UNVEILING ENZYMATIC MECHANISMS WITH MALONYL-
THIOESTER ISOSTERES

by
Lee Stunkard

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

0€ QQ,

Department of Biochemistry
West Lafayette, Indiana
December 2019



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Jeremy R. Lohman, Chair
School of Biochemistry

Dr. Barbara L. Golden

School of Biochemistry

Dr. Clinton C.S. Chapple
School of Biochemistry

Dr. Kevin V. Solomon

School of Agricultural & Biological Engineering

Approved by:

Dr. Andrew D. Mesecar



This dissertation is dedicated to my wife, Michelle, and son, William, who encouraged me to

pursue my passion and to my parents, Scott and Veronica, who supported me along the way.



ACKNOWLEDGMENTS

This work was possible through the financial support of the Purdue University
Biochemistry Department, the Bird Stair Graduate Research Fellowship, the Purdue Research
Foundation Research Grant, and the Bilsland Dissertation Fellowship.

Each member of my Thesis Committee provided extensive professional and research
guidance. They all offered mentoring and support for scientific research and life in general. | would
like to thank Dr. Jeremy Lohman, the chair of my committee, for his time and effort in mentoring
me to think like an experienced biochemist. | want to thank all of the colleagues I had the privilege
of working with in my time in the Lohman lab.

I wish to thank my parents for supporting and loving me through my every pursuit. Most
notably, | would like to thank my loving wife, Michelle, and my newborn son, William, for their

everlasting support and encouragement.



TABLE OF CONTENTS

LIST OF TABLES ... oottt sttt bbbt s ettt ne st e 8
LIST OF FIGURES ... ..ottt sttt e et e e sn e e e snb e e e snaeeennaeeenneeean 9
LIST OF SCHEMES........cc oottt e s e e et e e e sr b e e e sna e e e nnaeeennees 11
LIST OF ABBREVIATIONS. ..ottt sttt ne s 12
ABSTRACT ... ettt ettt e bt s et e b et e s e e b et e st e be b e e e be s b et e Re e Re b e neeteete e ene et nen 13
CHAPTER 1. UNVEILING ENZYMATIC MALONYL-THIOESTER
DECARBOXYLATION WITH MALONYL-THIOESTER ISOSTERS...........cccoceiviieeieeee. 14
1.1 Natural products are a successful source for drug diSCOVErY........ccocevvvevieviieiiveiesiieiienne 14
1.2 Polyketide synthases are a good source for new drugs with engineering potential.......... 14
1.3 The ketosynthase produces the carbon-carbon bonds in PKS and FAS ..........ccccvivennene 16
1.4 Malonyl-thioesters are reactive at the thioester carbonyl and carboxylate....................... 19
1.5 Synthesized malonyl-thioester analogs altered at the thioester carbonyl ......................... 21

1.6 New malonyl-thioester analogs will preserve the thioester carbonyl and alter the
(071 010014 Y] LRSS 22
O A =] (=7 =] 0101 SRS 24
CHAPTER 2. SULFONATE/NITRO BEARING METHYLMALONYL-THIOESTER
ISOSTERES APPLIED TO METHYLMALONYL-COA DECARBOXYLASE STRUCTURE-

FUNCTION STUDIES ......cootiiiiiee sttt sttt nenre s 27
0 R o1 - Tod SRS 27
2.2 Malonyl-thioester analogs do not orient the altered thioester carbonyls in the oxyanion hole

........................................................................................................................................... 28
2.3 Synthesis of carboxylate isosteres to perform structure-function studies with MMCD... 29
2.4 Methylmalonyl-CoA active site positioning promotes decarboxylase mechanism.......... 31
2.5 Alternative active site orientations lead to hydrolysiS...........ccccooiiiiiiiiiiinn s 32
2.6 Inhibition of MMCD with methylmalonyl-CoA analogs ..........cccccvvvveeiieiieecie e 33
2.7 Malonyl-CoA analogs provide an avenue to test B-ketoacyl synthase mechanism.......... 33
2.8 RETEIBINCES ... .cuii ettt et e st et e s te e ae e be e neenreeneereenreenae s 34



CHAPTER 3. CO-CRYSTAL STRUCTURES OF METHYLMALONYL-COA EPIMERASE
CONTRADICT GENERAL ACID-BASE CATALYSIS, PROVIDE SUBSTRATE

SPECIFICITY INSIGHTS .ttt e e e e s e e e nnaeeens 36
I N o 1 - Tt AP OOO PR PPPRTRRO 36
3.2 Methylmalonyl-CoA epimerase was proposed to undergo acid/base catalysis................ 37

3.3 Structures of MMCE with methylmalonyl-CoA and nitro analog and mutant assays suggest

acid/base catalysis is not the catalytic Mechanism ...........ccccoveririiiiinie e 38
3.4 Other possible mechanisms for MMCE epimerization............cccccooveviieieienencneseseeieas 41
3.5 Proposed experiments to test directional or mixed epimerase activity...........cccccceervenen. 42
3.6 Experiments to test substrate engineering potential.............ccccooveviiiiiieiiccc e, 42
N ] o 11557 o] SRS 42
KRR T o (=3 =T 1=] 0 01 PSR SR 43

CHAPTER 4. SYNTHESIS OF MALONYL-THIOESTER ANALOGS WITH SULFONATE
CARBOXYLATE ISOSTERES AND ACTIVITY WITH FATTY ACID SYNTHASE

KETOSYNTHASE ...ttt e e e st e e et e e e st e e e snteeenneeeennees 46
N N o ] - Tt RSP 46
4.2 Malonyl-thioester reactivity has led to limited structure-function studies ....................... 47
4.3 Synthesis of malonyl-thioester analogs overcomes substrate reactivity................ccocue..e.. 48
4.4  Stability and inhibition assays of malonyl-thioester analogs with FabH.......................... 50
4.5 Synthesis of Malonyl-ACP @nalogs ..o 51
GO0 o o [1 5] o] RSSO P SRR 51

4.7 Appendix A. Stability and inhibition assays of malonyl-thioester analogs with FabH .... 52

4.8 Appendix B. Experimental Synthesis proCeaures ............cocivierinininieiene e 56
4.9 Appendix C. NMR CharaCterization. ...........cocoiiierieiiieiese e 65
410 REFEIBNCES ...t 108
CHAPTER 5. CONCLUDING REMARKS ..ottt 109

5.2 Methylmalonyl-CoA analog studies with MMCD vyield proposed decarboxylation
A Tol g F a1 ST P SRR 109

5.3 Studies with LnmK reveal substrate geometry leading to proposed mechanism ........... 110



5.4 Expanding malonyl-thioester analog toolbox to study ketosynthases...........ccccccceuvenee. 113

5.4.1 Malonyl-thioester analogs inhibit Kaslll revealing potential structure-function

APPIICALIONS ...ttt bbbt n bbbt 113
5.4.2 Preliminary structure-function studies with CHS Il from Medicago sativa............ 114
5.4.3 Future goals for type | KS ENZYMES ........ccoveiuiiieiieie e 116
5.5 Excitement of new malonyl-thioester analogs and their ability to perform structure function
studies on enzymes Not Previously POSSIDIE ........c.ooiiiiiieii e 116
ST B =] (=T =] TSP 117



LIST OF TABLES

Table 3.1 MMCE WT and mutant epimerization aSSAYS. ..........coervererererinineeierienie e seesns 40

Table 4.1 FabH inhibition constants for malonyl-thioester analogs. .........cccceveieienciencnenene 55



LIST OF FIGURES

Figure 1.1 Domain architecture of fatty acid synthase and polyketide synthase. A) Mammalian
type | FAS is one complex made up of catalytic domains to form a dimer. B) Fungal type | FAS is
one complex made up of catalytic domains to form a dodecamer. C) Bacterial and plant type 1l
FAS are made up of independent enzymes. D) Modular type | PKS is one complex made up of
catalytic domains with the minimum domains to form a module including the KS, AT, and ACP.
E) Trans-acyltransferase modular type |1 PKS is one complex made up of catalytic domains with
the exception of the AT which exists as an independent enzyme acting in trans to the PKS enzyme.
Type Il PKS are comprised of independent enzymes. F) Type Il PKS are similar to type Il where
enzymes are independent, but type I11 are ACP independent. ............ccooovivriiieieieneneneseseeas 15

Figure 1.2 Ketosynthases perform an acyl transfer reactions resulting in an acyl-KS intermediate.
A malonyl-thioester undergoes a Claisen condensation to form a carbon-carbon bond and produce
an acetoacetyl-ACP/COA PrOUUCT. ........ccoiiiiieieiteite et 17

Figure 1.3 Co-crystal structure of CHS in complex with malonyl-CoA (PDB 1CML). A) A 2Fo-
Fc electron density map set to an RMSD value of 1.0 showing disconnected electron density for
the bound malonyl-CoA at the adenosine, pantetheine, alpha carbon, and carboxylate moieties. B)
Malonyl-CoA in complex with CHS revealing malonyl-CoA (MLC) not bound near the active site
residues Cys164, His303, and Asn336. C) The proposed model for how malonyl-CoA is positioned
in the active site of CHS with the thioester carbonyl stabilized by His303 and Asn336. ............ 18

Figure 1.4 Reactivity of malonyl-CoA at the thioester carbonyl and carboxylate. A) Acyl transfer
or hydrolysis takes place when a nucleophile attacks the thioester carbonyl forming a tetrahedral
intermediate that collapses to form the product. B) Decarboxylation occurs when the carbon-
carbon bond between the Cy-Ceamoxylate breaks resulting in an enolate intermediate which needs to
be stabilized and protonated to form the Product.............ccoviiiiiiiiiinineee e 20

Figure 1.5 Malonyl-thioester analogs altered at the thioester carbonyl. A) 2-carboxypropyl-S-CoA
(black sticks) in complex with MMCD (PDB 1EF9) revealing the thioether carbon oriented
towards solvent. B) The oxetane analog (black sticks) in complex with DpsC (PDB 5WGC)
revealing the oxetane moiety oriented towards SOIVENL. .............ccceeviiiiii e 22

Figure 1.6 Malonyl-thioester analogs preserving the thioester carbonyl or altering it to an ester or
amide and altering the carboxylate to a sulfonate or Nitro group. ........ccccceeveieeveecc s 23

Figure 2.1 Our methylmalonyl-CoA analogs 4-9 compared to the previously used thioether (2)
and oxetane (3). Phosphopantetheine moiety is abbreviated ppant. .........c.cccooeviveveiiieneere s, 28

Figure 2.2 MMCD-isostere binding interactions. (A) Overlay of MMCD chain A with 4-black, 5-
gray and 6-white. Green dashes indicate oxyanion hole. Both C-1 stereoisomers of 4—6 modeled.
Surface of active site residues is shown for 4 bound, notice His66-imidazole contacts solvent and
active site surfaces. Hydrogens (diminutive ball—sticks) predicted based on geometry. (B) Overlay
of MMCD chain A with 7-black and 9-white. Red dashes illustrate intramolecular hydrogen bond
of 9. (C) Overlay of 4 and 7 structures, demonstrating similar carboxylate isostere orientations,
suggesting methylmalonyl-carboxylate interacts with Pro133. Yellow dashes indicate potential
NYAIOGEN DON. ... bbb b bbb 30


file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225148
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225149
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225149
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225149
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225150
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225151
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225151
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225151
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225151
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225151
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225153
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225153
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225164
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225164
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225165

Figure 2.3 Flattened schematics for the binding of isosteres to MMCD and proposed catalytic
mechanism. (A) Generalized binding of the isosteres, with the color of the R-groups matching the
structures in Figure 2.2. (B) Proposed (2R/S)-methylmalonyl-CoA binding modes for MMCD and
the following decarboxylase mechanism invoking rotation of His66 side chain into the active site.
....................................................................................................................................................... 31

Figure 3.1 Possible catalytic mechanisms. A) Substrate binding B) General acid-base catalysis. C)
Enolization via 1,3-H shift with metal displacement and solvent tautomerization. D)
Decarboxylation/recarboxylation. E) Metal hydroxide displacement with concomitant enolate
FOIMALION. 1.ttt bbbttt b e bt bbb e et et et bbb b anes 37

Figure 3.2 Overlay of apo-ScMMCE structure (green), methylmalonyl-CoA bound in SCMMCE
(yellow), and nitropropionyl-S-CoA bound in SSMMCE (blue) with the pink sphere modeled as
0] 00 =] OSSR 38

