ABSTRACT

INHIBITION OF THE MEP PATHWAY:DESIGN, SYNTHESIS AND
EVALUATION OF ISPF ENZYMEINHIBITORS

. SYNTHESIS OF PDE4D PARTIAL INHIBITORS AND EXPLORATION OF
ATROPISOMERICANALOGS

Zheng Zhang, Ph.D.
Department of Chemistry and Biochemistry
Northern lllinois University, 2014
Dr. Timothy J. Hagen, Director

This dissertation contains twoajor projects.The first project focsed on thedesign
and synthesis of small molecule inhibitors of thethyl eryhritol phosphate (MEP) pathway.
Known as anonrmevalonate isopremd biosynthetic pathwayplants and apicomplexan
protozoa such as malarparasites use this pyoduce isoprenoids (tempeids. Additionally,
most bacteriaincluding pathogens sucis Mycobaterium tuberculosis synthesize IPP and
DMAPP via the nommevalonate pathway Among the seven enzymes involved in this
pathway, ahighly conserveanzymeis 2GmethytD-erythritol 2,4cyclodiphosphate synthase
(IspF).Fragment screening hits @urkholderia pseudomalléspF BplspF) afforded the basis
for our chemistry leadsallowing the design of newotential IspF inhibitors. Three major
series of compouds weresynthesized bgfficient methodsthat allowed for exploration of the
IspF binding site anchodificationof the physiochemicglroperties Fragmentbased screening
of the BplspF enzymes performed by Dr. Darren Begley provided additional hits that
significantlyexpanedthe diversity of the chemical cosandadditional lead$or the design of

novel inhibitors. Guided by the biophysical methodsf surface plasma resonance E§Pwe



are able toobtain the bindingpotendes of compoundsand generate structiractivity
relationshig (SAR) for the chemical seriesComputational studs usingthe dockingmodule
in the program SYBYIL-X assisted in thexploration andvisualization of potential binding
motifs andallowedtherational design ohew potentiaBplspF inhibitors This work forms the
foundation for furthermedicinal chemistry effost on the optimization of MEP pathway

inhibitors and thenodificationof existing IspFenzymaticassays.

The second project involvethe development ofa concise synthes of PDE4D
allosteric modulators and applicatorioward the synthesis of neWwDE4D inhibitors.
Phosphodiesterases (PDEs) agsponsible for the hydrolysis of cAMP and cGMRd are
highly conserved in their catalytic domains ofsalper familymembers:® Phosphodiesterase 4
(PDE4)is one ofenzyme present in inflammatory and immugells, which can be targeted as
potential therapeutic agent for central nervous system (CNS) and respiratory tistasme
of the four protein isoforms, PDE4Bas beerintersely investigated and series of partial
PDEA4D inhibitors overmme the severe@ausesside effectshat were plaguinglinical PDE4
inhibitors? To improve the reportedsix-step synthesis ahe PDE4D inhibitor D15968%hat
had an8% overall yield, a concise twatep synthesigvas developedsing sequentialSuzuki
couplingsthatsignificantly increasgithe yield to 40% and providea convergensynthesighat
allows for rapid analog synthesi§he convergent synthetic route developed for the PDE4D
inhibitors allowed for the synthesis of atropisomeric compoundlsmethod to separate the
atropisomeric PB4D inhibitorswas developed usinchiral HPLC. Theatropisomerid®DE4D
inhibitors will open an opportunity to studlge bindingmodes and biological activityf these

inhibitors.
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CHAPTER 1
Background
Methyl erythritol phosphate (MEP) biosynthetic pathway

Isoprenoids, whichare derived fromisopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP)comprise diversenetabolites responsible faellular function€, Two
distinct pathways are responsibler the production of isoprenoiddMevalonatedependent
biosynthetic (MAD) pathwaypresent inplants archaea, fungi and mammalsnvolves the
enzymeHMG-CoA reductaséhathas various biological effects suchmsteinprenylation cell
membranemainteranceand steroid biosynthesis. Currentigatin drug targetthe HMG-CoA
reductasenzymeandlower cholesterolevels for thetreatment otardiovascular diseagEigure
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Figure 1 MAD biosynthetic pathway
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Figure 2 MEP biosynthetic pathway

