phase 1
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Figure 1.12. Bromodomain phylogenetic tree adapted from the Structural Genomics Cons
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https://www.thesgc.org/chemical-probes/epigenetics

bromodomain fenily members Available crystal structures (triangles) and reported chen
probes (circles) according to the Chemical Probes Portavat.chemicalprobes.orgnd the

Structural Genomics Consortium a@meicated when available. Current as of June 28&@pted
with permission fronPomerantz W.C.KJohnson J.A.Ycas P.D,(2019) Applied Biophysics
for Bromodomain Drug Discovery. In: Mai A. (eds) Chemical Epigenetics. Topic
Medicinal Chemistry, vol 3. Springer, Charhicense numbe#8925512274Q7

1.5.1 BRD4

Bromodomain containing protein four R4) is a welistudied BET family bromodomain
and a therapeutic target for many diseaB&D4 has two bromodomair{®1 and D2) an extra
terminal domain, and eaterminal domain. Atypical kinase and histone acetyltransferaisdytic
activity has been ascribed to BRD4 libe domains, have not been identifiéd a prominent
transcription regulatorBRD4 is critical for normal celcycle progressiorand mitosis-3413%
Crawfordet al. demonstrated that dysfunction of thRB4 pathway plays a role in breast cancer
tumor progressiof® Dysregulation of BRD4 has also been implicated in nuclear protein in testis
(NUT) midline carcinom&’ througha chromosomal translocatidn producethe BRD4NUT
fusion protein large BCell lymphoma**® andacute myeloid leukemi&® Huang et al., has shown
that BRD4 plays aroleintheNB B dependent inflammatory respon
in binding Kac 310 on RelA° Lovénet al., found that BRD4egulates the expression aftyc
at super enhancer regioims multiple myeloma cell$®®> More recently, paD1 and parD2
selective probes are allowing initial exploration of the role and possible redundancy of these
domains withirthe BET famiy. GSK recently found BET D1s are responsible forliatey BET
bromodomais at chromatin regulating steady state gene expression but both D1 and D2 are
reaquiredfor the rapid gene expression for inflammatory respéiis$e this same study, the authors
discuss that BRD4 is the chief BET bromodomain that isgssential in all mammalian cells that
maintains expression levels. These studies have given some insight into the role of BETs in healthy
and disease states. Thaxanother inhibitor in clinical trial$LX51107 that is selective for BRD4
over the other BETs big not selective between D1 and D2 of BRDAus, there is a significant
need for chemical probes that are selective for BRD4 D1 or BRD4 D2 in orders® qué the
biological roles of each domain of BRDA4.

Part of this dissertation work is assisting in the development of a BRD4 D1 selective
inhibitor. In 2015, the Pomerantz lab discloset,4,5trisubstituted imidazol8RD4 inhibitor4*
Structure activity relationship exploration leadvtavhich is selective for D1 of the BET family

(Figure 1.13).1%2D1 vs D2 selectivity was hypothesized to be attributed to possible steric clashes
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in the D2 binding pocket that are not present in the D1 pocket. Furthenhsrenore selective

for BRD4 D1 and BRDT D1 over the other BET family member. This selectivity was attributed to
the displacement of two of the six structured waters in BRD4 D1. A computational study showed
that the waters in BRD4 and BRDT have a lower energy barrier for removalyaaréhield less
tightly than the water network in the other BE1&Recently,V has been evolved into a BRD4 D1
selective inhibitor with reduced off target kinase activthapter 5 of this dissertation describes

the structural basis for the improved selectivity

21



: IC5, by ALPHASCcreen (uM)
Y™ R X BRD4 BRD3 BRD2 BRDT
HN \

e D1 D2 D1 D2 D1 D2 D1
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Figure 1.13. A) ALPHAScreen IC50 values showing V is a gah inhibitor and shows
selectivity for BRD4 and BRDT over BRD2 and BRD3. Bisplacement of structured wate
from BRD4 D1 Crystal structure oBRD4 D1 with DMSO (left, yellow, PDB ID 4I0OR) anc

compound V (right, yellow, PDB ID 6MHL1), with structurally conserved water molecules s

in cyan.Reproduced with permission froBivakaran A.; Talluri, S.K.; Ayoub, A.M.; Mishra,
N.K.; Cui, H.; Widen,J.C.;Berndt,N.; ZhuJ.;A.S.; Topczewski,J.J.;Schonbrunnk.K.; Harki,
D.A.; Pomerantz W.C.K., Molecular Basis for the Nerminal BromodomakandExtra
TerminalFamily Selectivity of a Dual Kina$&romodomain InhibitorJ. Med Chem 201861
(20), 93169334.Copyright (2020) American Chemical Society.

In Chapter 2 of thiglissertation, BRD4 D1 is used as a model system for evaluating the
use of 3Benriched fragments for targeting bromodomaiBRD4 D1is an ideal model protein for
comparing 2D vs 3Eenriched fragment library hit rates BRD4 is highly druggabfe® and has
several highly potent inhibitors, giving confidence of a reasonable hit rate. The availability of

potent inhibitors allows for copetitive binding experiments useful in determining the inhibition
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constant (K. Additionally, there is a significant amount of structural biology knowlddg®vn

about BRD4. Since there has been success ircrgstallizing BRD4 with > 150 cecrystal
strudures deposited in the Protein Data Bahkyasanticipated that newly discovered fragments
could be cecrystallized with BRD4 to more fully understand important binding interactions.
Finally, BRD4 is ideal forprobing the ability of 3Efragmnts to achiew isoform because
compounds having selectivity amongst the bromodomains in the BET family has proven difficult

to uncover.

1.5.2 BPTF

Unlike BRD4, the bomodomain PHD transcription fact@PTF)in family 5 is understudied.
BPTF is a 311 kDa protein containing dsremodomaintwo plant homeodomain finge(@HD),

a DDT DNA binding domain, and the largest subunit of theucleosome remodelingdtor
(NURF). First characterized Drosophila,NURFregulates the transcription of hundreds of genes
via adenosine triphosphate (AT&3sistechucleosome slidingf® Present in botibrosophilaand

human NURF complexes, BPTF participates in chromatinodelingt** Deregulation of BPTF
expression and function has been demonstrated in the progression-siaditell lung cancet*
melanoma“*® neuroblastom&’ Al z h e “nlgladders cancet*® colorectal cancef® 151
gliomas®? infant developrental delays®® and hepatocellulacarcinomat® In a 2016 important
study, Real and eworkers showed that BPTF is an essentiafamtor for cMYC activated
proliferation transcriptional pathway®. A strong correlation between BPTF andViyC
expression levels in many tumor types indésatargeting BPTF with small molecule inhibitors
may be a viable therapeutic option. In another study, Landry amsideers found that high levels

of BPTF in natural Killer cells promoted antitumorigenic activity in a breast cancer tumor
microenvironmentsuggesting BPTF as an immunotherapy taltjetll of the abovementioned
studies focused on studying the role of the entire BPTF protein. Due to a lack of selective small
molecules inhibitors, little is known about the role of BPTFs bromodomain in healthy and disease
states.

The Pomerantz lab reported the first knowhibitor of the bromodomain of BPTF (herein
after referred to as BPTF), in 2015, named AU1 (Fig*>5)he compound AU1 has a dissociation
constant of 2.8iM for BPTF. Although AUl is selective for BPTF oveRB4, it binds other
family 5 bromodomaindterative structure activity relationship analogue synthesis determined the
(S enantiomer taactive, but did not produce compounds with sufficient increased affinity or

selectivity!*8As the first known inhibitor of BPTF, AU1 wassed by Dos Santos and-aorkers
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to suggest that the bromodomain of BPTF may play a role in maintain a euchromatin state at super
enhancer regioris mammary epithelial celf$° To more fully understand the role of BPTF, more
potent and selective inhibitors are needed.

Since the report of AU1, four other BPTF inhibitors have been repdfigdré 1.14). Xu et
al., and Zhang et al., used virtual screening to discover Bfhiitors C6260696°° and DCB
29'%1respectively. While promising starting points farther devebpment, C62@696 and DCB
29 only show moderate affinity for BPTF and have incomplete selectivity profiles. In addition to
the literature reported inhibitors, there are two commercially marketed BPTF chemical probes,
NVS-BPTF1 and TP238. Both chemical pbes have a highffinity for BPTF. However, NVS
BPTF1 has poor absorption, distribution, metabolism, and excretion (ADME) properties causing
the SGC to advisagainstusing it for in vivo work Although marketed as a CECR2 and BPTF
chemical probe, TP238 a CECR2 chemical probe with a significant off target in BPTF. Given
the short comings of current inhibitors there is a need for new chemical matter to develop potent
and selective BPTF chemical prob€bapter 3 of this thesis deals with fragment sdreggagainst
BPTF to generate new chemical scaffolds for inhibitor development

Literature Inhibitors

N7

. kS
NJOWJ@W @ﬂ J@

E

(s)-Au1 C620-0696 DCB-29
Ky =2.8 UM Kq =35.5uM Kg=17.9 uM
Binds other Family V bromdomains Moderate Affinity Moderate Affinity

including PCAF
Marketed Probes

|
; O _~_N
- o ~
N o o [N Iy
N | > ‘\S:N\) o7 s
N | ‘o N~
SN TP-238

HN
F BPTF K4 =120 nM
NVS-BPTF-1 CECR2 K4 =10 nM
Ky =71nM ™ is signifi
d N CECR2 is significant off target

Selective for BPTF

Poor ADME properties, not
advised for in vivo work

Figure 1.14. Literature reported inhibitors and market chemical probes for BPTF.

1.5.3 Plasmodium falciparumbromodomains, PFGCN5
In recent years, bromodomains have been discovered in parasites that cause infectious

diseases such as malafdasmodium falciparurtPf) is the most lethal protozoan malarial paeasit
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causing over one million deaths per year. Treating malaria has bedwaiienging due to
antimalarial drug resistané®. Bromodomains are being explored as new targets to develop
effective therapeutics. Of the eight predicted bromodomainBf,rthe general control non
derepressible §PfGCN5) and the parasite specific bromodom&fBDP1, are theonly two
isolated and chacterized Similar to its yeast and human GCN5 bromodomain homoRIG&Z NS

and PfBDP1 ardhought to play a role in chromatin remodeling complexes and transcription
regulationt®3®* Symptoms of a malarial infection manifest during parasite invasion of
erythrocytes. During this stagthe parasite replicates rapidly, egress from host cellsnaade

new cells'®® Small molecule disruption of parasitic chromadissociat4ed proteinomplexes
including inhibiting bromodomains, during the replication stageld halt transcription of
necessary genes killing the parasite. this end, knockdown studies BfBDP1 reduced the
expression of invasion genes while high levelPfDPL1 is correlated with high expression rates
of invasion gene¥? In another study the CECR2/GCN5L2 chemical prob&QSES showed
potent activity against GCN5b iffoxoplasma gondfi€’ These studies show that parasitic
bromodomain containing proteins are attractive targets for new antimalarial drugs.