Figure 3.3 NMR analysis of (2RS)-methylmalonyl-CoA conversion to propionyl-CoA via MMCE
QNG PCCB. ..ttt bbb bbbt b ettt b e 41

Figure 4.1 A) Carbon-carbon bond forming activity of FabH. B) FabH C—Q mutant
decarboxylation activity. C) Possible inhibition of FabH by stable malonyl-thioester analogs.
Squiggly line represents phosphopantetheine. ...........ccooviiiie i 47

Figure 4.2 Stability assays of sulfonate-bearing analogs with FabH. Red is 1 hour without enzyme,
orange is 24 hours without enzyme, green is 1 hour with enzyme, and blue is 24 hours with enzyme.
A) 37 with FabH wt B) 38 with FabH wt C) 39 with FabH wt D) 37 with FabH C—Q E) 38 with
FabH C—Q F) 39 with FADH CQ. ...cviiiiiieieiiiieieese et 54

Figure 5.1 Nitro-bearing substrate analogs reveal substrate binding mode and active site amino
acid residues Phe65, Phe223, and ASN2L6..........coocveiiiiieiiieeeeieiee et evee e e s eaee e s envee s 111

Figure 5.2 Model of LnmK decarboxylation: Phe223 amide stabilizes enolate, carboxylate
interacts with Asn216 and Asn216. Tyr62 is the nucleophile for self-acyl-transfer. ................. 112

Figure 5.3 CHS Il (cyan sticks) with carboxy-carba(dethia)-CoA bound (black sticks) overlaid
with an acyl-S-KS (FabH, PDB 1HNH) intermediate to monitor a Claisen condensation-like
conformation. The white sticks are theoretical carboxylate positions. ............ccoevereniicnennne 115

10


file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225166
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225166
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225166
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225166
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225166
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225176
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225176
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225176
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225176
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225177
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225177
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225177
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225178
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225178
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225186
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225186
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225186
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225187
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225187
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225187
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225187
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225196
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225196
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225197
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225197
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225198
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225198
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225198

LIST OF SCHEMES

Scheme 2.1 Synthetic Scheme for Methylmalonyl-CoA Analogs..........cccevvvievieiciicce e 29
Scheme 4.1 Synthesis of sulfonate-bearing and nitro-bearing malonyl-thioester analogs. .......... 48

Scheme 4.2 Chemoenzymatic synthesis of ppant, CoA and ACP containing malonyl-thioester
LT 100 OSSR 49

11


file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225215
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225255
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225256
file:///C:/Users/Lohman%20Lab/Desktop/thesis/LeeThesisV5.docx%23_Toc26225256

LIST OF ABBREVIATIONS

ACN - acetonitrile

ACP — acyl carrier protein

ATP — adenosine triphosphate
CHS — Chalcone synthase Il

CF — chloroform

CoA — Coenzyme A

DCM - dichloromethane

DH - B-hydroxyacyl dehydratase
DMF — dimethylformamide
DMP- 2,2-dimethoxypropane

E. coli - Escherichia coli

ECF — ethylchloroformate
EtOAc — ethyl acetate

EtOH — ethanol

ER — enoyl-reductase

FabH or KasllII - 3-oxoacyl-[acyl-carrier-
protein] synthase 3

FAS — fatty acid synthase
GNAT - GCNb5-related N-acetyltransferase
KR — B-ketoacyl reductase

KS — ketosynthase

M. sativa — Medicago sativa

12

MAT - Malonyl CoA/acetyl-CoA-acyl
carrier protein transacylase

MCD — malonyl-CoA decarboxylase
MMCD — methylmalonyl-CoA
decarboxylase

MMCE — methylmalonyl-CoA epimerase
N.I. — not isolated

P. shermanii - Propionibacterium shermanii
Pant — pantetheine

Ppant - phosphopantetheine

PDB — protein databank

PKS — polyketide synthase

pTsOH — p-toluenesulfonic acid

R. palustris - Rhodopseudomonas palustris
Rms — root-mean-square

S. coelicolor - Streptomyces coelicolor
SLP — SCP2-thiolase-like protein

TE — thioesterase

TEA — trimethylamine

TFA — trifluoroacetic acid



ABSTRACT

Malonyl-thioesters are reactive at the thioester carbonyl and the carboxylate moieties, as
seen in acyl transfer or hydrolysis and decarboxylation. Enzymes use these reactive centers to
perform different enzyme chemistry throughout metabolism. This enzyme chemistry coupled with
the inherent reactivity of malonyl-thioesters makes structure-function studies difficult. When
malonyl-thioesters are used for structure-function studies, it usually results in a hydrolyzed or
decarboxylated product. There are examples, however, where this is overcome, many of which are
discussed throughout this thesis. To overcome the inherent reactivity of malonyl-thioesters and
enzymes, analogs have been synthesized to perform structure-function studies. Initial studies
focused on altering the thioester carbonyl to limit hydrolysis and decarboxylation; however, these
studies revealed the importance of retaining the thioester carbonyl to be positioned in the oxyanion
hole. My thesis work focused on the synthesis, characterization, and use in structure-function
studies of malonyl-thioester analogs that either preserve the thioester carbonyl or alter it to an ester
or amide, and alter the carboxylate to a sulfonate or nitro group. After synthesizing the
methylmalonyl-CoA analogs, we performed structure-function studies with methylmalonyl-CoA
decarboxylase. This case study revealed the potential of these analogs to both inhibit
decarboxylase activity and their use in structure-function studies to gain mechanistic insights. This
successful study prompted us to continue these structure-function studies in enzymes with different
chemistries such as an epimerase or bi-functional acyltransferase/decarboxylase. The widespread
use of these methylmalonyl-CoA analogs also motivated us to add more malonyl-thioester analogs
to our toolbox. | have preliminary data that these malonyl-thioester analogs inhibit B-keto-acyl-
synthase Ill, an enzyme involved in fatty acid production in E. coli. This inhibition gives us
confidence that these analogs will be useful in structure-function studies that will reveal answers
to long standing mechanism and protein-protein interaction questions in the polyketide and fatty
acid synthase field.
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CHAPTER 1. UNVEILING ENZYMATIC MALONYL-THIOESTER
DECARBOXYLATION WITH MALONYL-THIOESTER ISOSTERS

1.1 Natural products are a successful source for drug discovery

Almost two-thirds of drugs or drug leads come from natural products, natural product
derivatives, or synthetic variations of a natural product®. Natural product derivatives have
commonly been shown to enhance the efficacy of a natural product’s drug efficacy or limit side
reactivity. One of the most popular examples is the discovery of the antibiotic erythromycin which
had antibacterial activity but also had severe side effects such as liver disease, muscle weakness,
blurred vision, and hearing loss. The synthetic derivatization of erythromycin to azithromycin

made azithromycin one of the most popular antibiotics to date 2.

1.2 Polyketide synthases are a good source for new drugs with engineering potential

Polyketide synthases (PKS) are an enzyme class that produces diverse chemical
compounds many of which have made it into the clinic *. Some of the most popular drugs made
by polyketide synthases are the antibiotics tetracycline and erythromycin, the statin lovastatin, and
the anticancer drug epothilone. PKS have various types of architectures categorized into two main
types, multimodular mega-enzymes (type 1) or independent enzymes (type Il), Figure 1.1. The
common enzymes to PKS and fatty acid synthases (FAS) are the acyltransferase (AT) that loads
malonyl-thioester substrates onto the acyl carrier protein (ACP), which moves the substrate and
growing natural product through all catalytic domains and the ketosynthase (KS) which forms
carbon-carbon bonds between the growing polyketide and a malonyl-thioester substrate. The
resulting p-keto is reduced to various levels by ketoreductase (KR), dehydratase (DH), or enoyl
reductase (ER), and can be altered by other specialized domains unique to PKS. The order of
enzymes performing these specific reactions follows the same order as the PKS genes, referred to
as a collinear relationship, make it possible to predict the natural product of a PKS through its
genetic code.

The collinear genetic architecture of PKS reveals potential for genetic engineering. Domain
deletion to alter the natural product is possible with reasonable engineered product production;
however, when a domain/enzyme is attempted to be added or replaced with a homolog from a

14
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Figure 1.1 Domain architecture of fatty acid synthase and polyketide synthase. A) Mammalian
type | FAS is one complex made up of catalytic domains to form a dimer. B) Fungal type | FAS
is one complex made up of catalytic domains to form a dodecamer. C) Bacterial and plant type Il
FAS are made up of independent enzymes. D) Modular type | PKS is one complex made up of
catalytic domains with the minimum domains to form a module including the KS, AT, and ACP.
E) Trans-acyltransferase modular type | PKS is one complex made up of catalytic domains with
the exception of the AT which exists as an independent enzyme acting in trans to the PKS enzyme.
Type 1l PKS are comprised of independent enzymes. F) Type 111 PKS are similar to type Il where
enzymes are independent, but type 111 are ACP independent.

different PKS the production of the desired engineered product drops to below one percent yields
48 The success in these engineering attempts provided the preliminary possibility of engineering
PKS. To increase the yields of the engineered natural product, we need a better understanding of
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the new protein-protein interactions that are introduced into the engineered PKS. Another
possibility is that the new protein-protein interactions do not allow for proper substrate positioning
within the enzyme to promote chemistry.

Attempts to study the differences between different PKS protein-protein interactions have
yielded conflicting results. These studies commonly consist of tethering enzymes for structural
studies through chemical crosslinking, most commonly through the active site residues, which has
the greater potential of producing artifactual protein-protein interactions %2, Crosslinking these
enzymes results in an inherit bias of the protein-protein interactions that are captured and since the
active site residues are being used for the crosslinking we are unable to determine which catalytic
state was capture, if a catalytic state was captured at all. Therefore, the field lacks the tools to
perform protein-protein interaction structural studies that can mimic the substrate, intermediate, or
product bound state to capture potential conformational states.

Some PKS and FAS have similar domain/enzyme genetic architecture, Figure 1.1.
Therefore, performing protein-protein interaction studies on the domains/enzymes in PKS or FAS
will yield important conclusions for one another. FAS contain many of the same domains discussed
above with the only difference being that all of the B-keto reducing domains are present (KR, DH,
ER). Since FAS have different overall structural topologies in mammalian, fungal, and bacterial,
studying the protein-protein interactions could lead to noticeable differences between FAS in
different organisms. Knowledge of these differences could be used to develop drugs against a
specific organisms’ FAS which would greatly help the drug development against FAS for diseases

such as cancer or weight loss.

1.3 The ketosynthase produces the carbon-carbon bonds in PKS and FAS

The domain/enzyme responsible within PKS and FAS for forming the carbon-carbon bond
is the KS. KS perform an acyl transfer reaction followed by a decarboxylative Claisen
condensation reaction, Figure 1.2. The acyl transfer substrate comes from a loading acyl substrate
or an upstream module acyl intermediate. The active site cysteine of the KS is the nucleophile for
the acyl-ACP or acyl-CoA which results in an acyl-KS intermediate and free ACP or CoA. This
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Figure 1.2 Ketosynthases perform an acyl transfer reactions resulting in an acyl-KS intermediate.
A malonyl-thioester undergoes a Claisen condensation to form a carbon-carbon bond and produce
an acetoacetyl-ACP/CoA product.

acyl-KS intermediate accepts a malonyl-CoA or malonyl-ACP (generally referred to as malonyl-
thioester) which is decarboxylated to yield an enolate. The enolate intermediate reacts with the
acyl-KS intermediate producing a B-ketoacyl-ACP or -CoA. The complex reaction taking place
within the KS most likely requires the substrates and acyl-KS intermediates to be properly
positioned in the active site. If that positioning is altered due to different protein-protein
interactions, as is seen in engineered PKS, it is likely that the reaction would not take place.