Compare to the MAD pathway,ite MEP (nethyl erythritol phosphateathway(Figure
2) is an alternativametabolic pathwayor the synthesis of IPP and DMAPP, whichwglely
presenin higher plants, algae, bacteria, andlarialparasites It was first discovered bplichel
Rohmeri n 1990 6 s labefing axperireatt To peemore specific, MEP isssential in
Plasmodium falciparum Mycobacterium tuberculosisToxoplasma gondii Burkholderia
pseudomallei Escherichia coli and dher infectious diseasesausing organissf’® Enzymes

involved inthe MEPpathwayareconsidered promising targgor new antiinfective agentand
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herbicides with miniral humanhost toxicity. The antiinfective compoundosmidomycin was
discovered tanhibit the IspC enzyme in the MEP pathway anccisrentlyin phase Il clinical
trials in combination of clindamycin to treat maldtiaHowever, enzyme selectivity,
bioavailability and increasing drugsistance poskurdles in developing fosmidomycin as an
effective treatment for malarid@he driving force for my research is to design, synthesize and
evaluate novel inhibitors with improved activity agaiesizymes in the MEP pathway, which

mightlead to new antinfective agentsn the future.

Among the seven enzymes in the pathway, my researcdusém on 2-C-methylD-
erythriol 4phosphate cytidyansferase(IspD), 4-diphosphocytidy2-C-methytD-erythritol
kinase(IspE), and2-C-methytD-erythritol 2,4cyclodiphosphate synthagspF) sincewe had a
numberof fragment hits andnore than 100 proie crystal structurethat were obtainetly the
Seattle Structural Genomic Center for Infeas Disease (SSGCID) that were deposited in the
Protein Data Bank (PDB)n the MEP pathwayispD catalyzes the coupling of@-methytD-
erythritol 4phosphate (MEP) with CTP to affordddphosphocytidyi2C-methytd-erythritol
(DCP-ME). The CDRME is then converted to-diphosphocytidy2-C-methylD-erythritol 2
phosphate (CDIMEP) by IspE Finally, COP-MEP is cyclized via IspF catalysis to afforelC2

methytD-erythritol 2,4cyclopyrophosphate (MEcPP).

Fragment-based screening of targets involved in MEP pathway

In medicinal chemistry, various screening strategies are appldidcover new chemat

classes that are capable of binding to and inhibiting enzyme tarfgetgment based screening
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method areknown to be a effective approach for early stage drug developmEme fragments
are generallynoleculeswith molecular weight$ower than 30al* Fragment screeningsed
and syntheticapproacks which follow three key stepsThe stepsinclude fragment library
design, fragment screening and fragment elaboration.ty@lee first exampléhat successfully
used a fragment screening approach that resulte§aapproved medicinerasZelboraf** In
our researchthe fragment basedcreeningmnethod offers a rationand validatedapproachto
proceedirom asmall fragment hjtusually a molecule with millimolar activityo thediscovery
of potentiallead molecules with high ligand efficienepnd micromolar affinity for the enzyme
To start the screening proceesy collaborabrs at Emerald Biostraturesobtaired X-ray
crystallographic informatiorior enzymes within the MEP pathway and ligasmlind complex
structurs. All the ligands can be considered as fragment &itd offered rational structure
guided drug desigh® Although a variety of fragment screening methods suchligandbased
NMR, surface plasma resonan@PR), and calorimetrgan be used to generate fragment, hits
problemsstill exist in thesanethod including inadequate binding specificity addficiency of
structuralinformation, respectively’ By contrast, fragment screening byr¥y crystallography
providesdirect targethit details andorovidesstructuralinformationfor the binding site. Typical
fragment moleculeareless tharB00 Dawhich show great pesitom binding efficiency despite
the fact of weak overall affinit}*'> As an early stage ofoenpound screening, our goahsto
quickly determine the potenti&iits and generate a library for further hat leadoptimization
Additionally, fragment screening by-My crystallography of small molecules can atsm be
used tol oc at e t h einsidehhe tprotenpvathh energy optimizationThis technique
remainsa challenge for larger moleculesleced by highthroughput screening (HTS) due to

their extra bulk and steric effectsTo take advantage of this methddk. Darren W. Begley