There is a need fd?f selective inhibitors to further evaluate the potential for targding
bromodomains as an antimalarial strategy. For use as therapBébcsmodomains need not be
selective amongst bromodomains of the same species, but ontivedi@df bromodomains over
human bromodomains. Treating a patient wiBf aBromodomain inhibitor that also inhibits human
bromodomains is likely to have severe side effects. However, the only study to discover Pf
bromodomain inhibitors used known humammodomain inhibitors and privilege scaffold®.
Three hits were identified that had in vivo activity agaRf§PfDd?2) cellsbut none of them showed
> 10fold selectivity over HEK293 celldHgure 1.15). Pf bromodomain inhibitor discovery is in
its infancy.Chapter 3 of this dissertation deals with a fragment screen to generate chemical matter

to start inhibitor development programs targeting Pf bodiomains using PfGCN5 as target.
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Compounds PfDd2 IG5 (pM) pvalue  HEK 293 ICso (uM) SI*

48h 72h
SGC-CBP30 10.03 (+0.32) 316(+x1.94)  0.006 22.09 (+2.00) 2-7
OSSK_842646 11.28 (2.00) 635(x245)  0.073 >50 >4
OSSL_258906 11.80 (+3.06) 596(+119)  0.051 >50 >4
cQ 0.11 (+0.04) 0.05(x0.02)  0.052 18.58 (+1.95) 169-372

SI — Selectivity index (mammalian cell IC50/PfDd2 ICs).

0}

Vv QG PO { L
|”A . ¥ Lo E b, %YV
”%'(Q%LG\ @ ) ‘ s U
SGC-CBP30 OSSK-842646 0OSSK-258906 Chloroquine

(CQ) — known
malarial drug
Figure 1.15. CurrentPf bromodomain inhibitorgested againd®f (PfDd2) cells and HEK 23¢
cells. Adapted with permission fror€hua,M.J.; Robaa,D.; SkinnerkAdams,T.S; SipplW.;
Andrews ,K.T., Activity of bromodomain protein inhibitors/binders agairatexualstage
Plasmodium falciparum parasitdat. J. Parasitol. Drugs Drug Resis2018 8,(2), 189193.
Copyright 2020 Elsevier.

1.6 Bromodomain fragment screening

Fragment screening targeting bromodomains has resulted in sdwrerabdomain
chemical probes, inhibitor discovery of a previously thought undruggable target, and three drugs
currently in clinical trials. All the drugs in clinical trials target BET family bromodomains with
varying degrees of domain selectivity within BET family (Figure 1.16. CPF0610, a patBET
drug from Constellation Pharmaceuticals is the furthest along in clinical trials at phase Ill. The final
benzoisoxazoloazepin structure of €0 was the culmination of an aminoisoxazole hit and
fragment growng inspired by the-ember ring ofinother pa+BET inhibitor, (+}JQ1*°ABBV -

744 and ABBV075, both by AbbVie, ar@ phase one of clinical trials. Both drugs originated from
similar pyridazinone fragment hjt& but separate structure activity relationship studies lead to
ABBV-075'""a panBET drugcandidateand AB744'?°a panBET D2 selectivedrugcandidate
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Figure 1.16. Bromodomain drugs inlinical trials that originated from FBDD.

Fragment screening has led to nine chemical probes targeting a variety of bromodomains.
The number of bromodomain chemical probes from FBDD could be higher given that not all the
24 bromodomain probe discovestories are published. A summary of the bromodomain chemical
probes and the starting fragments for BI9564CPL637,1 PFI-3,1"* NI-42,1> NI-57,17¢ L-
MOSESY’LP99, PF#1,178 1%and $5C-CBP300%°is shown irfigure 1.17. Seven of these probes
were developed through the fragment growing strategy3R$-an elegant story of taking a family
VIII fragment hit, salicylic acid, that binds in an unconventional way by displacing four structured
waters in the binding pocket and growing it out into a potent PB1/SMARCA2A/SMARCA4
chemical prob¥% BI9564 is an example of modified fragment linking. A
methylpyridopyrimidinone found during a biophysical screen and a dimethylpyridinone fragment
found via in silico were merged to give potent, selective BRD9 chemical pfolneodified
fragment hoping sategy was used to generate the PCAF and GCN5L2 prob)SES!"’
Starting with parbromodomain inhibitor bromosporine, researches screened a series oZamino
substituted triazolophthalazinesentually yielding the IMOSES. Finally, although more potent
chemical probes now exist, the first micromolar inhibitor of the previously thauglruggable

ATAD2, was accomplished using an acetylated lysine mimic fragment litfrary.
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Figure 1.17. Exhaustive list of SGC available bromodomain chemical probes originating 1
FBDD. An inhibitor of the previously though undruggable ATAD?2 is included at the top.

Part Ill: Screening platform development combining different biophysical methods

Part of this introduction is published in

1. Pomerantz W.C.K.Johnson J.A.YcasP.D. (2019) Applied Biophysics for Bromodomain
Drug Discovery. In: Mai A. (eds) Chemical Epigenetics. Topics in Medicinal Chemistry, vol 33.
Springer, ChamLicense nhumbe892551227407

2.0lson,N.M.; Kroc, S.;JohnsonJ.A.; Zahid,H.; Ycas,P.D.; Chan,A.; Kimbrough,J.R.;Kalra,

P.; SchénbrunnE.; PomerantzW.C.K.,NMR Analyses of Acetylated H2A.Z Isoforms Identify
Differential Binding Interactions with the Bromodomain of the NURF Nucleosome Remodeling
Complex.Biochemistry202059 (20), 18711880 Copyright 2020 American Chemical Society.

1.7NMR screening techniques

NMR experiments are wedluited for screening fragments. NMR methods are highly sensitive
andcandetect weak binding compoundsq(l¢pically in the uM to mM range), wbh is ideal for
screening low affinity fragments. Additionally, a low false positive/false negative rate is important
for screening libraries and determining hit compounds to be pursued.

There are two broad classes of NMR screening; prateserved andigand-observed.
Proteirobserved NMR methods observe resonances originating from the protein, examples include
heteronucleasingle quantum coheren¢elSQC) and protehobserved fluorine (fOF) NMR.
Examples of ligandbserved NMR experiments inclu# or *H-CPMG, waterligand observed
via gradient spectroscopwéterLOGSY), saturation transfer difference (STD), &t NMR
chemical shift perturbationBoth ligand and proteirobserved NMR methods offer distinct
advantageskor example, ligandbserved wperiments require relatively low concentrations of
protein (510 puM per experiment) and the behavior of ligands in solution can be monitored by
resonance height, line width, or chemical shift. Additionally, mixtures of ligands can be screened
in a singleNMR tube with no deconvolution needed, because the identity of each ligand resonance
is known. However, ligandbserved methods give no information on protein stability or binding

site location. In contrast, proteobserved methods require larger amowfitisotopically labelled
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protein (typically 56200 uM of 2%F, 13C or 1N labeled proteirper experiment). An advantage of
proteinobserved methods is tlaeldedprotein structural information from the spectrum. Because
these methods observe protein resoaana disadvantage of prota@hbserved experiments using
mixtures of ligands, is the inability to identify which compound(s) caused the perturbation of
resonances as well as the throughput of the experiment.

An additionaladvantage of proteinbserved NNR methods is the ability to qualitatively
and quantitatively asses binding affinities. For a biomolecular binding interactichd&fined as
the ratio of rate constantsikon Where k, can be estimated to be the rate of diffusion for small
moleculegalthough this may not always be true). Thugsc&n be estimated from observing.k
On the NMR timescale, compounds sample the prdteimd and unbound states at different rates
that can be classified as fast, slow, or intermediaéenicalexchangeRigure 1.18. A qualitative
assessment of the strength of binding can be gleaned by the nature of the protein resonance
response. There are three binding regimes on the NMR timescale 1) fast chemical exchange; change
in chemical shift (typically for ligandwith low affinity Kq = high uM to mM), 2) slow chemical
exchange; two resonances are present representing the free and bound states of the ligand (typical
Kq < 1eM) and 3) intermediate chemical exchange; broadening and movement of the resonance
(Kq typically ~1-100 pM). To calculate a Kof a ligand (or protein) in fast chemical exchange, a
titration of various concentrations, ranging from low pM to mM, is perfornibd change in
chemical shift of the protein resonance is plotted and fitted tdiequial:

whereq) is the maximum change in chemical shift, L is the concentration of ligand, and P is
the concentration of protein. Equatior2 ks a variation of equation 2, the generaldquation that

accounts for ligand or protein depletion.
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In equationl.2, Ry is the total concentration of protein ang; s the total concentration of eéh

ligand.
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Figure 1.18 Examples of resonance behavior indicative of the three chemical exchange re
Examples are of Protein Observéd NMR spectra, but similar behavior is observed using c
NMR active isotopes. Arrows indicate the direction of the free to bound amesenand
magnitude of chemical shift chang® §. Adapted with permission frolBomerantz W.C.K.
Johnson J.A.Ycas P.D. (2019) Applied Biophysics for Bromodomain Drug Discovery.
Mai A. (eds) Chemical Epigenetics. Topics in Medicinal Chemistry, voBg8inger, Cham
License numbe4892551227407

This dissertation describes work using the ligantserved method CPMG NMR and the protein
observed methods PrOF and HSQC NMR.