A remaining question in the PKS/FAS field is how protein-protein interactions lead to
malonyl-thioester binding in the KS active site to allow for decarboxylative Claisen condensation.
Attempts to study KS-ACP interaction have relied on the crosslinking of the KS active site cysteine
and pantetheine arm of the ACP °'2, These studies reveal some protein-protein interactions;
however, the protein-protein interactions relevant to malonyl-thioester active site positioning is
unknown because of the absence of the substrate. Simpler studies look at KS that use coenzyme A
(CoA) tethered substrates (type Il PKS) instead of ACP tethered substrates. When structure-
function studies are performed with KS and malonyl-CoA they result in poor residual density for
the active site malonyl moiety. This can be seen with chalcone synthase Il co-crystallized with
malonyl-CoA leading to missing density for the malonyl moiety (PDB 1CML), Figure 1.3A %,
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Figure 1.3 Co-crystal structure of CHS in complex with malonyl-CoA (PDB 1CML). A) A 2Fo-
Fc electron density map set to an RMSD value of 1.0 showing disconnected electron density for
the bound malonyl-CoA at the adenosine, pantetheine, alpha carbon, and carboxylate moieties. B)
Malonyl-CoA in complex with CHS revealing malonyl-CoA (MLC) not bound near the active site
residues Cys164, His303, and Asn336. C) The proposed model for how malonyl-CoA is positioned
in the active site of CHS with the thioester carbonyl stabilized by His303 and Asn336.

This missing density led to a CHS structure with malonyl-CoA not bound near the active site
residues, Figure 1.3B, as predicted by the authors and their enzymology data, Figure 1.3C 316,
The missing electron density in the active site is likely due to the inherent reactivity of malonyl-
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thioesters, Figure 1.4 Y-1°. This missing density phenomena is seen repeatedly for enzymes such
as the KS-MAT didomain in mouse FAS (PDB 5MY0), malonyl-CoA decarboxylase (PDB 2REF,
2YGW, 4F0X, 4KSA, 4KSF, 4KS9, and 5AB7), LnmK (PDB 4HZO and 4HZP), B-ketoacyl-acyl
carrier protein synthase I11 (PDB 1HNJ), and stilbene synthase (PDB 1XET) 2%26, These results in
various enzymes suggest that malonyl-CoA is too reactive of a molecule for structure-function

studies, establishing a need for malonyl-thioester analogs.

1.4 Malonyl-thioesters are reactive at the thioester carbonyl and carboxylate

Malonyl-thioesters are reactive molecules at the thioester carbonyl and the beta-
carboxylate performing energetically favorable acyl transfer and decarboxylation, respectively,
Figure 1.4. The thioester carbonyl is an easy target for a nucleophilic attack due to the carbonyl’s
electrophilic characteristic, Figure 1.4A. Hydrolysis of the thioester bond releases 31.4 kJ/mol of
energy making it a high energy bond 7. The exact amount of energy released on decarboxylation
is unknown, especially the decarboxylation in a Claisen condensation which is seen in fatty acid
metabolism. The energy necessary to produce carbon-carbon (C-C) bonds through two acyl-CoA
molecules is AG®" = +12 kJ/mol 8, However fatty acid metabolism uses a malonyl-thioester
substrate which is made through an ATP-dependent carboxylation and has an energy of AG®* = -
37 kd/mol for ATP hydrolysis'®. Therefore, the decarboxylative Claisen condensation of malonyl-
thioesters must have an energy larger than what is required for C-C bond formation which is less
than or equal to 25 kJ/mol (AG®* = 12 kJ/mol - 37 kJ/mol = -25 kJ/mol). The high free energy for
each of these reactions explain why hydrolysis and decarboxylation are “nearly” irreversible. The
favorable and irreversible characteristics of malonyl-thioesters to hydrolyze and decarboxylate can
explain why many of the structure-function studies attempted with different malonyl-thioesters
resulted in hydrolyzed or decarboxylated active site density.
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Since so many different enzymes use or produce malonyl-thioesters, how do enzymes
stabilize a reactive molecule to perform a specific chemistry and prevent side reactions? To answer
this question structure-function studies and follow-up enzymology is needed. Many of the enzymes
mentioned above are thoroughly characterized in terms of kinetic mechanism and stereochemical
control. However, there are almost no enzyme structures with malonyl-thioesters bound leaving
most structure-function studies incomplete 2°3¢. The lack of structure-function studies with
malonyl-thioesters is not due to a lack of effort as many attempts have been made with
carboxylases, decarboxylases, acyltransferases, epimerases, and ketosynthases 2°?®. Rather, as
seen in the CHS example mentioned above, Figure 1.3, many of the structure-function studies
performed on these enzymes resulted in hydrolysis or decarboxylation of the malonyl-thioester.
Therefore, in order to perform structure-function studies on enzymes that use malonyl-thioesters
as a substrate or product, malonyl-thioester analogs need to be synthesized to overcome the

inherent reactivity of the molecule with enzymes.
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1.5 Synthesized malonyl-thioester analogs altered at the thioester carbonyl

Malonyl-thioester analogs altered at the thioester carbonyl have been synthesized for
structure-function studies. The first example of a malonyl-thioester substrate analog was 2-
carboxypropyl-S-CoA, Figure 1.5A. This compound mimics methylmalonyl-CoA with the
thioester carbonyl replaced with a methylene thioether bond, which is completely stable to
hydrolysis and decarboxylation. 2-carboxypropyl-S-CoA has been solved in complex with
methylmalonyl-CoA mutase (PDB 7REQ) and methylmalonyl-CoA decarboxylase (PDB 1EF9).
A superimposition of methylmalonyl-CoA mutase structures with either 2-carboxypropyl-S-CoA
or methylmalonyl-CoA bound, reveals the analog mimics the substrate. However, 2-
carboxypropyl-S-CoA in complex with methylmalonyl-CoA decarboxylase (MMCD) reveals the
carboxylate moiety binds in the proposed oxyanion hole rather than in a catalytically relevant
orientation. In order for methylmalonyl-CoA to decarboxylate, the thioester carbonyl needs to be
stabilized in the oxyanion hole. Therefore, 2-carboxypropyl-S-CoA does not mimic
methylmalonyl-CoA in MMCD, as such the authors predicted the substrate position through
MMCD’s structural homology with a substrate bound structure of 4-chlorobenzoyl-CoA
dehalogenase. Another example of a malonyl-thioester substrate analog was malonyl-S-
phosphopanthetheine with an oxetane moiety in place of the thioester carbonyl (oxetane analog),
Figure 1.5B. The oxetane moiety mimics the thioester carbonyl by having the oxygen in a similar
position and limits hydrolysis and decarboxylation. The oxetane analog was solved in complex
with DpsC (PDB 5WGC), Figure 1.5B. Within the active site of DpsC, the oxetane analog was
positioned with the oxetane oxygen oriented towards solvent. In order to perform acyl transfer or
ACP priming, it requires the stabilization of an enolateintermediate, and based on the orientation
of oxetane analog in the structure with DpsC, the enolate intermediate would need to be stabilized
by only water molecules which is unlikely. The 2-carboxypropyl-S-CoA and oxetane analogs with
the altered thioester carbonyl oriented towards solvent suggests that both of these analogs are not
suitable to mimic malonyl-thioesters within enzymes that use an oxyanion hole to stabilize an

enolate or tetrahedral intermediate.
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Figure 1.5 Malonyl-thioester analogs altered at the thioester carbonyl. A) 2-carboxypropyl-S-CoA
(black sticks) in complex with MMCD (PDB 1EF9) revealing the thioether carbon oriented
towards solvent. B) The oxetane analog (black sticks) in complex with DpsC (PDB 5WGC)
revealing the oxetane moiety oriented towards solvent.

1.6 New malonyl-thioester analogs will preserve the thioester carbonyl and alter the
carboxylate

Since the 2-carboxypropyl-S-CoA and oxetane analogs exemplified the importance of the
thioester carbonyl, the compounds that will be discussed in this thesis preserved the thioester
carbonyl or retained it as an ester or amide and altered the carboxylate to sulfonate and nitro

groups, Figure 1.6. The panel of thioester, ester, and amide carbonyl compounds is to help limit
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Figure 1.6 Malonyl-thioester analogs preserving the thioester
carbonyl or altering it to an ester or amide and altering the carboxylate
simpler enzymes. The first to a sulfonate or nitro group.

thioester analogs against

structure-function study we

used our sulfonate and nitro bearing analogs in was with MMCD, which allowed us to directly
compare these new compounds to 2-carboxypropyl-S-CoA in the same enzyme, discussed in
chapter 2. After seeing the stability of our sulfonate and nitro bearing compounds in MMCD we
performed structure-function studies with LnmK, a bifunctional acyltransferase-decarboxylase,
discussed in chapter 5. Since the nitro bearing compounds appeared as a planar nitronate in both
studies, we used it as a transition state analog in a structure-function study with methylmalonyl-
CoA epimerase, discussed in chapter 3. After testing panel of malonyl-thioester analogs against
many different enzyme chemistries, we began inhibition studies with B-ketoacylsynthase 111 from
Escherichia coli, discussed in chapter 4. All of our studies with the panel of malonyl-thioester
analogs gives us confidence to start performing structure-function studies with ketosynthases to

capture the multiple substrate positions as well as the KS-ACP protein-protein interactions.
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2.1 Abstract

Malonyl-thioesters are reactive centers of malonyl-CoA and malonyl-S-acyl carrier protein,
essential to fatty acid, polyketide and various specialized metabolite biosynthesis. Enzymes that
create or use malonyl thioesters spontaneously hydrolyze or decarboxylate reactants on the
crystallographic time frame preventing determination of structure—function relationships. To
address this problem, we have synthesized a panel of methylmalonyl-CoA analogs with the
carboxylate represented by a sulfonate or nitro and the thioester retained or represented by an ester
or amide. Structures of Escherichia coli methylmalonyl-CoA decarboxylase in complex with our
analogs affords insight into substrate binding and the catalytic mechanism. Counterintuitively, the
negatively charged sulfonate and nitronate functional groups of our analogs bind in an active site
hydrophobic pocket. Upon decarboxylation the enolate intermediate is protonated by a histidine
preventing COz-enolate recombination, yielding propionyl-CoA. Activity assays support a
histidine catalytic acid and reveal the enzyme displays significant hydrolysis activity. Our
structures also provide insight into this hydrolysis activity. Our analogs inhibit
decarboxylation/hydrolysis activity with low micromolar K; values. This study sets precedents for
using malonyl-CoA analogs with carboxylate isosteres to study the complicated structure—function
relationships of acyl-CoA carboxylases, trans-carboxytransferases, malonyltransferases and -

ketoacylsynthases.
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2.2 Malonyl-thioester analogs do not orient the altered thioester carbonyls in the oxyanion

hole
Hydrolysis and 0 , 0 . HH O . goz/ﬁ\
decarboxylation  reactions  of COA-SMO CoA-S)H)\o opant-S S

malonyl-CoA and 2-substituted

analogs like methylmalonyl-CoA Q 9 9 o o o
(1) are spontaneous and essentially CoA-N)H/

. . . 4 5 6
irreversible!. While uncatalyzed
: : O o O o O o
hydrolysis and decarboxylation U o e o
. CoA-S ® O CoA-O ® 0 CoA-N ® O
reactions are slow, enzymes ; 8 H o

activating the malonyl-thioester

Figure 2.1 Our methylmalonyl-CoA analogs 4-9 compared
to the previously used thioether (2) and oxetane (3).
reactions. This reactivity prohibits Phosphopantetheine moiety is abbreviated ppant.

determination of structures with

increase rates of nonproductive side

malonyl-thioesters bound to enzymes in many biosynthetic pathways of interest to metabolic
engineers or drug designers. Structures of these enzymes in complex with malonyl-CoAs or
malonyl-thioesters are necessary for understanding the molecular interactions governing catalysis
for inhibitor design or enzyme engineering. We synthesized methylmalonyl-CoA analogs bearing
novel methylmalonyl-thioester isosteres with the carboxylate changed to a sulfonate or nitro to
overcome the reactivity problem. Application of our analogs to study Escherichia coli
methylmalonyl-CoA decarboxylase (YgfG, MMCD) structure—function relationships provides a
proof-of-principle. Previously synthesized malonyl-CoA analogs found in crystal structures can
bind in noncatalytic orientations. The first malonyl-CoA analog found in a crystal structure is 2-
carboxypropyl-CoA (2) a thioether analog of 1, Figure 2.1.