5

from Emerald Biostructuee performedthe screeningf enzymes from MEP pathwdeginning
with fragmentlibrary screening followed bytarget selection (restrietl by Rule of 3* criterig,
including MW < 300, hydrogen bond donor and receptor < 3, partitiefficent (LogP) < 3,
crystal growth and crystal soakihgin the end, structural datmas collected and biridg site
interactionswere analyzd. Shown below are fragmenthits that were found to bind tBplspF-°

(Figure3).
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Figure 3 Fragment hits foBplspF

Sequence analysis revealgeo 30% identity for IspF protesnacross prokaryotic and
eukaryotic species with high conservatisithin the substates binding site**'® B. pseudomallei
IspF (BplspF)waschosen for the fragment screenihge to itsability for crystal formation with

ligands'® Two major binding sitesvere identifieql thosecontaining the cytidine and zirsub
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pockets. Cytidine, CMP, CDP and CT&n bindto the cytidine pockeand mimic the native
substrate, 4liphosphecytidyl-2-C-methytD-erythritol 2phosghate’*!’ Several heteroatom
containing aromatic molecules show interactianith the zinc atom in the other pocket based on
the screening with th&ragment of Lifé™ (FOL) library, a collection of compoundsfrom

Emerald Biostructure¥

After the fragment hits was successfully generated, three methods need to be consider in
the process offragment elaboration cycldragment merging, fragment linking and fragment
growing! In my research, | focus on the fragment linking and growing methods to rationally
design lead moleculesVith two pocke$ successfullyidentified we beganto analyze the
possibility oflinking the fragment hits that bound to tbgidine and zinc pocket As described
previouslyin this dissertationthe theory behind fragment based screening is to build a target
ligand from separate hitszirst, crys$al structures showed CMP, CDP and ChiRd to the
cytidine pocket with the phosphate groupsding with the zindon. This technique afforded a
targetlead molecule witltytosinemoietyandribose ring as a connection to various zinc binding
groups from the fragment hits, which may conformationally mimic the binding pattern of CMP,
CDP and CTPSecondly,installation of zinc binding groups on thi&ose ring of cytidings a
facile approach froma g/nthetic chemistry perspective that allows the use of canmon
intermediate Furtherdiscussion for thesynthesis of fusion compounds, their affinities against

BplspF anddetaik for the analysis of binding site will be discussed later indtgsertation

In addition tolspF, Dr. Darren Begley(at EmeraldBiostructures)was also able to
investigate IspD and Ispky applying saturated transfer difference nuclear magnetic resonance

(STD NMR)!® STD NMR is widely used for characterizing binding activity of ligands to
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proteins'®? It first apples a selective saturated pulse and tidetects the signal differences
betweenthe saturatedigand-protein form and the free protein form. Subtraction of these two
specta will result in a signal which only shamhe molecules that bind to the enzyme resulting
in fragment hits? Darren Begley waable to generataddtional fragment hitdy this method in

a short period of time witla minimum amount ofprotein Interestingly, some chemical series
have more than orfeagmenthit which indicates theipotentialto inhibit enzymes from thmMEP
pathway even though thenzymeselectivity needs to be considered in the futuretifiese
enzyme bindingissag. FHgure4 shows the result of different chemical series as fragment hits for

three enzymes in the MEP pathw@gsults fromDr. Darren Begley.