1.7.1 CPMG NMR

The CartPurceltMeiboomGill (CPMG) NMR method is digand-observed experiment
that works well with bromodomaisized proteingl14-16KDa) . CPMG NMR is a spin echo train
pulse sequence thtatkes advantage of the difference in rotational correlation tinjeofTsmall
molecules and proteins to detediiading eventFigure 1.19). The T. of a compound is reflected
in the transverse relaxation time) Bf the compound. Jis inversely proportional tocIProteins
have shorter Fthan ligands because they are larger and tumble slower in solution (Iayger T

Ligands that bind to the protein will take on thg(dnd thus the J characteristics of the protein.
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The pulse sequence allows the differencesibefween the bound and free ligand to be represented
as a change in resonance intensity. When thedigaty and ligand + protein spectra are caeid,

a decrease in signal intensity is characteristic of bindtigu(e 1.19. Typically, a change of 20%

is considered reliable for determiningoading event®! If a strong inhibitor that binds in the
acetylated lysine binding pocket is knowncampetition experiment can be done to determine if

the ligand is occupying the same binding site. In a competition experiment, the competitor is added
to the ligand + protein tube. An increase in ligand intensity is observed if the competitor displaces
the ligand. A 10% return in ligand intensity upon addition of competitor indicates that the ligand
of interest is binding in the native binding pocket. Strong binders (nhanomolar dissociation
constants) cannot readily be detected by CPMG and poor shimmingiv@aihe illusion of
resonance intensity decreasing causing false positives. CPMG has been used to screen compounds
against BRD7/BRD9%2BAZ2B,* BRD4 ¥3 and TRIM24184

A.
180°
T
B.
Li g Ligand
. igan ;
Ligand + Protein + Protein

+ Competitor

- L 0'

Figure 1.19. A) Standard CPMG pulse sequence. B) An example of a-pageCPMG
experiment. The black resonance isHeroton of a ligand, red is the resonance decreasi
intensity when binding to therotein and blue is the return in resonance intensity as a comg

is added Adapted with permission frolRomerantz W.C.K.Johnson J.A.Ycas P.D, (2019)
Applied Biophysics for Bromodomain Drug Discovery. In: Mai A. (eds) Chem
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Epigenetics. Topican Medicinal Chemistry, vol 33. Springer, Charhicense numbe
4892551227407
As a representative example, in a recent publication, wetHsE®MG NMR to probe the

binding interactions of a diacetylated H2A.Z peptide with BF*FFhe variant of histone protein
H2A, H2A.Z,is predominanthfoundin promoter regions of many genes. H2A.Z is expressed as
two isoforms, H2A.Z | and H2A.Z 1l, that differ by only one amino acid on theiefhinal tail
where PTMs are common, but thesefasms have different biological roletJsing H2A.Z
peptides, PrOF NMR was used to explore which acetylation patterns BPTF interacts with on both
isoforms of H2A.Z. The diacetylated peptide K7ac,K13ac gave had the strongest binding affinity
for H2A.Z | andH2A.Z 1l with K4 values of 520 uM and 310 uM respectively. To determine which
acetylated lysine, or if both, are contributing binding to H2A.Z 11, we empléfedPMG NMR.
An initial *H CPMG NMR binding experiment in which the protons of the methyl Kaspgare
observed, indicated one Kac seemed to be the main contributor to binding. However, the
assignment of the resonances to the Kac moieties was unKfrigune 1.20 A). A potent BPTF
inhibitor, TR238, was used in a competition experiment to ensureintieeaction is not a
nonspecific binding. To assign the resonances, peptides with deuterated methyl acetyl groups where
synthesized (H2A.Z Il K7ac,K13ads, H2A.Z 1l K7acds,K13ac). These peptides were used to
assign the downfield resonances as K13adlamdipfield resonances as K7&wgure 1.20 B. A
subsequent 1H CPMG experiment with H2A.Z Il K7ac,Kt8ashowed that K7ac is the main
contribute of H2A.Z 1l K7ac,K13ac binding to BPTFigure 1.20 Q.
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A H2A.Z Il K7ac,K13ac, 50 uyM

+ 20 uM BPTF B

H2A.Z Il K7ac,K13ac-d,, 50 pM C H2A.Z Il K7ac, K13ac-d,, 50 uM

MM H2A.: + 20 uM BPTF
+ 20 uM BPTF +25 uM TP-238 + 20 uM BPTF +25 uM TP-238
K7ac K7ac
K7ac
K13ac
201 2.00 1.99 202 2.00 1.98 2.02 2.00 1.98
ppm ppm ppm

Figure 1.20.Ligand-observed 1H NMR CPMG competition experiment evaluating H2A.
K7,13ac for BPTF binding site engagement. (A) Experimental spectra of the H2A.Z 11 K7
peptide alone (black) or with BPTF (red) or competitor-Z@8 (blue) are oveaktid (B)

Overlacid spectra of the H2A.Z 1l K7ac,13al peptide alone (black) or with the H2A.Z 1l K7,1
peptide (gray). The dashed line shows the alignment of the K7ac resonance. (C) Expe
spectra for the H2A.Z 1l K7ac,13al peptide alone (black) or with BPTIFe@l) or the BPTF
bromodomain competitor TR38 (blue) are oveaktid Adapted with permission fror®lson,
N.M.; Kroc, S.; Johnson, J.A.Zahid, H.; Ycas, P.D.; Chan,A.; Kimbrough, J.R.;Kalra, P.;

SchoénbrunnE.; PomerantzW.C.K., NMR Analyses of Acetylatd H2A.Z Isoforms Identify
Differential Binding Interactions with the Bromodomain of the NURF Nucleosome Remaoc
Complex.Biochemistry202059 (20), 1871188Q

1.7.2 Two-dimensional protein-observed NMR

Two-dimensional protetobserved NMR experiments identify the binding site and give
information on the key amino acids involved in binding interactions. Common experiments of this
type include'H-*N- or *H-13C-HSQC/HMQC experimentsH-*N-HSQC/HMQC monibrs the
protein amide backbone anth-*C-HSQC/HMQC experiments monitor isotopically labeled
protein methyl groups resulting in a simpler spectrum tPdiabeling. These experiments can be

lengthy, require large amounts of isotopically labeled proteid, give complicated spectra to
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interpret making them not ideal for screening large libraries of ligands. However, both methods
have successfully been used to screen for bromodomain inhibitors. For example, Hasvold et al.,
used'H-*C-HSQC to screef8,000 fragments in mixtures of 30 leading to a novel methyl pyrrole
inhibitor of BET bromodomain¥® Harner et al., screened 13,800 fragments against ADTAD2
using H-*N-SOFASTHMQC (Figure 1.21).*® More commonly, an assigneH->N'HSQC
protein spectrum is used to characterized binding of known hésidin hit development®’ This
method isespecially useful to identify the binding site and key amino acids wherceystal
structure cannot be obtaineddditionally, 2D-NMR methods have been used to study the
interaction between bromodomains and acetylated histone peptide fffHités an example,
Ferguson et al., uséH-®N-HSQC chemical shift and CLEANhemical exchange experiments to
determine hot spot amino acids itwexd in the native interaction between H3K14ac and BAZ2B.
Multidomain proteins have also been studied'Hy">N-HSQC NMR with chemically defined

nucleosome&*

A. B.
- 5| < - o
g l:‘n - .*E— Z O
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Figure 1.21. Example overlays of 2INMR spectra. Blue ovals emphasize shifts of pro
resonances when a ligand is (red) and is not (black) present in the s@ipe 15N SOFAST

HMQC for ligand discovery ATAD2. Adapted with permission fretarner, M. J.; Chauder,.E
A.; Phan, J.; Fesik, S. W. Fragmdased Screening of the Bromodomain of ATAD2Med.
Chem.2014,57, 96879692.Copyright 2020. American Chemical Society.

1.7.3 Protein observedfluorine NMR (PrOF NMR)

Proteirobserved fluorine (PrOF) NMR is an alternate protiserved method that is fast
and gives simple spectra to interpret. For PrOF NMR, bromodomains are fluorine labeled by
biosyntheticincorporation of fluorinated amino acids. Fluorine is an idddR reporting atom,
because it is the second most sensitive stable NMR activeus (g% compared téH), its
hyperresponsivenes$s change in its environment evident by its ~400 ppm chemical shift range,
19F is 100% isotopically naturally abundant, ghabrine is not present in biomolecules, resulting

in no background sign&t>% PrOF NMR experiments with bromodomains are fasi (gin with
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50 uM protein on a 80 MHz instrument) when cryprobes are used and the chemical shift
perturbations are reproducible making it a good method for scre¥iadditionally, having

multiple fluorine labels allows for monitoring of protein behavior and assessment of where small
molecules are binding to the proteffigure 1.21).

Binding Site

+——>

S |
J 2 W75 W120

N

19
F (ppom)
Figure 1.21. An example of fast chemical exchange PrOF NMR binding experimenBRiiiv

D1. A change in chemical shift of W81 (the W closest to the binding site) is observed be
a sample withjust protein (bottom spectrum) and protein + ligand (top spectrum). W1
located far away from the binding site and is thus not disturbed. PDBID 3@&apted with
permission fronPomerantz W.C.K.Johnson J.A.Ycas P.D, (2019) Applied Biophysics fol
Bromodomain Drug Discovery. In: Mai A. (eds) Chemical Epigenetics. Topics in Medi

Chemistry, vol 33. Springer, Chaticense numbe&8925512274Q7

A strategic choice of which amino acid will be fluorine labeled is ndd¢deeep PrOF
NMR spectra simpleAromatic amino acids are enriched at the bromodomain binding interface but
not prevalent throughout the rest of the prot€int® Thus, noanatural amino acids such as 5
fluorotryptophan (5FW), 3luorotyrosine (3FY), or 4luorophenylalanine (4FF) may be
incorporated as sensitivBMR reporter side chaingFigure 1.22). Expression of proteins
containing nomatural amino acids commonly involves the use of auxotrophic cell lines that lack
the machinery to biosynthesize specific amino acids. With no natural amino acid availalgks the c
incorporate similar nomatural amino acid derivatives. While there are cell lines auxotrophic for
tryptophan, the nonatural amino acid 5FW is expensive ($121 for 25 mg, Sigma Aldrich). A
different method makes use of the natural bacteria Shikibiasynthesis pathway for aromatic
amino acids to incorporate 5Fiigure 122).1°In this method bacteria are supplied the precursor

5-fluoroindole which is converted to 5FW via the tryptophan synthase. This method does not
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require auxotrophic cell lines and uses an inexpensive starting matéiiabibdole ($58/g Sigma
Aldrich). A common protocol for the expression of fluorinated bsdomains is shown iRigure

1.22. Expression begins by growing auxotrophic or 4aaxotrophic cells lines in a nutrient rich
broth. Prior to the induction of protein express, the nutrient rich meedieismngednto a defined

media devoid of the amino to be labeled. Switching the media cuts off the natural amino supply,
forcing the bacteria to incorporate the fluorinated varianthe case of using an auxotrophic cell
line, the desired fluorinated anti acid is added to the defined media. For-aoxotrophic cell
labeling of 5FW, Hluoroindole is added to the defined media. The resulting fluorinated protein
can be characterized via LS and gel electrophoresis.