Alteration of the thioester to a thioether makes the analog stable to
hydrolysis/decarboxylation. The thioether 2 binds in a catalytically relevant orientation in the
structure of Propionibacterium shermanii methylmalonyl-CoA mutase (PDB 7REQ)?2. However,
2 binds in the active site of MMCD inconsistent with any reasonable catalytic mechanism (PDB
1EF9)3. Recently, a malonyl-S-phosphopantetheine analog bearing an oxetane (3) was reported in
the active site of DpsC (PDB 5WGC), a polyketide synthase enzyme using a malonyl-S-acyl carrier
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Scheme 2.1 Synthetic Scheme for Methylmalonyl-CoA Analogs

protein substrate*. However, the oxetane oxygen was oriented toward solvent, obscuring the role
of the thioester-carbonyl in catalysis. Both 2 and 3 are altered at the thioester-carbonyl, which is
necessary for stabilizing the enolate formed upon decarboxylation of malonyl-thioesters and
transfer of the malonyl-group to nucleophiles. Alternative malonyl-thioester isosteres that retain
the thioester-carbonyl require changing the carboxylate to eliminate decarboxylation, inspiring us
to generate the analogs 4-9, Figure 2.1.

2.3 Synthesis of carboxylate isosteres to perform structure-function studies with MMCD

While carboxylate isosteres are widely used in medicinal chemistry, literature concerning
B-keto carboxylate isosteres for mechanistic enzymology is thin®. Most isosteres are too bulky or
have improper pPKa values for mechanistic probes®’.
Sulfinates/sulfonates/phosphinates/phosphonates are negatively charged at physiological pH
similar to carboxylates, but are not planar. Nitro isosteres of carboxylates are common when
attached to a benzene ring. However, alkyl-nitro and especially -keto nitro groups are relatively
uncommon. In solution, alkyl nitro groups are in equilibrium with the nitronate form, which carries
a charge on the oxygen atoms, mimicking a carboxylate®. Since most carboxylate isosteres are
suboptimal for mechanistic studies, comparison of multiple helps to reveal trends for modeling the
natural substrate. With carboxylate isosteres in mind and awareness of thioester lability, we
synthesized 4-9 outlined in Scheme 2.1, details/characterization provided in Supporting
Information. Our strategy was to produce acetonide protected pantetheine (10), oxypantetheine
(11) and aminopantetheine (12), followed by alkylation of all three with 2-bromopropionyl

bromide to yield 13—15. This required generation and reduction of acetonide protected pantethine
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Figure 2.2 MMCD-isostere binding interactions. (A) Overlay of MMCD chain A with 4-black, 5-
gray and 6-white. Green dashes indicate oxyanion hole. Both C-1 stereoisomers of 4—6 modeled.
Surface of active site residues is shown for 4 bound, notice His66-imidazole contacts solvent and
active site surfaces. Hydrogens (diminutive ball—sticks) predicted based on geometry. (B) Overlay
of MMCD chain A with 7-black and 9-white. Red dashes illustrate intramolecular hydrogen bond
of 9. (C) Overlay of 4 and 7 structures, demonstrating similar carboxylate isostere orientations,
suggesting methylmalonyl-carboxylate interacts with Pro133. Yellow dashes indicate potential
hydrogen bond.

(16), and coupling ethylenediamine/ethanolamine to protected pantothenic acid (17) via
ethylchloroformate. Treatment of the bromides 13—15 with dithionite leads to sulfinates, 18—20,
confirmed by LC/MS. Upon purification sulfinates oxidize to sulfonates 21-23. Treatment of
13-15 with excess sodium nitrite and phloroglucinol in DMF yields B-keto nitro intermediates
24-26, inspired by previous literature®. Finally, 21-23 and 27—29 were generated through TFA
catalyzed deprotection and converted to CoAs (4—9) chemoenzymatically.

To provide proof-of-principle that our analogs are useful for structure—function studies we
examined MMCD-analog complexes via X-ray crystallography. Co-crystallization of almost
native MMCD (single S2A mutation) with 4—9 yielded structures with active site density for the
analogs (Figure S1), which provides insight into methylmalonylmoiety:active-site interactions
prior to decarboxylation. Our structures were determined at 1.70—1.80 A resolution, see Table S1
for crystallographic details. Each unit-cell contains a hexamer providing six independent
determinations of analog binding orientation, Figure S1. The methylmalonyl-thioester isosteres of
analogs 4—6 bind almost identically with clear density in every active site, Figure 2.2A and S1.
Interestingly, nitro analogs 7—9 mostly bind in the nitronate form, Figure 2.2B/C and S1. Analog

9 has a hydrogen bond between a nitro oxygen amide hydrogen, which may contribute to its clear
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Figure 2.3 Flattened schematics for the binding of isosteres to MMCD and proposed catalytic
mechanism. (A) Generalized binding of the isosteres, with the color of the R-groups matching the
structures in Figure 2.2. (B) Proposed (2R/S)-methylmalonyl-CoA binding modes for MMCD and
the following decarboxylase mechanism invoking rotation of His66 side chain into the active site.

active site density compared to 7 and 8, Figure 2.2B/C and S1. Residual density for 7/8 in many
active sites is explained by conformational heterogeneity or isostere degradation via hydrolysis,
reduction to oxime, or Nef reaction. Reduction/ hydrolysis reactions are supported by a pyruvate
oxime found in crystal contacts of MMCD structures with 7/8, Figure S2. Presence of NiSO4 may
have catalyzed degradation. Nevertheless, these results support use of 4-6 and 9 with hydrolysis

prone enzymes.

2.4 Methylmalonyl-CoA active site positioning promotes decarboxylase mechanism

The key thioester-carbonyl retained in our isosteres sits in an oxyanion hole formed by
His66 and Gly110, which supports a previous prediction between methylmalonyl-thioester
carbonyl and oxyanion hole, Figure 2.2%. However, previous prediction of a hydrogen bond
between methylmalonyl-carboxylate and Tyr140-hydroxyl, is not supported. The closest contact
for the nitro and sulfonate moieties of our analogs is with Prol33, Figure 2.2. The carboxylate
binding pocket is almost completely hydrophobic, formed from 11e68, Leu71, Leu79, Leu85,
Gly109, Met131, Leul36, Vall38, and Tyrl40. A single polar contact with the carboxylate
isosteres is Thr132, Figure 2.2C. The observation that both nitro and sulfonate groups bind near
Pro133 in the hydrophobic pocket strongly suggests the natural carboxylate binds in a similar
location, Figure 2.2C.

We predict Thrl32 temporarily interacts with the methylmalonyl carboxylate on path to

the hydrophobic pocket and Prol33, Figure 2.3. Thioester-carbonyl oxyanion hole interaction
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stabilizes the enolate resulting from decarboxylation, leaving neutral CO. bound in the
hydrophobic pocket. To prevent reversion (addition of CO2 back to the enolate)*?, protonated
His66 side chain rotates into the active site and protonates the enolate opposite of the CO», yielding
product propionyl-CoA. His66 is found in a proton donating conformation in the structure with
thioether 2, Figure S3A. In the majority of our structures His66-imidazole is protonated and
interacts with Asp83-carboxylate and Asp67-peptide ketone. In a few cases, His66 is neutral and
interacts with the Asp67-amide hydrogen rather than ketone, Figure S3B. Further evidence for
His66 in enolate protonation comes from activity assays.

Kinetic characterization of MMCD was originally performed using a coupled assay with
transcarboxylase generating (2S)- methylmalonyl-CoA at pH 7.2 and 37 °C that was not optimized,
with reported Km 13.6 uM, Keat 1.6 s and Keat/Km 0.12 pM 1 s, We used direct HPLC detection
of substrate transformation from commercial (2RS)-methylmalonyl-CoA, details presented in the
Supporting Information and Figure S4 and S5. A lower limit for Keat/Km in our system is 0.17 pM ™t
stat pH 6.5 and 25 °C. A pH rate profile reveals maximum decarboxylation activity below pH
6.0, with a pKa of 7.4 consistent with protonated His66 acting as a catalytic acid, Figure S6.
Hydrolysis of 1 is fastest at pH 6.8, rates decrease at higher and lower pHs with two titratable
groups of pKa 5.3 and 8.5. CoA is generated from 1 rather than from propionyl-CoA, as CoA does
not increase after 1 is depleted.

In vivo, MMCD decarboxylates (2R)-methylmalonyl-CoA produced by methylmalonyl-
CoA mutase from succinyl-CoA!. In vitro MMCD accepts both methylmalonyl-CoA epimers
present in commercially available material. MMCD binds both C-2 epimers of 4—6 based on
residual electron density for the methyl group, Figure S1 and Figure 2.2. His66 is expected to be
able to protonate the enolate resulting from either enantiomer, which is consistent with (2R/S)-
methylmalonyl-CoA decomposition fitting reasonably well to a single exponential decay, Figure
S5. In addition, spontaneous epimerization is slower than catalysis under our experimental
conditions, with a half-life of 87 h at pH 7.1 and 38 h at pH 5.0'2. The single exponential fit also
suggests hydrolysis and decarboxylation happen on the same time scale.

2.5 Alternative active site orientations lead to hydrolysis

Analogs 7 and 8 have methylmalonyl isosteres that can bind in alternative orientations,

leaving a water molecule in the oxyanion hole, Figure S3C. This oxyanion hole water can be
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activated for thioester attack by His66 in two ways, Figure S7TA/B. Direct deprotonation of water
leads to protonated His66 that interacts with the thioester stabilizing hydrolysis, Figure S7A.
Alternatively, the malonyl-thioester carbonyl rearranges into the oxyanion hole, displacing water
into the hydrophobic pocket interacting with His66. Deprotonation of water promotes hydrolysis
through reaction with the activated thioester, Figure S7B.

The water rearrangement hypothesis could lead to decarboxylation through bicarbonate
formation as outlined in Figure S7C% 3, It remains unknown whether MMCD directly generates
CO:2 or bicarbonate. However, a carboxylate hydration route is disfavored, because none of our
structures with 4—6 has His66 interacting with the sulfonate group, which is an ideal carboxylate

hydration intermediate mimic.

2.6 Inhibition of MMCD with methylmalonyl-CoA analogs

Initial attempts using isothermal titration calorimetry to determine MMCD-analog binding
affinity suggested MMCD could not be saturated at high analog concentrations. Examination of
electron density surrounding the active site revealed a second coenzyme A binding site in
approximately half of monomers, typically chains C/E/F, Figure S8. CoA in this allosteric site
alters the conformation of Trp108, which directly interacts with methylmalonyl-CoA in the
catalytic site. We determined inhibition constants for our analogs to compare relative affinities,
Figure S9. These assays gave K; values of 7.5+ 1.1,3.8+ 1.6, 7.1 + 1.7, 10.8 + 2.3, 20.6 + 2.7
and 19.8 + 1.4 uM for 4-9, respectively. The sulfonate isosteres bind tighter than the nitro isosteres
in general. This can be explained by the planarity of the nitronate not being complementary to the

hydrophobic pocket compared to the sulfonate.

2.7 Malonyl-CoA analogs provide an avenue to test p-ketoacyl synthase mechanism

A long-standing question in B-ketoacyl synthase catalysis is how the malonyl-thioester
binds in the active site leading to decarboxylation and carbon—carbon bond formation®®. In one
model, the carboxylate binds against a hydrophobic residue, which can act as a driving force for
decarboxylation. However, carboxylate desolvation poses an energy barrier, leading to skepticism
for the hydrophobic interaction model. In a second model, the carboxylate binds to a conserved

histidine side chain, which poses no desolvation problem. In a third model, histidine activates a
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water to generate bicarbonate as the leaving group. The environment surrounding the nitro and

sulfonyl groups is surprisingly hydrophobic in MMCD. Thus, while there is no sequence or

structural homology between MMCD and B-ketoacyl synthases, our study lends credence to the

hydrophobic-carboxylate interaction model. While more experiments are required to establish the

MMCD catalytic model presented here, this study exemplifies the potential our analogs have for

providing new insight into the mechanism of well-studied and complicated enzymes.
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CHAPTER 3. CO-CRYSTAL STRUCTURES OF METHYLMALONYL-
COA EPIMERASE CONTRADICT GENERAL ACID-BASE CATALYSIS,
PROVIDE SUBSTRATE SPECIFICITY INSIGHTS

A version of this chapter will be submitted for review.

Contributions: Jeremy R Lohman and Lee M Stunkard designed experiments, interpreted the
resulting data and wrote the manuscript. Lee M Stunkard carried out the vast majority of
experiments. Aaron B. Benjamin synthesized carboxy-carba(dethia)-CoA and assisted in protein
preparation. James B. Bower and Tyler J. Huth assisted with sample preparation.

Note: Literature references are unique within this chapter.