IspE IspF primary

Target organism screen
hits
IspD unrelated Mycobacteri
\ cobacterium
control)
’ ‘ : IspD paratuberculosis 102

o‘ IspE Mycobacterium 176
abscessus
Qb é 1020 fragments IspF Burkholderia 72
o screened pseudomallei
\ / per target control Toxoplasma gondii 81
NN 'rZ o ) Nlﬂ$
N --..,'-N WA 1| T y=N
A FOL7082 F FOL7003 FOL763
%% FoL7185 o HN_.___;: o _E
~ [T o = ) —8 N7
T PEN Sy Ry / SN 2
N o F
cl
FOL7380 FOL7425 j

Figure 4 Fragment screening hits discovered agasyD| IspE and/or IspF



Discoveryand Synthesis of Fusion MoleculessalspF Inhibitors

Introduction

We appiled fragment screening asnaethod to initiatehe design oflspFinhibitors. Two
distinct pocketswere shownto be presenby X-ray crystallgraphy. Gtosine, cytidine and
cytidine phosphate derivatives asbserved crystallographicalin the cytidine binding pocket
while a rangeof chemical enties with differing orientationsind in the zinc pocketThe
observation was made that fime zinc pocket, each chemical moiety coordinates to the metal
through thenitrogen from the aromaticsystem™®!® The fusion molecules, which fuse the
cytidine fragmentto various zinc binding fragmentaere designed as the initiergetsbased
upon synthetic accessibility anfitasibility to test ourhypothesisof fragment linkinginhibitor
design. Among five target molecules, the @ihe moiety is retained while other heteroaromatic

fragmentghat are capable of binding to the zinc &re attached through an amide bond.

Synthesis of IspFinhibitors

Synthesis of fusion eopounds began with intermediafie which was synthesized
according to literature procedure in siteps from commercially available (gytidine®* Target
fusion compounds were obtained by amide fation followed by deprotectioifwo different
amide copling procedures were utilized. Fir& was synthesized frorh by coupling with the
commercially available acid chlorid2 (Scheme 1L Compounds4-7 were synthesized frort

and coupledwith commercially avadble acids using HBTU, HOBt andtzN followed by
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deprotection of acetode and DMT with trifluoroacetic acid in acetorlgfivater (Scheme

2).Final products3-7 were purified by reverse phase HPLC to yield the products as TFA salts.

CH3CN/H,0 -
35%
3

/ W ,,,"N/j\
o 2) TFA
V. 7
HoN O)\N NHDMTr |

Scheme 1Synthesis ofusion tageB8

HO OH
>< 1) HBTU, HOBt

QP Et;N, RCO,H RN Nﬁ\
= O _HN //\\ Z~NH,
T T Y
2 O)\N NHDMTr

CH3;CN/H,O

7

/

P "
N{ N Y, H
;o\ / \ = N

A oo o
N
7

S °N S
\—/ \—/ N
4 5 6
58% 71% 40% 32%

Scheme 2Syntheic approach to prepare fusion analdgs
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Surfaceplasmon resonance (SPRanalysis

An SPR assayperformed bySriram Jakkarajuwas usedo investigate thequilibrium
dissociation constandf compound 4-7 for BplspF?? First, BplspF was immobilized using
random amine byEDC (Ethyl-N NB-dimethylaminopropyl)carbodiimide hydrochlori&HS
(N-hydroxysuccinimidecoupling to a arboxylmethyldextran SPR slide. Seconayncentration
seriesfoeach compound f r (6% DMSOiére gemerated GyrsdedNuition
and injected ovethe IspF surfaceAdditionally, buffer-only injections were introduced between
every compound injectiorFinally, Scrubbe (BioLogic Software)was used to processe data
with double referencing (subtraction of beronly injection and referencéliow cell). The
binding resposeswhich were recorded as a functioftime allow equilibriumto be established.

Kp values were obtained bfjtting the datato a 1:1 Langmuir binding model.