Auxotrophic cell line or non

auxotrophic cells 3FY o
- 5FW, 3FY or 4FF
F S5FW OH  AFF labeled BRD4(D1)
. o
{\ \ U
=7 T oA
HN NH

Protein
Expression

Media Exchange into
defined media

5-fluoroindole

—0
© o
0,P erine
R HO ? R serine H,0 o

N N\ / R —
Qf()ll \: D} Tryptophan \©\>
N

Glyceraldehyde H Synthase H
3-phosphate Tryptophan or
R =H, indole SFW tryptophan

R, SRmdole Final Steps of the Shikimate pathway

H

Figure 1.22. General scheme for sequence selective incorporation of fluorinated aromatic
acids. PDB 3UVX.

A 2015 paper by Urick et atlescribeda screening platform that takes advantage of the
strengths of PrOF NMR, DSF, FP and ITC to identify hits, rankrdnds, and characterize binding
affinity for compounds targetingRD4 D1and BPTF-*! An advantage of PrOF NMR over ligand
observed NMR methods is the ability to screen two proteins in the same experiment (single NMR
tube) because the PrOF NMR spectra are simple, essentially completing two screens at ance. Dual

protein PrOF NMR screens givedonodomain selectivity information at the onset of the inhibitor
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discovery process. The HSQC analog of this experiment, RAMBEINMR was previously
described by Zartler et #°

When choosing an assay method, discrepancies between different biophysical methods in
identifying and characterizing a binding event can be a concern. Urick et. al. screened the same 930
compound fragment library against BRD4 using B6tlCPMG and PrOF NIR to investigate the
correlation between the liganand protein observed method8.An 85% assay overlap was found
for PrOF NMR andH CPMG NMR competitive hits. This result indicates that under the assay
conditions used, the assays show a good correlation. Additionally, the authors showed rank
ordering of hits via DSF and ITC is consistent with rank ordering of hits by PrOF NMR.yfinall
Kqvalues determined by PrOF NMR and ITC were compared. A variation -@f. 1 4 Ky value
indicates a good correlation between the assaysddetermination.

1.8 X-ray crystallography

Crystallography is a powerful structural biology tool that haed in the development of
bromodomain inhibitors. Crystal structures provide a complete,-tineensional illustration of
the arrangement of all of the atoms of the protein and bound ligarcty€tal structures provide
information on binding site, bindingose, types, and locations of binding interactions. These co
crystal structures also provide guidance for potential ligand protein interactions with newly
designed ligand derivatives to increase potency. Many bromodomain inhibitor campaigns use
crystallogaphy to guide analog synthesis and to characterize the binding of their final inhibitor.
2012045creening byerystallography has been done to discover bromodomain inhiffitot$.For
example, Ember et al., screened 581 compounds adgidt D1 resulting in 14 cecrystal
structures. In addition, both apo and-argstal structures of bromodomains have enabled
improvements foin silico screening and docking meti®(see section 3.1 A total of 953 crystal
bromodomain crystal structures are published with 57% of the bromodomains having at least one
structure Table 12).

Table 12: Crystal structure information of human and flaman
bromodomains Adapted with permission from Pomerantz
W.C.K., Johnson J.A.Ycas P.D. (2019) Applied Biophysics f

Bromodomain Drug Discovery. In: Mai A. (eds) Chemi
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Epigenetics. Topics in Medicinall@mistry, vol 33. Springer

Cham License numbe#892551227407

Bromodomain | Number of | Apo/Holo Holo PDB
Structures | PDB entry entry
ASHI1L 1 3mgm NA
ATAD2A 43 4tu6 atte
ATAD2B 1 3lxj NA
BAZ1A 1 5Uiy NA
BAZ2B 268 5pen 518U
BPTF 4 3uv2 NA
Brdl 300 5pai 5poa
Brd2(1) 19 NA 3yek
Brd2(2) 35 5ibn 5U6v
Brd3(1) 2 3591 ole5
Brd3(2) 6 2001 3592
BRD4 D1 157 3lyi 3mxf
Brd4(2) 20 NA 3oni
Brd7 2 NA 5mql
Brdo 30 4yy4 5iy7
BRDT(1) 6 2rfj 4flp
BRDT(2) 1 2wpl NA
BRPF1B 1 4ic2 NA
CECR2 2 3nxb 5v84
CREBBP 66 4ouf 5i89
EP300 4 NA 5NUS
GCN5L2 2 3d7c 5mlj
PB1(1) 1 3ui5 NA
PB1(5) 14 390j 5Th8
PCAF 18 3993 5ivg
PHIP(2) 8 3mb3 5enf
SMARCA4 4 2grc 5dkd
SP100 12 4ptb 5pwc
TAF1(2) 8 3uv4 5mg?2
TAF1L(2) 2 3hmh 5igl
TRIM24 16 3033 5h1t
TRIM33A 5 3u5m 5mr8
WDR9(1) 1 3get NA
ZMYND11 4 4ns5 NA

*Numbering in parenthesis indicates the order of the

bromodomain from the Kerminus of the protein. NA indicates
the structure is not available. Current as of December 2018.
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Although arguably a powerful biophysical method to stuslpmodomains, xay
crystallography is not without challenges. First, crystal structures represent a static picture, not
capturing the dynamics of proteins in solution. Second, unlike many biophysical methods, the assay
conditions are highly dependent dretprotein. It can take months to years to develop conditions
for crystallization and these conditions may not be transferable between bromodomains.
Furthermore, conditions that give diffracting crystals for apo structures may not be suitable for
crystallization with a ligand. Finally, crystallography is material, time and financially intensive.
Large quantities (305 mg/mL) of pure and concentrated protein are needed. Protein preparation,
scoring crystals, cryprotecting crystals, data collection andad@rocessing require a trained
researcher. Time at a synchrotron or homrayksource and crystallography tools are additional

infrastructure needs.

1.9 Preface to thisdissertation

The following chapters describe my work on evaluating the use -@8idhed fagments for
targeting bromodomains, the creation of a new screening workflow, and the development of a
biosynthetic method to makeffdiorotryosinein cellulo. Chapter 2 is published work and describes
a 3Denriched fragment screen with BRD4 D1, a modetgin) and subsequent analysis of pros
and cons of using 3@nriched fragments for targeting bromodomains. Chapter 2 also includes a
vignette on the use of tiazepanes, a highly 3tbagment from the aforementioned screen, to
target BRD4. Chapter 3 daibes an integration of PrOF NMR afrd CPMG NMR into a
screening workflow that allows for the facile screening of two proteins in tandem against a mixture
of ligands. Chapter 4 describes unpublished work towards engineering a system for using tyrosine
phenol lysase to produce various fluorotyrosines from fluorophenols for use in PrOF NMR. Finally,
Chapter 5 describes published and unpublished work usiag erystallography to analyze ligand

binding modes of bromodomain inhibitors from the Pomerantz lab.
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Chapter 2

Evaluating the advantages of using 3&#nriched fragments for targeting
BET bromodomains

Reprinted with permission frodohnson,.A.; Nicolaou,C.A.; Kirberger,S.E.;PandeyA.K;
Hu, H.; PomerantzW.C.K., Evaluating theadvantages of using 3@nriched fragments for
targeting BET bromodomain8CS MedChem Let 201910(12), 16481654 Copyright 2@0

American Chemical Society.

Motivation

The goal of the work described in this chapter is to determine whether incorporaticeofidied
fragments into screening libraries is beneficial for targetmagnodomais. 3D-enriched fragment

use is highly debated and understudied so | sought toucbrdthorough analysis and direct
comparison of a 2fnriched and 3fnriched fragment screens against BRD4 D1. This first
subchapter of this work was a collaboration with Christos Nicolaou and Haitao Hu from Eli Lilly

Corp.
2.1 Introduction

Fragmentbased ligand discovery (FBLD) programs are vesliablished in both academic
and industrial settings. Three FDA approved drugmurafenib,erdafitinib, andvenetoclax
originated from fragment screens and illustrate that FBLD is useful for taggetiious classes of
proteins including protenprotein interactions (PPISFFBLD screening takes advantage of libraries
that have less complex compounds (MW < 300 g/mol) tatdfely sample chemical sp&cand
thus reduce library sizes needed for screens. Fragment screens often have higher hit rates than high

throughput screens and are therefore usedrfitein ligandability analysée$.2”
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Although chemical probes and drugs have amplecB&racter, traditional fragment
libraries are comprised of flahighly aromatic compounds, which we refer to here as 2D
fragments® *®Interest in evaluating more diverse,-8Dricted fragments for increasing diversity
within fragment libraries has emerged, although the potential advantages are still 8g&tett:

209 With the increase in complexity, there is concern thateBibched fragments will reduce
screening hit rate¥.In contrast, in a retrospective analysis, AstraZeneca found that roughly half of
the hits in three of their PPI campasgmad significant 32haracter, and these hits more effectively

fill the PPI binding pocket than flatter fragments. Based on these findings, they recommended a
balance between 3and 2Dfragments to efficiently sample chemical sp&ddowever, a broad

claim of the usefulness of 3énriched fragments against PPIs is difficgien the varied size,
plasticity, and shape of PPI interfadésHere we evaluate the benefits of using-@miched
fragments for targeting bromodomains, a PPI cldgherapeutic value, with more defined but
highly similar binding site$:°

Of the 61 human bromodomairtke bromodomain and exttarminal domain (BET)
family are the most studied. Each protein (BRD2, BRD3, BRD4, BRDT) has tteynNnal
bromodomains (D1 and D2). Aberrant levels and activity of BET bromodomains has been
associated with many diseases inahgdcancer, inflammation, and heart diseaséchieving
selectivity amongst the BET family bromodamshas proven challenging. As such, the majority
of bromodomain inhibitors are p&ET inhibitors including those developed from fragment
screening.

We describe here the results of a 4®mpound 3Benriched fragment screen against
BRD4 D1 BRD4 Dlis a suitable model system for analysis because it is highly ligadtfarid
is suitable for crystallization to analyze fragrhdanding modes. Additionally, it represents a

selectivity challenge due to the similarity in binding site between BET bromodomains.