3.1 Abstract

There is much interest in generating 2-substituted malonyl-CoAs for incorporation into
polyketide biosynthetic pathways. One promising route is the use of malonyl-CoA synthetases.
However, malonyl-CoA synthetases like Streptomyces coelicolor MatB, generate 2-substituted
malonyl-CoAs with the 2R- configuration, while polyketide synthase malonyltransferase enzymes
typically accept 2S- substrates. Methylmalonyl-CoA epimerase swaps the 2R- and 2S-
configuration and has some demonstrated substrate promiscuity. In order to further understand the
relationships between the catalytic mechanism, substrate promiscuity and structure, we solved
structures with the substrate and a putative transition state analog bound. The original mechanism
proposed was the use of general acid-base catalysis similar to the mechanism of proline racemase,
based on the exchange of the a-carbon proton with solvent. However, tritium Kinetic isotope effects
were inconclusive leading to the hypothesis of a “protected base” in catalysis. Our structures reveal
that there are no acids or bases near the a-carbon protons to deprotonate or protonate the a-carbon.
Using NMR we confirmed that the a-carbon proton is catalytically exchanged with solvent.
Therefore, we propose MMCE catalyzes enolization of the thioester as the mechanism, whereby
the thioester ketone acts as the “protected base”. This mechanism is more compatible with various
2-substitutions other than carbon over a possible decarboxylation-carboxylation mechanism,
which could also explain catalysis with a lack of acids/bases within reach of the a-carbon

hydrogen.
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3.2 Methylmalonyl-CoA epimerase was proposed to undergo acid/base catalysis

Methylmalonyl-CoA
epimerase (MMCE) is central to
linking TCA cycle intermediates
with other pathways in various
organisms. Typically, MMCEs
are found with methylmalonyl-

CoA mutases where they
reversibly convert (29)-
methylmalonyl-CoA to (2R)-

methylmalonyl-CoA and finally
to succinyl-CoA. Deficiencies in
this pathway can lead to severe
acidosis and damage the central
nervous system. MMCE is also
a promising biotechnology tool
for the generation of polyketide
synthase substrates. Previously,
Streptomyces coelicolor MMCE

(ScMMCE) was used to enhance yields of 6-deoxyerythronolide B in Escherichia coli

A w2 M>
L substrate \
H0' OH 2 blndlng B C D * c2
- =
i 2 0 COA~ S)S(&
CoA-S o H CH
H CH,
B NS @ M @
N AN AN solvent anN
O 00 deprotonate °d o protonate o 0o exchange H-g" "o-H
O «— -~ b oH
CoA-S o CoA-S 0 CoA-S o
~H CH CH H;C H €] \ ©
A° ® HA AH * A AH A AH A
@ @
M -
c //M\\ ) - displace 120 H. solvent
Oy 00  enolize 0. 0 metal 0) O tautomerization o 00
- H I © - €] -
Coa-s{ xS0 CoA-S O 2xH,0 COATS ° CoA-$ °
H CH, CHs CHs HaC H
@ @
D M M M
e o \03 NS
0) o) decarboxylate ) ))  carboxylate O O
— R ~ C -~
CoA-S o] CoA-S 0 CoA-S o]
H CHj CHj; HsC H
E W M metal ,’V'?
H,0  “OH substrate hydroxide [SW] o

Q binding (O/ EBOH deprotonation 0

oy moAfs)%CH;; EQ;»COA*SMC(?
(:oA—s)jiCH3 e CHs
o Oe
Figure 3.1 Possible catalytic mechanisms. A) Substrate binding
B) General acid-base catalysis. C) Enolization via 1,3-H shift
with metal displacement and solvent tautomerization. D)
Decarboxylation/recarboxylation. E) Metal hydroxide
displacement with concomitant enolate formation.

23 Recently,

the pikromycin PKS was engineered to incorporate altered a-carbon substituent malonyl-

substrates®. The malonyl-substrates were chemoenzymaically synthesized using malonyl-CoA

synthetase, MatB. MatB has been altered many times to accept larger a-carbon substituents>?.

However, MatB stereo specifically produces the (2R)-malonyl epimer and MatB homologs used

in pikromycin analog biosynthesis are also expected to generate the (2R)-epimer'. These (2R)-

epimers aren’t suitable PKS substrates as the acyltransferase within PKS is stereo-specific for (2S)-

malonyl-thioesters?. Efficient incorporation of these larger a-carbon substituents is possible if they

undergo epimerization to produce the 2S-configuration. Therefore, we were interested in

performing structure-function studies of MMCE to determine if the mechanism may play a role in

substrate specificity.
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The most studied MMCE enzyme is
from Propionibacterium  shermanii  (P.
shermanii)!*, MMCE is part of the vicinal

oxygen chelate superfamily!4

. In tritium Glul34
Kinetic isotope effect and NMR studies, it was

found that the C2 hydrogen was exchanged

with solvent®>*®, This piece of data supported

an acid-base catalytic mechanism similar to

other vicinal oxygen chelate superfamily let20

enzymes*’?!, Figure 3.1. More detailed

analysis revealed that the Kkinetic isotope

effect was not explained alone by an enzyme g1 32 Overlay of apo-ScMMCE structure

bound tritium, leading to a proposed “hidden (green), methylmalonyl-CoA bound in SCMMCE
., . (yellow), and nitropropionyl-S-CoA bound in
base” that only exchanged with solvent goniMCE (blue) with the pink sphere modeled as

infrequently. nickel.

Structures of MMCE from P. shermanii‘?** (PfMMCE), and later a proposed MMCE from
Thermoanaerobacter tengcongensis* suggested that the acid/base catalytic residues could be
conserved glutamate residues. In order to elucidate the “hidden base” and clarify the roles of
invariant residues, we solved the structure of SCMMCE, with and without mutants, with
methylmalonyl-CoA and a planar carbanion intermediate analog with the carboxylate replaced by
a nitro group.

We previously synthesized the nitro bearing methylmalonyl-CoA analog for examining the
structure-function activities of methylmalonyl-CoA decarboxylase?. In the active site of E. coli
methylmalonyl-CoA decarboxylase, the nitro analog bound in the form of the nitronate with a
deprotonated C2. We hypothesized this analog would perfectly mimic the planar carbanion

transition state to reveal the nature of the proposed catalytic general acids/bases.

3.3 Structures of MMCE with methylmalonyl-CoA and nitro analog and mutant assays
suggest acid/base catalysis is not the catalytic mechanism

Three structures of SCMMCE were solved in the apo-conformation, methylmalonyl-CoA
bound conformation, and transition state analog bound conformation, Figure 3.2. The apo-structure
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was solved to a resolution of 1.4 A with an R-factor of 15.8% and R-free of 18.1% (5% data
excluded). The substrate, methylmalonyl-CoA, bound structure was solved to a resolution of 1.55
A with an R-factor of 15.5% and R-free of 17.4% (5% data excluded). The transition state analog,
nitropropionyl-S-CoA, bound structure was solved to a resolution of 1.37 A with an R-factor of
15.0% and an R-free of 17.7% (5% data excluded). Each of these structures are solved at a high
resolution with clear visibility for all of the active site residues and ligands for the respective
structures. A metal was bound in each structure, coordinated by the side chains of His7, GIn60,
His84, and Glul134. The substrate and transition state analog bound structures also coordinate with
the metal at the thioester carbonyl and carboxylate/carboxylate isostere.

In the structure of SCMMCE, methylmalonyl-CoA is bound in the neutral state, rather than
enolate, as C2 is sp3 hybridized, with density for both epimers visible in the electron density maps.
Methylmalonyl-CoA bound in the active site reveals there are no acids or bases within proton
abstraction or donation distance C2, Figure 3.1 and 3.2. In an overlay of methylmalonyl-CoA and
Co?* bound structures, the Glu134 and Glu43 residues are further in the bound structures, Figure
3.2. Thus upon substrate binding the predicted acid-base pairs move away from the substrate,
rather than toward. The structure with the nitro analog bound reaffirms the observation that Glu134
and Glu43 are even further from the C2 position than in the substrate bound structure, Figure 3.2.
Water molecules are absent from SCMMCE active sites with methylmalonyl-CoA and transition
state analog bound structures, excluding water acting as a cryptic acid-base. The substrate and
nitro analog bound structures suggest that since the acid/base catalytic residues are too far for
proton transfer, acid/base catalysis does not explain the epimerization mechanism.

To test our surprising structural results, we mutated the amino acids in the active site to
better understand their roles. We made MMCE E134A, E134Q, E43L, and E43Q mutations
because E134 and E43 are the predicted acid/base catalytic residues. The MMCE Q60A, Q60E,
S115A, S115T, and 1120V mutants were made because they were the only other amino acids
interacting with or are in close proximity to the ligands. To test the activity of MMCE and mutants
we set up an assay with racemic methylmalonyl-CoA incubated with LnmK, a stereospecific (2R)-
methylmalonyl-CoA decarboxylase discussed in chapter 5, for 30 minutes. After 30 minutes the
percentage of methylmalonyl-CoA compared to propionyl-CoA were monitored by HPLC. To this
point we see a 50% mixture of (2S)-methylmalonyl-CoA and propionyl-CoA. At this point, we
add MMCE or mutant to the reaction mixture and incubate for 30 minutes. After 60 minutes we
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monitor the percentage of methylmalonyl-CoA compared to propionyl-CoA again. The
percentages of methylmalonyl-CoA and propionyl-CoA do not add up to 100% because LnmK
has some side hydrolysis activity. The negative control with no MMCE enzyme added at the 30-
minute mark results in a consistent 50% mixture of methylmalonyl-CoA and propionyl-CoA at 60
minutes. The positive control with MMCE WT added at 30 minutes results in nearly 100%
conversion to propionyl-CoA. We used this assay to test our MMCE mutants for possible
epimerase activity, Table 3.1. The results are shown as total percentages of compounds and these

percentages don’t add to 100% because there is hydrolysis which leads to free CoA.

Table 3.1 MMCE WT and mutant epimerization assays.

30 minutes 60 minutes
methylmalonyl- | propionyl- | methylmalonyl- | propionyl-

CoA CoA CoA CoA
MMCE WT 47% 46% 0.2% 84%
MMCE (-MMCE) 47% 46% 43% 42%
MMCE E134A 47% 46% 43% 48%
MMCE E134Q 47% 46% 44% 49%
MMCE E43L 47% 46% 36% 51%
MMCE E43Q 47% 46% 33% 50%
MMCE Q60A 47% 46% 0.2% 84%
MMCE Q60E 47% 46% 0.2% 81%
MMCE S115A 47% 46% 38% 48%
MMCE S115T 47% 46% 0.1% 79%
MMCE 1120V 47% 46% 0.2% 78%

The MMCE mutants Q60A, Q60E, S115T, and 1120V showed similar results to WT
MMCE suggesting the mutated residues are not necessary for epimerization. MMCE E43L and
E43Q revealed similar results that they were able to epimerize methylmalonyl-CoA, but at a
reduced rate compared to WT. The E134A and E134Q mutants were similar in that they had a
drastically reduced epimerization. The conversion of methylmalonyl-CoA to propionyl-CoA for
E43A, E43Q, E134A, and E134Q suggest that the glutamate residues are important for
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epimerization but not necessary. MMCE S115A also had slow epimerization. It is possible that
this mutation is affecting substrate positioning which leads to decreased epimerization. We also
incubated methylmalonyl-CoA with our MMCE mutants to test for a confounding decarboxylase
and hydrolase activity, which we found none. Taking the structures and mutagenesis data together,

it suggests that acid/base catalysis is not the catalytic mechanism for MMCE.

3.4 Other possible mechanisms for MMCE epimerization

Excluding acid/base catalysis, this leaves two possible mechanisms, one where the
substrate itself participates via enolization (1,3-H shift), or there is decarboxylation and
recarboxylation, Figure 3.1. The decarboxylation/recarboxylation mechanism is precluded as this
mechanism doesn’t account for exchange of the C2 hydrogen. Alternatively, the “hidden base”
might be the thioester or carboxylate oxygens. The enolization mechanism should not be possible
as keto-enol tautomerization by sigmatrophic 1,3-H shifts are typically forbidden by transition
state geometry. However, the metal in MMCE likely favors the enolate intermediate, enabling the
1,3-H shift. Another option is that the water molecules bound to the metal in the apo-state are
deprotonated. Upon forming the substrate enzyme complex, these waters deprotonate the substrate,
generating an enolate intermediate. The reverse reaction incorporates hydrogen from the solvent
on either side. Our crystal structure with methylmalonyl-CoA bound supports the mechanism
where the 1,3-shift happens upon substrate exiting the active site, rather than upon entrance, due
to the sp3 nature of C2.