Cytidine diphosphatéCDP)was chosen as a reference and resultesh iabserved K of
7 5 ,ewhich wascloseto the K determined by Ramsden for IspF frdEn coli?* Fusion
compounds hadneobservedKpf rom 70 to 200 &M wi twhmhmas t he
recognized as essential interactions for CDP to tortle zinc inthe active siteBesides alfive
fusion molecules, two fragment hi(BOL717 and FOL955)vere also tested tcompare their
affinity with fusion compoundsAdditionally, docking scoresvere generated by Sybyl software
and served as a computational evaluation basectasrfiormational energy minimization,
hydrogen bidings and other potential interactions of fusion compounds in the active site of
BplspF. Largerdocking scorsindicated corpounds with bettecalculatedbindinginteractions.
Interestingly, the calculated scores showed a general correlation with the observed affinity values

(Table ).
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Table 1SPR assafperformed by Sriram Jakkarajand docking result§performed by Jolain)

Compound BplspFKp ( € M) Docking score
CDP 75 N.A.
3 180 8.11
4 148 8.34
5 70 8.91
6 200 7.13
7 90 8.45
FOL717 135 N.A.
FOL955 >500 N.A.

Structural analysis by computational methods

To further analyze the interactions of the fusimolecules co-crystal structure were
obtainedfor two out of five lead compoundg$3 and 5) with BplspF (Dr. Darren Begley)
Alignment of crystal structure confirmed our design strategyCompound 3 was first

investigated by overlapping it with fragment FOL 83Btgureb).
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Figure 5 Crystal structures oBplspF which contains compound (in green) and FOL8395 (in cyan)
overlaid(PDB:3KE1 and 3JVH).

Generally,the g/tosine moietywill fit into the cytidine pocket through the hydrogen
bondng by the amino and carbonyl gro(lpbeled in Figure 4 as 1 and Z)n the other side of
the ligand, hetero atom (N atamall the cases) binds to the zi(ghowed as dark spheyghich
is also coordinatedtb two histidine residueqHis44, Hs10 and Aspl(). Thehydroxyl groups of
the ribose ringhave hydrogen bndng to aspartic acid Asp58). The cytosine moiety of
compound3 interacts withAlal02, Rol105 Alal08andthe pyridylnitrogen binds directly to the
zinc. Next, we investigatedthe crystal structure of compourtdaligned with FOL717in the
active site(Figure 6). In this case FOL717 interacts with the zinc by the nitrogen on the
imidazothiazole core directly while thetmigen on the imidazothiazole moiety of compoind
binds to the zinc through a water molec#esimilar Kp value is observed fds ascompared to

CDP and it is even higher then compouBdvhich has direct interaction with zinc. Two
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hypotheses can be made: (1) Other heteroatom containing moiety can still interact with the zinc
rather than the phosphate group CDP (2) The increase of binding affinity indicates that

bicyclic group of compoun8 creates a potential hydrophobic interactwith the pocketmade

by lle59, Phe63 and Leu78, whichaiBove zinc in th&plspF active site.

Figure 6 Crystal structures of compourkd(in green and FOL717 (in cyanhin BplspF overlaid (PDB:
3Q8H and 3IKF).

To further study the hydrophobictéraction, molecular dockingias performedusing
SYBYL X-2.0. We firstprepare the entry of crystal structure of compoun@PDB: 3Q8H) and
then use Surflebock Geom to introduce free ligand of compouhdill water moleculesvere
removed and the optined binding was proposed by minimizing the binding energy
computationally. As the predexdd and experimental binding modes slewmain differences are
found in the ribose ring and the zinc binding site although cytidine bindisg remains

constant and the hydrophobic interaction preserved. With the result from the computational
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study, wehypothesizedhat this hydrophobic interaction issestial fordesgn of the future lead

moleculegFigure 7.

Figure 7 Crystal structures of compourid(in cyan, PDB: 3Q8H) and docking pose of compour{th
green) overlaid.

Anti -bacterial and anti-malarial assay

In addition to the SPR assagmtibacterial test again®urkholderia thailandensiand
antrmalarial testagainstPlasmodium falciparunb6, C235, W2 strains (drug resistant strains)
were performedaccording to reported methét?> B. thailandensisvas chosen for the in vivo
antirbacterial assapf fusion compoundbecause itloes not rquire biosafety level 3 (BSB)

facility. 2%

and its IspF enzymdisplays 98% sequence identity at the nucleotide level Biith
pseudomalleiWe collaboratd with Dr. Peggy Cotter at the University of North Carolia&a

Chapel Hill to perfom theassayand dl the fusion compounds are determinedrative at the











































































































































































































































