2.2 Results anddiscussion

We previously conducted an NMbBased fragment screen agailB$tD4 D1 using a
traditional fragnent library facilitating a more direct comparison with this wdfkPrior to
screening with our new 3Bnriched fragmenibrary, we analyzed the chemical diversity of our
prior library based on plane of best fit (PBF) and fractioh(Bgp) (Figure 2.1) to describe
fragment shapeliness. Fip the number of Sgenters/total number of carbons atoms 2Esp be
misleadingas compounds with a high Fgfnaracter can be flat and vice versa. PBF is the average

distance of a nehydrogen atom from a plane drawn through the compound such as to minimize
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the averag& AstraZeneca defined 3Bompounds as compounds with a AB8.25% We chose

a more stringent cutoff with a PBFO.3.

A.
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045 e o Proprietary Hits

« 3D-enriched Library
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Figure 2.1 A) PBF and Fspcomparison of the 3@nriched library and the proprieta
traditional fragment library fronrick et al?*2and hits(B) Plane of Best Fit (PBF) analysis

3D-fragmentl, and a more 2Bragment,2.

Analysis of our prior fragment screen by Fapd PBF showed our previous library and
fragment hits to be relatly flat with an average PBF of 0.26 and 0.17 and Bs{82 and 0.143
respectively, consistent with many traditional fragment librafiee average PBF and Esi our
current library were 0.46 and 0.451 respectively. Tous,3D-enriched library is amprised of
fragments that have more 3faracter than traditional fragment libraries but is not solely 3D
fragments to ensure library diversity.

To evaluate if a trend towards identifying fRRD4 D1 ligands in screens versus more
3D-enriched fragments was consistent within a broader context, we compared fragments from our
prior screen to fragments reported in the PDB for BRDA4. In this case, the PDB fragments possessed
more 3Dcharacter with an averad®BF of 0.36. These analyses provided further motivation for
evaluating a 3Benriched fragment library targeting BRDA4.

Our prior screen used ligamubservedH CPMG NMR to identifyBRD4 D1ligands using

our proprietary traditional fragment libraf¥?.Proteinobserved fluorine (PrOF) NMR3*was used
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as a followup assay, with 85% agreement between the two assays. Here we use the same screening
methods allowing for an accurate comparisércompetition'H CPMG NMRassay using pan

BET inhibitor (+)}JQ2??was also conducted to guard againstégositives. From our screen, 34
competitive and 11 neaompetitive hits were identified. The neompetitive hits were tested by

PrOF NMR assay, but gave no response indicating they werelik€¥?MG NMR false positives

and not allosteric binders.

In comparing the two complimentary biophysical assays, there was a 14% (5 hits)
discrepancy between thid CPMG and PrOF NMR assay, a phenomenon also observed by Urick
et al?'2In IH CPMG NMR, hits that give a 2B0% resonance intensity decrease are generally
considered weak hits. Two of the five hits fall into this category and may not be detectable by PrOF
NMR or may béH CPMG NMR false positives. However, there were three sfitdigPMG NMR
hits with responses of 7000% that did not show binding via PrOF NMR. One stror@§47
resonance intensity decrease) and one weak (30% resonance intensity d4d¢ré&izs NMR
hit that showed no binding via PrOF NMfRdwere tested in a fluoseence anisotropy assay to
probe the discrepanci¢d-igure 2.2). An additional thiazepane fragment that was not a hit in the
initial screen but was included in a follow up PrOF NMR screen that surprisingly showed no
binding was included-or the weak hitpo binding was observed when assayed with unlabeled and
5FW-labeled protein indicating that it is'td CPMG NMR false positive. For the strold CPMG
NMR hit, binding was observed when the assay was done with unl@i[24 D1and no binding
observed wh 5FW-BRD4 D1 (Figure 2.2). This indicates that the fluorine atom may be
precluding binding resulting in a PrOF NMR false negative.
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Figure 2.2. A)Competitiorfluorescence anisotrofynding isotherms of various fragments w
unlabeled and 5FVBRD4 D1. B) Direct binding and competition isotherms of 31 with
unlabeled and 5FVBRD4 D1gave similar k and 1Go values

PrOF NMR was subsequently used to determine the affinity of competitive BRDd
D1. An advantage of PrOF NMR oviéi CPMG is the ability to obtain &alues for weak binders
to rankorder compounds. Using PrOF NMR, we determined selectivity against bromodomains
BRDT D1 and BPTF. BRDD1 is a BET family bromodomain closely related®BD4 D1and
thus a stringent test sa for selectivity. BPTF is a ndBET family | bromodomairi? BRD4 D1,

BRDT D1 and BPTF have a tryptophan near the acetylated lysine binding site in the WPF shelf
which was!'*F-labeledfor PrOF NMR Figure 2.1.3).
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Figure 23. A) Example PrOF NMR titration ol with BRD4 D1 (right). B) and C) are
representative single point PrOF NMR spectra widtgainst BPTF (left) and BRDID1 (right).

With corresponding protein structures and locations of the 5FW labels. D) Fragment

PrOF NMR titrations revealed a range of affinities from 1mM to mM for competitive
hits (Table 21). The Ky for two of the hits was unable to be determined due to poor solubility and
protein behaviorTable 22 shows the fragments with the highest affiniBy( 1). Hits 4 and5
have ligand efficiency 0.3, a benchmark for evaluating fragments as potentidé feHowever,
the fragments were tested as racemates. If the affinity was imprefadd 2ssuming only one

enantiomer binds], and6 have ligand efficienciek 0.3.

Table 2.1 Distribution of hit affinities and selectivities

Affinity of Hits ( uM) Number of hits
Kq < 100 5 (15%)
100 < K4< 300 5 (15%)
300 < K< 600 4 (12%)
600 < Ky < 1000 6 (18%)
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Kq> 1000 6 (18%)
Bind via'H CPMG but not PrOF 0
MR 6 (18%)
Unable to determine 2 (6%)
Proteins Hits Bind
BRD4 D1 11 (32%)
BRD4 D1, BRDT D1 9 (26%)
BRD4 D1, BPTF 4 (12%)
BRD4 D1, BRDT D1, BPTF 10 (29%)
Table 22. Select NMR screening hits and SAR Foltog!
BRD4 D1
BRD4 PrOF BE?SFDl
(D1)*H NMR Kg NMR K
Fragment Structure CPMG (%) (uM), PBF | Fragment Structure M) d
resonance (Ligand (I(_tll ar; d
decrease Eﬁic;ency Effic?ency)
17 o 230 (0.28,

o]
3 \OQHX}N‘% 100 37 (0.29) 0.44

4 HN 100 44(0.31) 0.70
\Cfr}:o
HoN N

5 @Lj 0.49 50 (0.36) 0.22

oy 9 60 (0.27,
2 R 2D 100 026 | 021
0 o
)‘L/\/O ?
~o 82 (0.29,
6 100 031y | 000
.9 o
(\N (N
7 /["\))\E:H 32 250 (0.28) 0.72
OH
8 Q\,ﬂ H 100 250 (0.25) 0.86
N.N/ T
0 270 (0.23,
9 s 83 025) | 053
YO,
)& S 290 (0.28
S. . )
1 o w 100 0.31) 0.69
S
[o]
10 P - 34 610(0.23, 4 74
'l 0.25)
-

11 DA'O\O‘ o 58 910 (0.19) 0.50

/\O/U\Q_@ 0.3)
n O e

o
UN 270
~~o” "N (0-261
19 O@ 0.28)

s 330,
20 D)L L (026029
[o]
)1 X s 510 (0.3,
Y 0.33)
o
s 580 (0.26,
22 ‘/LQﬂ 0.28)
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I
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|
N_N__O o X
12 \[N/]/ \QN{O 33 960 (0.25) 0.57 27 NK,/\ : NB
S
X N
13 jﬁru e 100 & 0.56 28 N NK/S 5 NB

o
14 @\/j*o/\ 42 * 0.29 29 s NB
T

28 * 0.28 30 <N s 32 +30

o
15 MHNNWN\/ K/s Q

H 0.63
NB is no binding, ND = not determined. * = hit Vil CPMG but not PrOF NMR, & = nc
soluble at high concentration. Tlialic value represents the ligand efficiency if only ¢

enantiomer bindsKqrepresents the average value of three experiments.

A single point PrOF NMR assay of hits agaiBRDT D1 and BPTF was done as a
preliminary selectivity assessment. A chemical shift change > 0.03 ppm at 400 uM fragment
constituted binding as previously establish&d:he majority of hits (23, 62%) bourBRDT D1
and/or BPTF (Table 2). However, 10 (29%) only boBRD4 D1(Table 21, 7,10-16, Table 22).

The hits that were selective f@RD4 D1over BRDT D1 and BPTF were tested viel CPMG

NMR against a third BET bromodomain, BRD4(DZ)had the highest selectivity with only a
minimal effect on BRD4(D2]Table 2.3. Together, these fragments represent BRDdctigk

leads. Having selectivity at the start of the inhibitor development campaign could be used in the

future as scaffolds for lead generation for isoform selective inhibitor development.

Table 2.3.BRD4(D2)H CPMG NMR with selective hits

BRD4 BRD4 D1 Bind Bind BPTF  BRD4
(D1)H PrOF BRDTDL 00" (D2)1H
Fragment Structure CPMG (%) at 400 uM ’ H CPMG (%)
NMR Kg - via PrOF
resonance (um) via PrOF NMR resonance
decrease NMR decrease
(o]
P 5
1 e N 100 290 + NB 100
o o
S
7 32 250 NB NB 27
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N
10 N Q@ 34 610 NB NB 79
11 M*Q o 58 910 NB NB 57
Yo) Z

o]

12 /"\["\]/"\CW\( 33 960 NB NB 76
N

13 y A 100 & NB NB ND
LW
14 @fj*o/\ 42 * NB NB 100
N
H

[o]
15 A u/\’nmn\/ 28 * NB NB 35
T
o O,
16 /O\JLHK/CU 30 * . NB 52
NB

NB is no binding, ND = not determined. * = hit Vil CPMG but not PrOF NMR, & = nc
soluble at high concentration.

The 3Denriched fragment screen resulted in known bromodomain inhibitor scaffolds but
also revealed unexplored chemical matter for bromodomain inhibitors. For example, ureas such as
3,9, Dand13have been reported to bind bromodomatAddditionally, the pyrazole motif i
and8 and the pyrimidine id5are found in bromodomain chemical probes, BIE&R, CPF6372%°
Alternatively, one underrepresented scaffold in fragment libraries, is the -swmberd
thiazepane fragment Giordanettoet al. recently noted a lack of severembered ring fragments
in screening libraries and recommended their inclusion for increasing divétsity.