The epimerase reaction is acid catalyzed in solution, suggesting a proton shared by the
thioester-oxygen and carboxylate oxygen contribute to deprotonation of C2, likely due to a

relatively  stable  pericyclic o o PccB o

intermediate. While the acti O DO 0
intermediate. ile the active coa-s 5 CoA-S H

. . H3C H CH
site does not contain any water : :
e . o O PccB 0O
within distance to act as a l rate. s i D
) o 0 0 Mo [T CoA-S” 70 —= CoA-S D
acid/base, it is still somewhat r O D CHy ke CH,
) . CoA—SMO o o
water accessible. The active site HoC H wll o
. . CoA—SMO
cativity penetrates the entire oA

monomer, but the substrate only Figure 3.3 NMR analysis of (2RS)-methylmalonyl-CoA

) conversion to propionyl-CoA via MMCE and PccB.
enters half way. This leaves a
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water accessible cavity that can interact with the carboxylate. It is possible that this solvent
interaction with the carboxylate and the formation of the enol intermediate eject the molecule into

solution for enol tautomerization to complete the reaction.

3.5 Proposed experiments to test directional or mixed epimerase activity

The rate of epimerization and solvent exchange are related by 50% in theory. In the NMR,
the C2 methyl group is easily visible and split by the C2 hydrogen, which is buried under the water
solvent peak. Exchange of the hydrogen with deuterium leads to the C2 methyl group becoming a
singlet. Monitoring the splitting pattern thus allows quantitation of enzyme turnover for
enolization. Linking this turnover to a downstream enzyme performing decarboxylation allows
quantitation of enolization vs epimerization. We propose to use S. coelicolor propionyl-CoA
carboxylase or methylmalonyl-CoA:pyruvate transcarboxylase to stereospecifically decarboxylate
(2S)-methylmalonyl-CoA, Figure 3.3. During this reaction, the carboxylate is replaced by a solvent
proton or deuteron, Figure 3.1. If MMCE catalysis mimicked that of proline racemase with a pair
of catalytic general acids/bases, the rate of propionyl-CoA formation would equal the rate of
deuterium incorporation into methylmalonyl-CoA, if enolization is the mechanism the rate of

formation of propionyl-CoA will be 50% of deuterium incorporation into malonyl-CoA.

3.6 Experiments to test substrate engineering potential

Since there is much interest in engineering PKS enzymes to accept larger a-carbon
substituents, MMCE is a strong platform to optimize the a-carbon epimerization for better
incorporation into PKSs?3. MMCE has the potential to accept larger substrates upon active site
engineering. Mutating 11e120 and GIn39 to smaller amino acids may provide the active site cavity
necessary to accept larger a-carbon substituents for epimerization. 1 would recommend mutating
these positions to open the active site cavity, followed by assays with larger a-carbon substituents

such as ethyl/propyl-malonyl-CoA, 2-aminomalonyl-CoA, and 2-methoxymalonyl-CoA.

3.7 Conclusions

The structures of SCMMCE in complex with methylmalonyl-CoA and the nitro-bearing

transition state analog reveal two structural states where the predicted acid-base glutamate residues
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are positioned 4A from the C,. This distance is too far for a hydrogen bond, let alone a proton
abstraction or donation. Mutant SCMMCE activity assays revealed that while Glu134 and Glu43
are important for epimerization, they are not necessary. When the glutamate residues are mutated,
the epimerization activity is still obtained, albeit much slower. The substrate and transition state
analog bound structural states combined with the mutant SCMMCE data suggest that SCMMCE
does not undergo acid-base catalysis to perform epimerization. These results disclose the
possibility of SCMMCE performing epimerization through an unknown catalytic mechanism that
requires further experimentation, highlighted in section 3.6. A possible mechanism is for
epimerization is through an enol or enolate intermediate as we propose in Figure 3.1 C and E.
Results from our proposed experiment in Figure 3.3 will begin to yield insight into a possible new
mechanism for epimerization. These proposed mechanistic intermediates start to raise the question
of how does SCMMCE stabilize methylmalonyl-CoA to proceed through an enol or enolate
intermediate without decarboxylation or hydrolysis side products? Is it possible to reverse engineer
the active site to accept larger 2-substituted substrates without altering the mechanism of
epimerization? A thorough understanding of the catalytic mechanism will provide more
information to engineering SCMMCE to accept larger 2-substituted substrates for PKS

engineering.
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CHAPTER 4. SYNTHESIS OF MALONYL-THIOESTER ANALOGS
WITH SULFONATE CARBOXYLATE ISOSTERES AND ACTIVITY
WITH FATTY ACID SYNTHASE KETOSYNTHASE

A version of this chapter will be submitted for review.

Contributions: Jeremy R Lohman and Lee M Stunkard designed experiments, interpreted the
resulting data and wrote the manuscript. Lee M Stunkard carried out the vast majority of
experiments. Aaron B. Benjamin assisted with synthesis and protein preparation. Brendan G.
Williams assisted with kinetic experiments.

Note: Literature references and chemical numbers within schemes are unique within this chapter.

4.1 Abstract

Stable analogs of acyl-CoAs are of value for enzyme structure-function studies. We
previously reported the synthesis of methylmalonyl-CoA analogs with methylmalonyl-thioester
isosteres having nitro and sulfonate replacements of the carboxylate and preserving the thioester
or altering it to an ester or amide. Here we generate the respective sulfonate bearing malonyl-
thioester analogs, along with -amido(dethia)- and -oxa(dethia)- analogs in order to examine their
binding affinity and reactivity with Escherichia coli fatty acid synthase p-ketoacylsynthase 111
(KasllIl or FabH).
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4.2  Malonyl-thioester reactivity has led to limited structure-function studies

The reactive malonyl-thioester moiety A decarboxylative

. . . Clai d ti
is present in malonyl-CoA, which has been eemeondensa on

KS
described as ‘“hyperreactive” due to ” Co, ” ,

spontaneous acylation of aminesl. The )=§i ): s ;

malonyl-thioester is also a 3-keto acid that can
be irreversibly decarboxylated by enzymes ,
such as fatty acid and polyketide synthases to CO o

generate carbon-carbon bonds. This inherent H, N , HoN w)/l,_ o
. Cys—>GIn (‘ 0 H
reactivity prevents capture of malonyl- mutant o =(
thioesters in enzyme active sites via X-ray D @ E @ gNH
crystallography?®. These complexes are s é s R,
. o g /L—O o
needed to understand structure-function 2: &: 2;
. . 7/»R =0 R =80, N* #R:O #/R:O
relationships such as the enzyme-substrate 0o R=S,0,NH ‘GO 0o

molecular interactions promoting catalysis, Figure 4.1 A) Carbon-carbon bond forming

and catalytic or allosteric conformational activity of FabH. B) FabH C—Q mutant
) decarboxylation activity. C) Possible inhibition of
changes that are necessary for drug designand apH by stable malonyl-thioester analogs.

protein engineering. Squiggly line represents phosphopantetheine.

A major question in fatty acid synthase catalysis is how the malonyl-thioester substrate
interacts with the B-ketoacylsynthase (KS) active site. One of the simplest KS initiates fatty acid
biosynthesis in Escherichia coli, FabH or KASIII. FabH accepts an acetyl-group from CoA onto
a conserved active site cysteine in a transthiolation reaction, generating acetyl-S-KS. Next the KS
binds an acyl carrier protein (ACP) loaded with a malonate bound via a thioester to a
phosphopantetheine posttranslational modification, Figure 4.1. The KS decarboxylates the
malonyl-thioester followed by a Claisen condensation with the acetyl-S-KS thioester to generate
acetoacetyl-S-ACP®. Mutation of the FabH active site cysteine to a glutamine mimics the acetyl-
S-KS acyl-enzyme intermediate, which we determined generates a malonyl-thioester
decarboxylase’. Therefore, stabile malonyl-isostere analogs are necessary to overcome the
inherent reactivity of the substrate®°. These analogs will elucidate how the malonyl-thioester

interacts with the KS active site.
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4.3 Synthesis of malonyl-thioester analogs overcomes substrate reactivity

We recently reported synthesis ~ \/
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thioester analogs using a diversity
pantetheine (pant)

oriented synthetic strategy as in scheme

4.1. The rational for this scheme is Scheme 4.1 Synthesis of sulfonate-bearing and nitro-

_ . . bearing malonyl-thioester analogs.

similar to our previous synthesis of

stable methylmalonyl-CoA analogs, which was inspired by previous syntheses of acyl-CoAs and

analogs.  Acetonide protected pantetheine (1), oxy(dethia)pantetheine (2) and

amino(dethia)pantetheine (3) were generated as previously published. The acetonide pantetheine

analogs 1-3, N-acetylcysteamine (4, SNAC), N-acetylethanolamine (5) and N-

acetylethylenediamine (6) were treated with bromoacetyl bromide with pyridine as a base to give
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bromoacetyl-pantetheine acetonides
(7-9), and bromoacetyl-SNACs (10-
12).
analogs 7-12 were treated with
yield 2-

analogs
(13-18). Upon sitting overnight, the
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sulfinateacetyl-pantethine

sulfonates oxidize to the sulfonates
(19-24). Finally, the acetonides are
deprotected in TFA/water and the
sulfonic acids are purified by reverse
phase preparative chromatography.

Our previous synthetic route

to nitro-bearing methylmalonyl-CoA

analogs, via acetonide protected 2-
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42R=N*R'=NH (N.I)

Scheme 4.2 Chemoenzymatic synthesis of ppant, CoA and
ACP containing malonyl-thioester analogs

36 R=N*R' = NH (N.1.)

bromopropionyl-pantetheine intermediates was not applicable to generating the respective
malonyl-CoA analogs. Reaction of the 2-bromopropionyl group with potassium nitrite in DMF
with the presence of phloroglucinol led to reasonable yields of the nitro product. The same reaction
with bromoacetyl-pantetheine results in very poor yields. Therefore, we had to take a new
approach. Alternatively, 3 was treated with crotonyl chloride to give crotonyl-
amido(dethia)pantethine acetonide (28), which was treated with osmium tetroxide and sodium
periodate in water to give glyoxylate-amido(dethia)pantetheine acetonide (29). The glyoxylate was
converted to an oxime (30) upon treatment with hydroxylamine. We are currently working on
converting the oxime to the nitro (31) with trifluoroacetic peroxide via urea-hydrogen peroxide
complex with trifluoroacetic anhydride. The acetonides 7-10 and were deprotected with TFA in
water and chemoenzymatically converted to the CoA or phosphopantetheine analogs, using the
improved method developed in the accompanying paper, Scheme 4.2.

Our 2-sulfonate-acetyl-CoAs can also be prepared from bromoacetyl-CoA, which have
been previously synthesized. This creates an opportunity to generate the sulfonates in situ, due to

their essentially complete conversion.
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4.4  Stability and inhibition assays of malonyl-thioester analogs with FabH

In order to determine the suitability of our analogs for structure-function studies we
subjected the malonyl-CoA analogs (37-39) to stability assays in the presence of FabH and FabH
C—Q, Appendix A Figure 4.2. The sulfonateacetyl-S-CoA (37) had partial hydrolysis upon
purification and storage (~20% hydrolyzed) and sulfonateacetyl-oxa(dethia)-CoA (38) had
significant hydrolysis (~50% hydrolyzed). Therefore, the stability assays and inhibition assays are
not optimized for these compounds, which is currently being worked on for manuscript
submission. The sulfonateacetyl-CoA and sulfonateacetyl-oxy(dethia)-CoA analogs were slightly
degraded by 10 uM FabH with little difference seen between degradation with and without enzyme
present. The 2-sulfonate-amido(dethia)-CoA analogs were stable over the course of 24 hours with
no difference with and without enzyme present.

Using ITC, none of these analogs generated enough signal to determine binding constants.
Therefore, we obtained inhibition constants for the malonyl-thioester analogs generated here using
the assay described in Appendix A, Table 4.1'2. General trends can be extrapolated from the
inhibition data. Malonyl-phosphopantetheine analogs are better inhibitors that malonyl-
pantetheine analogs. Malonyl-CoA analogs inhibit differently depending on the thioester atom.
The thioester-CoA inhibits the best, followed by the ester-CoA and amido-CoA. This suggests that
there is a specific adenosine binding interaction. When this adenosine is bound, however, the
pantetheine and malonyl moieties have more restricted movement within the active site. The
restricted movement can explain why alteration of the thioester bond to an ester or amide bond
weakens the inhibition due to the change in geometry combating with the restricted movement to
orient within the oxyanion hole. The pantetheine and malonyl moieties are under much less
restrictive movement when they aren’t attached to adenosine as seen in the phosphopantetheine
and pantetheine analog inhibition. The freedom of movement allows for the alteration of the
thioester bond to an ester or amide bond to be overcome which can explain why the pantetheine
analogs group and the phosphopantetheine analogs group.

Taken together these experiments reveal there isn’t a huge advantage with using
phosphopantetheine analogs over the corresponding pantetheine analogs. This is key as addition

of the phosphate group makes purification much more difficult.
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4.5 Synthesis of malonyl-ACP analogs

The inhibition and stability assays reported in this chapter should be recognized as not
optimized and experiments performed with impure starting materials. Therefore, to prepare this
data for manuscript submission the compounds need to be re-purified to have pure starting
material. The inhibition and stability assays will be optimized with pure starting compounds.
Synthesis of the nitro-bearing compounds needs to be completed and purified. These compounds
will be tested for stability and inhibition with FabH and FabH C—Q. In order for these compounds
to maximize their inhibition and structure-function potential, they will need to be synthesized as
the ACP-bearing analogs. The ACP from E. coli will need to be expressed and purified. Using
ACPH and ACPS you can transfer the malonyl-CoA analogs to malonyl-ACP analogs. Synthesis
and purification of malonyl-ACP analogs will give the greatest potential for structure-function
studies with FabH and other KSs.

4.6 Conclusions

Our previous studies have demonstrated how sulfono-bearing methylmalonyl-CoA analogs
can be used in structure-function studies; and this study expands the sulfono-bearing compounds
to include malonyl-CoA, malonyl-phosphopantetheine, and malonyl-pantetheine analogs. We
used a similar synthetic scheme for the methyl- and malonyl-analogs. To test the stability and
inhibition of our new malonyl-thioester analogs we tested them against FabH. The CoA-tethered
analogs revealed an adenosine mode of binding as the inhibition was different depending on the
thioester, ester, or amide carbonyl. This phenomenon was not seen with the phosphopantetheine
or pantetheine analogs. These results suggest that sulfono-bearing analogs tethered to the ACP will
have the most specific binding interactions. Synthesis of the sulfono-bearing ACP analogs could
provide the missing information of the protein-protein interactions between the KS-ACP with a
substrate analog bound in the active site. Experimentation is being done to synthesize the sulfono-

bearing ACP analogs for crystallization experiments with FabH and other KS.
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4.7 Appendix A. Stability and inhibition assays of malonyl-thioester analogs with FabH

The stability reactions were performed in a 500 pL reaction mixture which contained 100
mM potassium phosphate buffer (KH2PO4/K2HPO4) at pH 7.0, 10 mM MgCI2, 20 uM enzyme
(FabH wt or FabH C — Q), and 600 uM malonyl-thioester analog. Reaction mixtures were
incubated at 25 °C, 75 pL aliquots taken at times 0 hour, 30 minutes, 1 hour, 2 hours, 4 hours, and
24 hours were quenched with 25 pL of 50% TFA v/v, precipitating the protein. Centrifugation at
2000 rpm at 25 °C for 10 minutes was used to pellet the protein and the supernatant was analyzed
via the procedure outlined below. General procedure for determination of malonyl-thioester analog
or hydrolyzed product. Malonyl-thioester analog and hydrolyzed product were determined using
HPLC with detection at A254 over the 250 x 4.6 mm C18(2) column. The analytes were separated
with a 2 — 25% gradient of 0.1% TFA in water — ACN over 20 min. Peak areas of malonyl-
thioester analogs and hydrolyzed product were determined and plotted over time, Figure 4.2.

The inhibition reactions were performed in a 500 pL reaction mixture which contained 100
mM potassium phosphate buffer (KH2PO4/K2HPO4) at pH 7.0, 10 mM MgCI2, 600 uM
malonyl-CoA, 300 uM acetyl-CoA, 5 mM or 1 mM malonyl-thioester analog, and the reaction
was initiated with the addition of 5 pM FabH. Reaction mixtures were incubated at 25 °C, 75 pL
aliquots taken at times 0 hour, 1 minute, 5 min, 10 min, 15 min, and 30 min were quenched with
25 uL of 50% TFA v/v, precipitating the protein. Centrifugation at 2000 rpm at 25 °C for 10
minutes was used to pellet the protein and the supernatant was analyzed via the procedure
outlined below. General procedure for determination of malonyl-CoA, acetyl-CoA and CoA
concentrations in FabH catalyzed assays. Substrate and product concentrations were determined
using HPLC with detection at A254 over the 250 x 4.6 mm C18(2) column. The analytes were
separated with a 2 — 25% gradient of 0.1% TFA in water — ACN over 20 min. Peak areas of
substrate and products were converted to concentration by summing their areas and dividing
each peak by this total to give relative percentages that were converted to concentration by
adjusting to the starting concentration of methylmalonyl-CoA. This procedure gave essentially
the same values as using a standard curve to generate concentrations for each peak, but enhanced
reproducibility due to small differences in recovery from the reaction quenching step outlined
above. Inhibition of FabH by malonyl-thioester analogs was determined by fitting initial rate data

to equation (4), which describes competitive inhibition and Vii describes the Vi in the presence
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of inhibitor.15 The values of (Vii-Vis)/(Vii - Vis) and Km/kcat were determined from the initial
slopes of Vi or Vii versus substrate concentration rather than from the full assay. A minimum of
two concentrations were used, 1 or 5 mM of each malonyl-thioester analog and the experiments
need to be repeated at least twice.

The initial rates (Vi) of decomposition of malonyl-CoA were determined by fitting the data
to equation (1), with the rate of formation of CoA being fitted to equation (2). Taking the derivative
at time 0 and dividing by enzyme concentration gave the initial rates Vi. Using this method rather
than an estimation from the early data points gave similar values for experiments performed at
high concentrations. However, it allowed more accurate determination of V; at low substrate

concentrations.
Equation (1) [S] = [S],-e7F?
Equation (2) [S] = [S]:* (1 — e¥?)

Data for the Vi versus substrate concentration was fit to equation (3) which describes
substrate inhibition.

Equation (3) Vi = (kcar* [S])/(Km + [S](H%)

Inhibition of FabH by each malonyl-thioester analog was determined by fitting the data to
equation (4), which describes competitive inhibition and V; describes the V; in the presence of
inhibitor. These experiments were performed at substrate concentrations below where significant
substrate inhibition is present. The values of (Vii-Vis)/(Vii - Vis) and Km/kcat were determined from

the initial slopes of V; or Vij; versus substrate concentration rather than from the full assay.

. o Vii+ Vis . [I] . ﬁ
Equation (4)  Ki = —~ [EV[S] Kew
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Figure 4.2 Stability assays of sulfonate-bearing analogs with FabH. Red is
1 hour without enzyme, orange is 24 hours without enzyme, green is 1 hour
with enzyme, and blue is 24 hours with enzyme. A) 37 with FabH wt B) 38
with FabH wt C) 39 with FabH wt D) 37 with FabH C—Q E) 38 with FabH
C—Q F) 39 with FabH C—Q.
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Table 4.1 FabH inhibition constants for malonyl-thioester analogs.

Analog Platform R’, R Ki (UM) Rate of decay

22 NAC S, SO TBD

23 NAC O, SO TBD

24 NAC NH, SO TBD

25 Pant S, SO 3+1

26 Pant O, SO 1+0.1

27 Pant NH, SO 1+0.2

32 Pant NH, N+ TBD

33 Ppant S, SO 0.8+0.1

34 Ppant O, SO 7+3

35 Ppant NH, SO 0.9+0.1

36 Ppant NH, N+ TBD

37 CoA S, SO 0.5+0.1 Stable with enzyme over 24 hours

38 CoA O, SO 2+0.1 Stable with enzyme over 24 hours, 50% hydrolyzed starting
material

39 CoA NH, SO 8+4 Stable with enzyme over 24 hours

40 CoA NH, N+ TBD

41 ACP N, SO TBD

42 ACP N, N+ TBD




4.8 Appendix B. Experimental synthesis procedures

X

o~ "o bromoacetyl bromide o o) e)
H H pyridine H H )K/B
\/\H/ ~"R > W ~"R r
1R=S,2R=0,3R=NH 7R=S,8R=0,9R=NH

Preparation of 7-9 via 1-3:
General procedure
A solution of DCM containing 1-3 pyridine was added slowly to a solution of DCM containing

bromoacetyl bromide. The reaction was allowed to stir for 12 hours at room temperature. The

solution was transferred to a separatory funnel, except for 3/9. The solution was washed with
brine, copper sulfate, and sodium thiosulfate, repeatedly. The solvent was removed and the
remaining red/orange oil was subjected to flash chromatography (0 — 100% gradient of DCM —

acetone or MeOH) affording 7-9.

2-bromoacetyl-S-pantetheine acetonide (7):

1 (8.0 g, 25.12 mmol) was reacted with pyridine (8 mL, 99.3 mmol) and bromoacetyl bromide (6
mL, 68.87 mmol) according to the general procedure above affording 7 (yellow oil, 9.0 g, 20.48
mmol 81.5%).

'H NMR (500 MHz, CDCls) & 7.08 (br, 1H, NH), 6.92 (br, 1H, NH), 4.08 (s, 1H), 4.07 (s, 2H),
3.69 (d, J=11.7 Hz, 1H), 3.61 - 3.47 (m, 2H), 3.47 — 3.38 (m, 2H), 3.28 (d, J = 11.7 Hz, 1H), 3.10
(t, J=6.7 Hz, 2H), 2.46 (t, J = 6.3 Hz, 2H), 1.46 (s, 3H), 1.43 (s, 3H), 1.03 (s, 3H), 0.97 (s, 3H).
13C NMR (126 MHz, CDCI3) & 192.76, 171.37, 170.14, 99.04, 76.91, 71.31, 38.80, 35.75, 34.85,
33.44, 3290, 29.60, 29.45, 22.11, 18.91, 18.69. LRMS (ESI) m/z calculated for
C16H27BrN205SH ([M+H]") 439.37 and 441.37, found 439.0 and 441.0.
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2-bromoacetyl-oxa(dethia)pantetheine acetonide(8):

2 (8.0 grams, 26.46 mmol) was reacted with pyridine (8 mL, 99.3 mmol) and bromoacetyl bromide
(6 mL, 68.87 mmol) according to the general procedure above affording 8 (oil, 1.8 g, 4.25 mmol
16.1%).

IH NMR (500 MHz, CDCl3) & 7.12 (br, 1H, NH), 6.88 (br, 1H, NH), 4.26 (t, J = 6.0, 4.9, 1.2 Hz,
2H), 4.08 (s, 1H), 3.89 (s, 2H), 3.69 (d, J = 11.7 Hz, 1H), 3.63 — 3.44 (m, 4H), 3.28 (d, J = 11.7
Hz, 1H), 2.48 (t, J = 6.3 Hz, 2H), 1.47 (s, 3H), 1.43 (s, 3H), 1.02 (s, 3H), 0.97 (s, 3H). 3C NMR
(126 MHz, CDCl3) 6 171.45, 170.34, 167.24, 99.08, 76.88, 71.30, 64.77, 38.22, 35.90, 34.89,
32.91, 29.41, 25.76, 22.09, 18.85, 18.68. LRMS (ESI) m/z calculated for C16H27BrN206H
([M+H]") 423.20 and 425.20, found 423.0 and 425.0.

2-bromoacetyl-amino(dethia)pantetheine acetonide (9):

3 (3 g, 9.95 mmol) was reacted with pyridine (1.5 mL, 18.62 mmol) and bromopropionyl bromide
(2.25 mL, 25.82 mmol) according to the general procedure above affording 9 (oil, 520 mg, 1.23
mmol 12.4%).