The nonrring-fused thiazepanéramework has not been reported as a bromodomain
inhibitor scaffold. Thus,1 is of interest because it bears the same seambered ring as
benzodiazepines and benzodiazepinones such asIQ@y? and (CP637)1"® privileged
bromodomain inhibitor scaffolds, but can access wider conformational space. Further supporting
the lack of exploration of thiazepanes is the absence of literature reporting a high yielding synthesis
for library generation. Thus, waecided to do a structugetivity-relationship (SAR) by commerce
study with moleculed.7-29 to investigate the thiazepane scaffold. An optimized synthetic route
will be reported in due courg8ubchapter of 2 below)

In addition to defining the stereochma importance, there are four main areas for SAR
with thiazepanel to tune affinity and selectivity; the aromatic group, the oxidation state of the

thioether, the acetylated lysine mimic, and the stereocenter at positibabi (2.2. Using
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commercial fragments, a range of affinities BiRD4 D1were determined (K= 230-2600>M).

The initial SAR was sensitive to the size and type @dyl group. Fragmen®3 and29 indicate

that large groups on the acetylated lysine mimic are not tolelatedmediatesized acyl groups
were preferred including ethyl carbamat&g, (19 cyclopropyl amidesl() and cyclobutyl amides
(20). When the position of the nararbonyl oxygen is moved from the carbamiddo the ether

27, binding is abolished. Thimay be due to the decrease in hydrogen bond accepting ability of the
amide. The smallestdshethyl amide fo21, bound weaker (K= 510>M), but maintained a high
ligand efficiency of 0.3 and selectivity. No binding was detected foBRBT D1 bromodomain

or nonBET BPTF bromodomain by PrOF NMR. The cyclopropyl argdataining thiazepane,

22 showed similar selectivity, but a reduced ligafficiency.

We next evaluated the thioether oxidation state by comparing the affinitlés 1of, and
24. Comparison ofL7 and26 shows oxidization of the thioether to the sulfone precludes binding.
At the intermediate oxidation state, sulfoxi@d# 24b), only one set of diastereomers biBiRD4
D1 (24a Kq = 2600>M), albeit weakly.

In contrast to the more robust SAR of the nitrogen acylation state, the effects of different
aromatic rings on binding were less significant. Whenabetylated lysine mimic is an ethyl
carbamate or cyclopropyl amide various aromatic rings, including thiophenes, furans, and phenyl
groups {, 17, 18, and19) bind with similar affinity (ks = 230280>M.) However, only a limited
set of analogs were studied

To study how the thiazepanes eng&irD4 D1, we obtained a corystal structure ol
and18(PDB ID: 6UWX and 6UVM respectivelyJigure 2 4). For bothl and21the S enantiomer
crystallized Figures 2.5, 2.6). The carbonyl of botlthiazepanes serves as the acetylated lysine
mimic, anchoring binding through a hydrogen bond to N140 and a-wai@iated hydrogen bond
to Y97 (Figure 2.4a). The carbonyl ofl and18 overlay well with the native acetylated histone
H4K5acK8ac Figure 2.7).1" The aromatic ring of the thiazepanes approaches the WPF shelf
making hydrophobic interactions. In comparing the binding posdécthe parBET inhibitor (+)

JQ1, the fimember rings are in different locations in the binding pockébgiwsight into possible
vectors for future SAR. The ethyl carbamatel @xtends deeper into the binding pocket than the
methyl of (+}JQ1 Figure 2.4b). The thiophene of thB-enantiomer ofl has the same vector as
the chlorophenyl group of (®9JQ1 extading towards the WPF shelf. Future analogs can be

designed based on this aromatic ring.
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Figure 24. A) Key interactions ofl with BRD4 D1 PDB 6UWX. Structured waters al
indicated as red spheres. B) Overlayl ¢gray) with (+}JQ1 (cyan). C) Key interactions 80
with BRD4 D1 PDB 6UVJ. D) overlays df (green) an®0 (purple).

Figure 25. A) Two views of electron density when theeSantiomer ofl is fit. B) Two views
of electron density when the-éhantiomer ofl is fit.
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Figure 2.6. A) Two views of electron density when theeBantiomer o1 is fit. B) Two views

of electron density when the@hantiomer o1 is fit.

Figure 2.7. Overlays of the crystal structureslof), 21 B) and30 C) with the PDB BRD4
cocrystal structure of H4K5acK8ac. PDB = 3UVW

Given the potency of intermediasized acyl groups and the selectivity of the methyl
amide, we tested a final analoglofvith a shorter methyl carbamag®). This compound was not
commercially available, but could be obtained through modification ofithasis by Wamhoff et
al?'"to yield the racemic product. We tested the bindingGtfo BRD4 D1by PrOF NMR and
found it to be our most potent and ligand efficient compound with @ B2>M and 0.39 ligand
efficiency. The enantiomers were separated; enanti¢d0, contributed the most significantly
to affinity with a Ky of 20>M, (LE = 0.40) wtereas the other enantiomét)-30 bound 16fold
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weaker. Cecrystallization of30 (Figures2.1.4c, d; 2.1.8), showed th&enantiomer to bind, which

we tentatively assign te)¢30agiven our binding studies. The overlay3ffwith 1 indicates that

the methyl carbamate does not extend as deeply into the hydrophobic binding pocket and may thus
not suffer as much of a desolvation penéfigure 2.1.4d). The reduced number of rotatabtends

may also account for the increased affinity.

Figure 2.8. A) Two views of electron density when theeBantiomer oB0is fit. B) Two

views of electron density when thedRantiomer oBOis fit.

Finally, we tested the selectivity &0, (+)30 and (-)-30 against a broader panel of
bromodomainsTable 21.4). For the most similar bromodomailBRDT D1, a moderate 4old
selectivity was measured, No binding was detected foilBiE&hhuman bromodomains that contain
a WPF shelf, including PCAF, CECR2, and BPTF. Weak affinity was measured foshamam
bromodomain, which also contains a WPF sHeiGCN5, Ky = 310>M. Together, these results
based on selectivity and affinity, support the thiazepane as a new scaffold lead targeting BET

bromodomains.
Table 2.4 Binding affinities of30, (+)-30, and(-)-030for a panel for bromodomains.

Fragment Protein Kd (uM)

30 BRD4 D1 32 +- 307

(-)-30 BRD4 D1 20 ++ 42
(+)-30 BRD4 D1 320
(-)-30 BRDT D1 83
(+)-30 BRDT D1 270
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30 BPTF NBP

30 PCAF NB®
30 PIGCN5 310
30 CECR2 NB®

@ This Kdrepresents the average value of three independent experifiNentinding observed at
400 ¢M fragment:No dindi @ag0O®bpemyyed at 250 &M f
Having established a selectivity and affinity analysis, we compar&DHeariched screen
to our prior fragment screé#. Giventhe concerns of a low hit rate apdtential liabilitesof 3D-
enriched fragments for targeting bromodomains, a hit rate comparison samthBBis of hits was
done. Uricket al.?*2used liganebbservedH CPMG to screen 930 fragments agaiBBD4 D1
To ensure a rigorous hit rate comparison, siegeeening method, screening conditions, and
definition of a hit were adopted for the &Driched fragment screen. To our knowledge, this is the
first direct comparison of traditional to a 3friched library using the same assay and same protein
target. Asanticipated, increasing the complexity of the fragments vial3®yacter resulted in a
lower hit rate than a highly 2Bnriched library. The overall hit rate for the traditional fragments is
two and a half times that of the 3riched fragments, 25% ad@% respectively. The ratio of
total hits to competitive hits was similar with competitive hit rates of 20% and 7% for the traditional
and 3Denriched screens respectively. Although lower than the traditional library, the 7%
competitive hit rate remainsdt giving 34 competitive hits to followp. The lower hit rate may
be affected by the higher average molecular weight of our library (241 g/mol vs 180 g/mol, Table
S2). Therefore, this reduction in hit rate is a conservative number. These results thdidatere
3D-enriched fragment screens against bromodomains may not necessarily suffer from low hit rates.
An analysis was further carried out to explore thecBBracter of the hits of both the 3D
and traditional screens compared to the overall §brAnalysis of the 3Benriched and the
proprietary library confirmed a difference in library shape composik@u(e 2.9). Due to a wide
range of values, the average ¥apd PBF are within the standard deviation of each offadlé¢
2.6). However, as siwn in the box plot and calculated via the nonparam&teari Whitney
Wilcoxon (MWW) test, the distributions of PBF between the traditional proprietary library and 3D
enriched library are different, with the proprietary library being enriched inHDacer. The 3D
enriched hits are similar in overall 3haracter of the entire librarfigure 2.9b). These results
indicate that the hits are not selecting for 8D2D-fragments but are a representative sample from
the overall library. In contrast, the proprietary hits are moree@iiched than the overall library.
When we compare these results to analysis of the PDB fragment hits for BRD4, we find that
both our 3DBenriched library composition and the resulting fragment hits are more- three

dimensional than those in our PDB search (average PBF: 0.36 vs. 0.44). However, the PDB
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fragment hits cover avider diversity of fragment shapeliness, supporting the argument for
increasing the diversity of 3agments in libraries for bromodomain targeting, but not at the

expense of more 2dagments.

A — Nean B.
Median
PR . Same p-value
0.75+
PBF Distribution Comparison Distribution  (MWW)
050 3D-Enriched Library vs Proprietary Library no 22107
1 3D-Enriched library vs 3D-Enriched Hits yes 0.58
0.26 Proprietary Library vs Proprietary Hits no 0.0007
0.254 : PDB vs Proprietary Library no 28*107°
PDB vs 3D-Enriched library no 0.0035
0.00 1 :
A & I
) \@' @ . A <
Q"‘\é&@ Q‘;\e & & e}‘(\be é‘&c\
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(OF X Q( \50 “)O P n)o’ \j\oﬁ

Figure 29. Summary of PBF distribution of the 3[@and D-enriched libraries, and BRD<
binding fragments (MW < 300 g/mol) in the PDB. A) Boxplot showing the distribution of |
Average PBF values are black. B) Quantitative results of the Mémtney-Wilcoxon (MWW)
test showing the differences in PBF

Table 25. Propriety and 3Eenriched fragment library comparison

Average Value off  3D- 3D- roprietar roprietar
various enriched a enriched G P LiFE)rar G P F;]its G
properties Library hits y y y

number of C=0| 0.854 | 0.645 1.139 0.630 0.421 0.607 0.384 0.528

molecular weight| 241.430 | ®392 | 267.081 | 28.207 | 180.086 | 33.644 | 186.560 | 30.661

number of atoms| 16.682 | 3.709 18.611 1.990 19.45 2.313 13.053 2.119
number of rings 2.000 0.730 2.222 0.583 1.675 0.486 1.779 0.427

number sp
carbons (csp)

fraction sp3
carbons (fsh 0451 | 0.117 | § 50g 0.066 0.182 0.160 0.143 | 0.092

fraction sp
carbons to
number of carbon
atoms fccsp

7.380 2.068 7.361 1.718 2.273 2.033 1.858 1.271

0.642 0.153 0.574 0.097 0.274 0.238 0.216 0.142

number of

3.607 1.940 4.139 1.512 1.484 0.971 1.484 1.055
rotatable bonds

number of 4.897 | 1.495| 5.806 1.287 4.100 1.129 4084 | 1.043
heteroatoms

aromatic density| 0.258 0.159 0.320 0.129 0.571 0.243 0.648 0.174
H bond donors 1.240 | 0.806 0.972 0.726 1.306 0.988 1.200 0.969
H bond acceptors  4.337 1.413 5.333 1.269 3.550 1.078 3.532 0.916
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ClogD 0.999 1.185 1.249 1.031 0.895 1.115 1.167 1.026
PBF 0.462 | 0.173 0.440 0.220 0.239 0.225 0.167 0.205

Finally, the 3Dcharacter of the hits with the highest affinity and selectivity were analyzed.
With PBFs ranging from (] to 0.86 8), there is no correlation between affinity and-&Earacter.
As with affinity, there is a range of PBF values for BiRD4 D1 selective hits from 0.20.76.
However, only two hitsl4and15, have a PBF below 0.3, indicating that most of the selective hits

have substantial 3Pharacter.

2.3 Conclusion

In conclusion, we have completed a-8Briched fragment screen agaiBstD4 D1 A
range of affinities and selectivity amongst hits were observed. The hit rate was lower than a 2D
enriched fragment screen, along with lower ligand efficiencies. However, there were several novel
hits with a significant level of selectivity agairsimilar BET bromodomains. Because the binding
site is conserved amongst bromodomains, the hit rate is likely to be similar for futergigdbed
fragments amongst highligandable bromodomains. Readily diversified scaffolds with seven
member rings sut as the liganefficient thiazepane30 that are not likely to be present in
traditional screening libraries were also identifféd® Finally, despite our prior screen, which led
to flat fragment hits, hits were not enriched for 2D offBigyments. Taken together, we recommend
including 3D-enriched fragments into bromodomain fragment screening libraries to gain access to

underexplored scaffolds for inhibitor development.
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2.5 Future Directions

Exploration of the 1,4thiazepane scaffold as a 3f2nriched fragment scaffold for targeting
bromodomains

Part of this work is from the published article listed below
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Reprinted (adapted) with permission frétandeyA.K.; Kirberger,S.E.;JohnsonJ.A.;
Kimbrough,J.R.;Partridge D.K.; PomerantzW.C.K., Efficient Synthesis of 1. Zhiazepanones
and 1,4Thiazepanes as 3D Fragments for Screening LibraDiemnic Letter202022 (10).
Copyright (2020) American Chemical Society.

2.6Improved synthesis of 1,4thiazpeanes and 1,4hizepanaones

Efforts toimprove the affiniy of the unsubstituednonring fused 1,4&hiazepane fragment
30 from the abovalescribed studyo BRD4 D1 were hampered by a lack of a reported robust
synttetic route. While analogs or 30 arerphaseable they are expensive (2 mg is$B0 from
Life Chemicals) and limited in scopE€urrent reported methods foraking1,4-thiazeparb-one,
the key intemediate species in the synthesis of thethidzpeanes, include ring pansionsvia

Beckman rearagmeft® 2%or Schmidt reaction®>??!c onj ugat e a duwhsaturatedn s nt
lactones and lactani&> ??cyclisationof methyl3-mercaptoprogiHe onate with aziriding?® and

cyclisationo f -Uhsaforrated esters with cysteamingsler basic conditioRS 224226 (Figure

2.10. While these reactionsrgducethe desired product, they suffer from poor substrate scope,

harsh reaction conditions, low yeils, and long reaction timesddress this need, we developed a
onepot synthesi s -unsaturate®,2 2tdafludroethyesees 1, Zaminobthiolswith
1,8-diazabicyclo[5.4.0]lunde@-ene(DBU) as a bast form 1,4thiazepanoned-igure 2.11). The

reaction proceedsinreasormblt i me (0. 513 h) and in good yield

unsaturated esterReduction of the 1;¢hiazepanonewith sodium borohydride and subsequent
acylation gives the 1;thiazepanes. Using this method, a small library of highly 3BHiakepanes
were made and tested for binding to BRD4 D1 using PrOF NMR.

Previous Work: Limited substrate scope; Long reaction time

? hs @
NA ~"NH, Il
0 | NaOH o HN3, NH,OH w
— e

R 5-7 days HNA\>\ 4-24 h Ng” R
/
: 3 0
HS~NH,—s s

(0] > |
/\X)—R > < L HS/\/L\O/
- reflux NaOMe
3-48 h (R=H)
X=0,S, N-Boc several days

Figure 2.1Q Previous synthetic methods for the productiopdehiazeparb-one.
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oo _- NP4 2 /j\ ASSaY  NEW BROMODOMAIN
DBU imidazole 2. Acylat|on s Ry LIGANDS

R1 CH3CN, rt, 0.5-3 h

R;: 5 and 6 membered aryl, 25 examples 6 examples
alkyl

Figure 2.11 General synthetic scheme for the production ofthidzepanones and 1,4
thiazepaneRReprinted (adapted) with permission frétandeyA.K.; Kirberger,S.E.;Johnson,
J.A.; Kimbrough,J.R.;Partridge D.K.; PomerantzW.C.K., Efficient Synthesis of 1;4
Thiazepanones and 1Jhiazepanes as 3D Fragments for Screening LibraDiggmnic Letters
202022 (10). Copyright (2020) American Chemical Society.

2.7PrOF NMR binding experiments and 3D-characterization

The plane of besttfi(PBF) for all of the 1,4hiazepinones and 1,4 thiazepanes was
calculated using LLAMA, an open source progr&hthe 25 1,4thiazepinones synthesized had a
PBF average of 0.85 (range 0.411) (Table 2.14and note),??” above the threshold of 0.25 for
describing a 3D fragme#ft Seven of the 1hiazepinones were transformed into-thizpanes
resulting in and average PBF of 0.87.

PrOF NMRwasusetbquanti fy | igand bibDtibymgasurimapuor i r
change in chemical shift of a puorinated trypt
site Figure 2.12.2* We tested 11 compounds at a single concentration, including six
thiazepanones and vy vlg 1h andéa znedpuacneeds .a Tsh iganz eypcaamd s
and were titrated to obtainas al ue of (FRWas2 12,0 2.16) Memonstrating good
a nity. These titration experiments also demon
s ¢ a e affinity of these analogs is comparalliet weaker tharthe original fragment hiB0
(30 uM). Futurestructure activity relationship studies are needed to create a BRD4 D1 chemical
probe.The facile synthesis and biological activity h#i-thiazepanes and thiazepanosaggests
their inclusion into 3Benriched fragment libraries as being beneficial. kanmple, in unpublished
work, these 14hiazepanes have been tested against a BRD4 D1 and D2 dual domain where they
were found to have selectivity for D2 over D1.

Table 26. Plane of Best FifPBF)Yor 1,4thiazepanes
and1l,4-thiazepinonesReprinted (adapted) with
permission fronPandeyA.K.; Kirberger,S.E.;
Johnson, J.AKimbrough,J.R.;Partridge D.K.;
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PomerantzW.C.K., Efficient Synthesis of 14
Thiazepanones and 1Jhiazepanes as 3D Fragmen
for Screening Librarierganic Leters202022 (10).
Copyright (2020) American Chemical Society.
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Figure 2.12 A) PrOFNMR titrationexample B) BRD4D1 with the 5puorotrytophans labele
in blue (PDB ID: 3MXF). C) Binding isotherm of 1g (black circles) and 1h (purple square:
Structureand or r e s p o nd i n gReprinteddadagtedd with petmisston frétandey,
A.K.; Kirberger,S.E.;Johnson, J.A.Kimbrough,J.R.;Partridge,D.K.; PomerantzW.C.K.,
Efficient Synthesis of 1;Zhiazepanones and 1Jhiazepanes as 3D Fragments foregaing
Libraries.Organic Letter202022 (10). Copyright (2020) American Chemical Society.
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Figure 2.13. Single point titrations of thiazepanéds, 1h, 1g, 6a, and 7a with BRD4 D1.
Reprinted (adapted) with permission frofandey,A.K.; Kirberger, S.E.; Johnson, J.A.

Kimbrough,J.R.;PartridgeD.K.; PomerantzZW.C.K.,Efficient Synthesis of 1,4 hiazepanone:
and 1,4Thiazepanes as 3D Fragments for Screening Libradigganic Lettes 202022 (10).
Copyright (2020) American Chemical Society.
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permission fronPandeyA.K.; Kirberger,S.E.;Johnson, J.AKimbrough,J.R.;Partridge,

D.K.; PomerantzW.C.K., Efficient Synthesis of 1;&hiazepanones and 1Jhiazepanes as
3D Fragments for Screening Librari€rganic Letters202022 (10). Copyright (2020)
American Chemical Society.
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3D Fragments for Screening Librari€rganic Letters202022 (10). Copyright (2020)

American Chemical Society.

65



o]
PN
cl N\ 500 pM Ligand
/ \ ’ \ /‘“\\~\'_'250 pM Ligand
’ \ ’ \ 125 pM Ligand
MM\J.
“ ,\ 62.5 uM Ligand
W
" ~ ’\ 31.3 uM Ligand

15.6 pM Ligand

/\ 7.5 pM Ligand

50 uM 5FW BRD4(D1)

2.0 1225 4230 1235 1240 1245 1250 1255 1260 1265  427.0 1375 1280 -128.5  -129.0
f1 (ppm)

(0]
NN
o N Br

N

250 uM Ligand
B e WU B
125 pM Ligand
P P s
62.5 uM Ligand
- ~ A M M N —————— e
J\_—J\-—A—’ 31.25 uM Ligand
N e e e e
A —— ‘-J\—u’/L;-———'—’ \......_.._,.__16‘25 e
}\ “ ’ 38 uM 5fFW BRD4(D1)

T T T T T T T T T T T T T 1
2.0 -122.5 -123.0 -123.5 -124.0 -124.5 -125.0 -125.5 -126.0 -126.5 -127.0 -127.5 -128.0 -128.5 -129.0
f1 (ppm)




1.0 Q
Ky 1g = 140uM I

0.8- R2=0.99 ° NL\_{S>_<.3}_5;)_CI
g 0.6- Kq1h =120 uM Ou
Z 04 R2 = 0.97 N )

0.2

0.0

" lgand concentration 4]

Figure 2.16 PrOF NMR Titration oflg (top) and1h (bottom). Binding isotherms are shown
Reprinted (adapted) with permission frétandeyA.K.; Kirberger,S.E.;Johnson, J.A.
Kimbrough,J.R.;PartridgeD.K.; PomerantzW.C.K., Efficient Synthesis of 1;4
Thiazepanones and 1Jhiazepanes as 3D Fragments for Screening Libr&Diggmnic Letters
202022 (10). Copyright (2020) American Chemical Society.

2.8 Experimental for:

Reprinted with permission frodohnson, J.ANicolaou,C.A.; Kirberger,S.E.;PandeyA.K;
Hu, H.; PomerantzW.C.K., Evaluating the advantages of using-8riched fragments for
targeting BET bromodomain8CS MedChem Let 201910(12), 16481654 Copyright 2@0
American Chemical Society.

Materials
Protein expression andfragment library

A 500-compound 3Eenriched fragment library was purchased from Life Chemicals. 200
mM stocks of compounds were made wdtmethyl sulfoxideds . Compounds not soluble at 200
mM where not used in the screen. Amino acids, uracil, thiaiDle LB broth, and biotin,
nicotinic acid were purchased from RPI CorgFlBoroindole, magnesium sulfate, succinic acid,
calcium chloride, imidazole were purchdséom Millipore Sigma. Potassium diphosphate,
potassium monophosphate, ethylene glycol and sodium chloride were purchased from Fischer
Scientific. Deuterium oxide and dimethyl sulfoxidewere purchased from Cambridge Isotope

Laboratories. PEG3350 wasrphased from Hampton Research.

Synthesis
All the chemicals and reagents for the synthesi80oére available commercially were
used as such without any further purification. Reagents aggréredfrom commercial sources as

follows: lodine (Fisher) and triethylamine (Mallinckrodt). All other reagents \aeyeiredfrom
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Sigma. All NMR spectratH ard 3C wereaajuiredon a Bruker 500 MHz spectrometer equipped
with a prodigy TCI cryoprobe. Small molecule NMR spectra were taken in BBIref. 7.26
ppm,C ref. 77.0 ppm), MeOD'd ref. 3.31 ppm), or DMS@is (*H ref. 2.50 ppm**C ref. 39.51
ppm). Highresolution ESIMS analysis was conducted on a Bruker BioTOF Il ESI/AM&direct
infusion instrument using polyethylene glycol standards for mass calibration.

Methods:
General procedure for the expression of unlabeled ansF\W-BRD4, BPTF, and BRDT

The pNIC28BSA4 plasmid encoding for the first bromodomain of BRD4 and BPTF were
gifts from Stefan KnappNuffield Department of Medicine, University of Oxfordjhe procedure
by Gee et alfor the expression of fluorinated proteins walkofwed 212 In brief, for expression of
proteins,the E.coli strain BI21(DE3) was ctransformed with the plasmid of the desired protein
sequence and the pRARE (Novagen) plasmid and plated onto an agar plates containing kanamycin
and chloramphenicol and incubated overnight at 37°C. A single colony was selectéaeftagar
plate and inoculated in 5 mL LB media containing chloramphenicol (35 mg/L) and the appropriate
antibiotic (100 mg/L)The primary culture was grown overnight at 25 °C and agitated at 250 RPM
on an orbital shaker. A secondary culture was inoatilaiéh the primary cultures and 1 L of LB
containing chloramphenicol (35 mg/L) and kanamycin (100 m@h& secondary cultures were
grown at 37 °C and agitated at 250 RPM until the optical density at 600 nm reached & At
this step, for unlabeledgtein expression, an equilibration time of 60 min at 20 °C and 250 RPM
was followed by the addition of 1 mM IPTG to induce protein expression. Forlab#lling, the
cells were harvested by centrifugation anduspended in 1 L of the defined media cunitg 5
fluoroindole (86100 mg).After a 60 min recovery at 37 °C and a 30 min equilibration period at 20
°C, protein expression was induced with 1 mM IPTG. For both 5FW and unlabeled protein, after
12-16 h, the cells were harvested by centrifugationstoed at20 °C until purification.

Protein purification

Lysis buffer (50 mM Phosphate, 300 mM NaCl, pH 7.4), lysozyme (1 mg/mL) and
phenylmethanesulfonyl fluorideMSF) (2 mM) were added to the cell pellet and the mixture was
allowed to sit at room teperature for 30 minutes. Cells were lysed via sonication until the solution
was homogenous. The lysate solution was centrifuged at 7@0rx30 minutes at 4 °C and the
supernatant was filtered. Purification was done using an AKR#st protein liquid

chromatography{FPLC) system monitoring the absorbance at 280 nm. A Ni HisTrap (GE) column
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was used for Ni affinity purification where the elution of the protein was accomplished with a
gradient elution (0% to 100%) of wash buffer (50 mM Phosphate, 100 mN} &&a@M imidazole,

pH 7.4) and elution buffer (50 mM Phosphate, 100 mM NacCl, 40 mM imidazole, pH 7.4) buffers
across 20 column volumes. For buffer exchange, a HiPrep (GE) column was equilibrated with 1
column of buffer (50 mM Tris, 100 mM NaCl, pH 7.4)ftke the sample was loaded onto the
column and eluted in the storage buffer. The hexahistidine tag was removed from by adding TEV
protease for 46 h at 4 °C. TEV was removed by adding nickel NTA affinity resin overnight at 4
°C for 24 h.Quadrupole Timef-Flight (Q-TOF) LC/MS was used to confirm the identity of the
protein and determine percent fluorine incorporation. The accuracy of the instrument is 0.001% or
an error in mass of +0.001% (+# 1.5 Da for a 15 kDa protein). Percent fluorine incorporati

was calculated by the following equation.

N
mr

Nep~

POt @ET NET Q¢ ZPpTT

N
mh

Expression yields, and fluorine ingarration are shown itable 2.7.

Table 2.7. Protein Expression LMS and % fluorination

Protein Cn?/lgu(lgge;d Cr)ntl)zseélr:\)/ae)d % Fully Fluorinated

UnlabeledBRD4 D1 15083 15082 NA
Unlabeled HisSBBRD4(D2) 16194 16192 NA

5FW-BRD4 D1 15137 15135 95-98

5FW-BRDT D1 14184 14183 9597
5FW-BRD4 14455 14454 > 99

5FW PCAF 17182 17182 86%

5FW CECR2 13853 13852 92%

!H CPMG NMR parameters

The screening data wascquiredn aBruker 700MHz Avance with aCryoProbe 5mm
TXI (*H S:N w/ HO suppression (2mM sucrose®00:1) and excitation water sculpting water
suppression. Individual compoutd spectra were first obtained in thé CPMG buffer (50 mM
phosphate, 100 mM NacCl, pH 7.4 in®. First a'H CPMG pulse sequence was applied to
mixtures of 45 fragments at 100 uM per fragment dissolvedstDMSO, keeping 1% ADMSO
constant waaauired Next, 10 uM of unlabeleBRD4 D1was added in and‘&l CPMG spectra
aaquired Finally, 20 uM of (+}JQ1 was added in and a thitlh CPMG spectra obtained.
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ParametersfoH CPMG wer e as foll ows, U = 0.004 s, L

time=2s.

BRD2(D1)H CPMG data weraajuiredon a Bruker Avance Ill HD 500 witthe 5 mm
Prodigy TCI cryoprobe inverse cryoprobtd (S:N 2100:1). Compounds were tested either in
mixtures or of individual compounds at 100 uM. ParametersHor CP MG wer e as f ol |

0.004 s, L = 40, number of scans = 128, acquisition time =2 s.

1D *F NMR parameters

Experiments were run on a Bruker Avance Ill HD 500 with the 5 mm Prodigy TCI
cryoprobe inverse cryoprob&R S:N 2000:1)Experiments consisted of a solution ofi460 uM
protein in buffer (50 mM Tris, 100 mM NacCl, pH =7.4), 59tv) D20, 0.42% trifluoroacetic acid
(TFA), and the desired fragment dissolved in DMSO. The DMSO concentration for all experiments
was kept constant at 1%olutions were prepared and PrOF NMR spectra obtained. TFA was used
as a referenceq6.5 ppm)Pamameters values are: relaxation delay = 0.7 s, acquisition time = 0.05
s, sweep width = 10, transmitter frequency offsel25 (for binding experiment}75 (for TFA

reference experiment). A 10 Hz line broadening was applied.

Molecular property calculations

Molecular property calculations were performed using cheminformatics methods
developed at Eli Lilly and Company as part of the partially opensource package available

at: https?/github.com/EliLillyCo/LillyMol. PBF calculations used 3D conformers generated using

the commercial package Corirfdtps://www.mnram.com/products/corina
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F65300044(2) PrOF NMR titration wittbFW-BRD4. Since the exchange regimen is
intermediateslow on the NMR timescale the;Ksted below is an estimate.
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F22560052 @) PrOF NMR titration witrbFW-BRD4. Since the exchange regimen is
intermediateslow on the NMR timescale the;Ksted below is an estimate.
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F585764324) PrOF NMR titration witlbFW-BRD4 D1.

1000 M Fragment

/\/\\M%MM

250 M Fragment

100 .M Fragment

W 50 LM Fragment

p e

r T T T T T T T T T T T T T T T
2.0 -122.5 -123.0 -123.5 -124.0 -124.5 -125.0 -125.5 -126.0 -126.5 -127.0 -127.5 -128.0 -128.5 -129.0 -129.5 -1z

Qiiéiii
HEEEEN|

F5857-6432 W81
0.4+

Aa (ppM)

0.0#

0 500 1000 1500 2000 2500

ligand concentration [uM]

78



533082767(5) PrOF NMR titration wittbFW-BRD4 D1.
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F56570074(6) PrOF NMR titration wittbFW-BRD4 D1.
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F60311161(7) PrOF NMR titration wittbFW-BRD4 D1.
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F64402340(8) PrOF NMR titration wittbFW-BRD4 D1.
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F50333510(9) PrOF NMR titration wittbFW-BRD4 D1.
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