IH NMR (500 MHz, CDCl3) 8 7.02 (br, 1H, NH), 6.72 (br, 1H, NH), 4.07 (s, 1H), 3.85 (s, 1H),
3.67(d, J=11.7 Hz, 1H), 3.62 - 3.48 (m, 2H), 3.46 — 3.35 (m, 4H), 3.27 (d, J = 11.7 Hz, 1H), 2.46
(t, J = 6.2 Hz, 2H), 1.46 (s, 3H), 1.42 (s, 3H), 1.02 (s, 3H), 0.96 (s, 3H). *C NMR (126 MHz,
CDCls3) 6 172.09, 170.43, 166.65, 99.14, 76.78, 71.38, 40.81, 39.34, 36.35, 34.92, 32.98, 29.50,
28.87, 22.15, 18.90, 18.72. LRMS (ESI) m/z calculated for CL6H28BrN305H ([M+H]") 422.32
and 424.32, found 422.1 and 424.1.
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o g
N N ~g Br

XYY
7TR=S,8R=0,9R=NH

N328204l HZO

NaHCO;

oo H o o L0 OH OH 0 0
§ ¥ d i TFA H H J_s=0
\/\W ~" R “OH —— \/\W ~"R .

H20 OH
o) 0 o) 0
13R=S5,14R=0,15R = NH 25R=S,26 R=0, 27 R = NH

Preparation of 25-27 via 13-15 via 7-9:

General procedure

A solution of water containing equimolar sodium dithionite and sodium bicarbonate is allowed to
stir for 5 minutes, followed by an addition of a solution of water containing 2-bromoacetyl
pantetheine acetonide (7-9). The reaction was allowed to stir at room temperature. After stirring
for 30 minutes, HPLC-MS analysis indicated complete conversion of bromides (7-9) to sulfinates
(13-15). After stirring for 18 hours, sulfinates (13-15) oxidize to sulfonates (19-21) as indicated
by HPLC-MS analysis. The acetonides were deprotected with 15% TFA in water. The resulting
solution was subjected to preparative HPLC with a 0 — 20% gradient of 1% TFA in water —

methanol over 30 minutes. Solvent was removed affording 25-27.

2-sulfiniateacetyl-S-pantetheine acetonide (13):

7 (1.0 g, 2.28 mmol) was reacted with sodium dithionite (2.35 g, 13.50 mmol) and sodium
bicarbonate (1.13 g, 13.50 mmol) according to the general procedure above affording 13 (off white
powder which was used directly in the next reaction). MS (ESI) m/z calculated for
C16H28N207S2 ([M-H]") 423.13, found 423.0.

2-sulfonateacetyl-S-pantetheine (25):

The deprotection of 13 yielded 25 (off white powder, 251.3 mg, 0.63 mmol 27.6%, 7 — 25).

I1H NMR (500 MHz, D20) & 4.08 (s, 2H), 3.87 (s, 1H), 3.43 — 3.35 (m, 3H), 3.35 — 3.23 (m, 3H),
3.16 (g, 1H), 3.03 — 2.98 (m, 1H), 2.43 — 2.34 (m, 2H), 0.81 (s, 3H), 0.77 (s, 3H). 1*C NMR (126
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MHz, D20) & 192.66, 175.06, 174.09, 75.72, 68.32, 62.53, 38.56, 38.36, 35.34, 35.15, 28.71,
20.47, 19.05. MS (ESI) m/z calculated for C13H24N208S2 ([M-H]") 399.10, found 399.0.

2-sulfinateacetyl-oxa(dethia)pantetheine acetonide (14):

8 (1.0 g, 2.36 mmol) was reacted with sodium dithionite (2.44 g, 14.00 mmol) and sodium
bicarbonate (1.18 g, 14.00 mmol) according to the general procedure above affording 14 (off white
powder which was used directly in the next reaction). MS (ESI) m/z calculated for C16H28N208S
(IM-H]) 407.16, found 407.0.

2-sulfonateacetyl-oxa(dethia)pantetheine (26):

The deprotection of 14 yielded 26 (off white powder, 539.9 mg, 1.40 mmol 59.3%, 14 — 26).

IH NMR (500 MHz, D20) & 4.20 (t, 2H), 3.93 — 3.88 (m, 3H), 3.49 — 3.36 (m, 6H), 3.30 (d, 1H),
2.42 (t, 2H), 0.83 (s, 3H), 0.79 (s, 3H). *3C NMR (126 MHz, D20) 6 175.07, 174.16, 166.77,
75.75, 68.37, 64.37, 55.78, 38.57, 38.13, 35.39, 35.23, 20.49, 19.06. MS (ESI) m/z calculated for
C13H24N209S ([M-H]") 383.12, found 383.4.

2-sulfinateacetyl-amino(dethia)pantetheine acetonide (15):

9 (500 mg, 1.18 mmol) was reacted with sodium dithionite (1.22 g, 7.0 mmol) and sodium
bicarbonate (590 mg, 7.0 mmol) according to the general procedure above affording 15 (off white
powder which was used directly in the next reaction). MS (ESI) m/z calculated for C16H29N307S
([M-H]") 407.17, found 407.1.

2-sulfonateacetyl-amino(dethia)pantetheine (27):

The deprotection of 15 yielded 27 (off white powder, 572.5 mg, 1.49 mmol 100%, 9 — 27).

'H NMR (500 MHz, D20) § 4.26 (s, 1H), 4.05 —3.95 (m, 1H), 3.88 (d, J = 12.6, 1.6 Hz, 1H), 3.42
—3.34 (m, 4H), 3.30 — 3.23 (m, 7H), 2.37 (t, J = 6.2, 1.7 Hz, 3H), 0.80 (s, 3H), 0.76 (s, 3H). 13C
NMR (126 MHz, D20) 6 175.07, 174.20, 166.71, 76.89, 75.75, 75.47, 68.32, 57.09, 38.84, 38.50,
35.40, 20.44, 19.02. MS (ESI) m/z calculated for C13H25N308S ([M-H]") 382.14, found 382.1.
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N N s=0 ATP _ 9 p N N $=0
~ - — O/~ ~ =
R=S,0,NH
25-27 33-35

Chemoenzymatic preparation of 33-35 via 25-27:

General procedure

A solution containing 100 mM Tris (pH 8.0), 10 mM MgCl., 50 mM NacCl, 10 mM TCEP (pH
8.0) and 20 uM ATP was used to dissolve the malonyl-pantethine analogs 25-27 at a final
concentration of 5.5 mM, ~60-150 mL total. Then CoaA was added to a final concentration of 2.7
UM and the reaction allowed to mix at room temperature overnight. The reaction was quenched
with 10% TFA, precipitating the protein out of solution, which was removed by filtration. Reverse
phase HPLC was used to purify the final products using a 0 — 10% gradient of 0.1% TFA in
water — methanol or ACN over 30 minutes. Fractions were pooled, rotary evaporated and

lyophilized.

2-sulfonatacetyl-S-phosphopantetheine (33):

25 (22 mg, 0.05 mmol) was used as starting material to afford 33 (off white powder, 12 mg, 0.02
mmol 40%). 1H NMR (500 MHz, D20) & 4.08 (s, 2H), 3.93 (s, 1H), 3.74 — 3.64 (m, 1H), 3.62 (s,
2H), 3.47 (m, 1H), 3.42 — 3.36 (m, 2H), 3.30 (t, J = 6.4 Hz, 1H), 3.01 (t, J = 6.4 Hz, 1H), 2.37 (m,
J=7.4 Hz, 2H), 0.86 (s, 3H), 0.78 (s, 3H). *C NMR (126 MHz, D20) § 192.65, 174.83, 174.10,
74.44,71.07, 62.52, 59.28, 38.36, 35.37, 28.69, 20.69, 18.51, 13.35. MS (ESI) m/z calculated for
C13H25N2011PS2 ([M-H]") 479.06, found 479.0.

2-sulfonatacetyl-oxa(dethia)-phosphopantetheine (34):

24 (42 mg, 0.11 mmol) was used as starting material to afford 34 (off white powder, 51.4 mg, 0.11
mmol 100%). *H NMR (500 MHz, D20) & 8.50 (br, 1H, NH), 8.32 (br, 1H, NH), 4.15 (t, J = 5.2
Hz, 2H), 3.88 (d, J = 15.0 Hz, 2H), 3.58 — 3.48 (m, 2H), 3.38 (m, 4H), 3.19 (t, J = 5.5 Hz, 1H),
2.38(qg, J=6.3 Hz, 2H), 0.85 (s, 3H), 0.78 (s, 3H). MS (ESI) m/z calculated for CL3H25N2012PS
(IM-H]) 463.09, found 463.0. 13C NMR (126 MHz, D20) § 174.78, 174.13, 166.65, 74.58, 70.17,
64.29, 59.27, 55.75, 41.42, 38.09, 35.36, 20.52, 18.54.
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2-sulfonatacetyl-amino(dethia)-phosphopantetheine (35):
25 (200 mg, 0.52 mmol) was used as starting material to afford 35 (off white powder, 223 mg,
0.48 mmol 92.3%). MS (ESI) m/z calculated for C13H26N3011PS ([M-H]") 462.1, found 462.0.

OH OH O O CoaA 0] OH O O
H H I ATP o I H H I
N N~ J_s=0 P N N AN 820
g OH M0 ~Go o
(0] (0] (0] (0]
R=S, O, NH
25-27 CoaD 33-35
CoaE | H2
NH, ATP
N C) Q
NS TN o
NS NN \/\ —
e N i e L S
00 0 0
_p-0 37-39
OH 0-PQ,

Chemoenzymatic preparation of 37-39:

General procedure

A solution containing 100 mM Tris (pH 8.0), 10 mM MgCl,, 50 mM NaCl, 10 mM TCEP (pH
8.0) and 20 uM ATP was used to dissolve the malonyl-pantethine analogs 25-27 at a final
concentration of 5.5 mM, ~60-150 mL total. Then CoaA was added to a final concentration of 2.7
uM and the reaction allowed to mix at room temperature for 2 hours. Then CoaD was added to a
concentration of 5.6 uM and allowed to mix at room temperature for 1 hour. Then CoaE was added
to a final concentration of 13.1 uM and allowed to mix at room temperature overnight. The reaction
was quenched with 10% TFA, precipitating the protein out of solution, which was removed by
filtration. Reverse phase HPLC was used to purify the final products using a 0 — 20% gradient of
0.1% TFA in water — methanol or ACN over 30 minutes. Fractions were pooled, rotary
evaporated and lyophilized.

2-sulfonateacetyl-S-CoA (37):
25 (250 mg, 0.62 mmol) was used as starting material to afford 37 (off white powder, 81 mg, 0.09
mmol 14.5%). NMR being processed
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2-sulfonateacetyl-oxa(dethia) CoA (38):

26 (434.3 mg, 1.13 mmol) was used as starting material to afford 38 (off white powder, 62.3 mg,
0.07 mmol 6.2%). *H NMR (500 MHz, D0) & 8.43 (s, 1H), 8.26 (s, 1H), 6.03 (d, J =5.6, 2.7 Hz,
1H), 4.79 (d, 2H), 4.14 — 4.10 (m, 2H), 4.09 — 4.05 (m, 2H), 3.82 — 3.78 (m, 2H), 3.72 (d, J = 9.7,
5.0 Hz, 1H), 3.55 — 3.47 (m, 2H), 3.29 (g, J = 5.4, 4.0 Hz, 4H), 2.30 (g, J = 6.9 Hz, 2H), 0.76 (s,
3H), 0.65 (s, 3H). 1*C NMR (126 MHz, D20) & 174.60, 174.03, 166.57, 149.72, 148.35, 144.61,
142.37,114.84, 87.50, 74.48, 74.06, 73.50, 72.31, 65.14, 64.19, 59.23, 55.68, 38.22, 38.03, 35.31,
35.11, 20.56, 18.18. LRMS (ESI) m/z calculated for C23H38N7021P3S ([M-H]’) 872.11, found
872.0.

2-sulfonateacetyl-amino(dethia) CoA (39):

27 (150 mg, 0.39 mmol) was used as starting material to afford 39 (off white powder, 44.7 mg,
0.05 mmol 12.8%). NMR being processed. LRMS (ESI) m/z calculated for C23H39N8020P3S
(IM-H]") 871.12, found 871.0.

bromoacetyl bromide

H .- 0]
ridine H
DU py WN\/\R)K/Br
(0] CH2C|2 o)
4R=S 10R=S
5R=0 MR=0
6 R=NH 12 R =NH

Preparation of 10-12 via 4-6:

General procedure

A solution of DCM containing 10-12 pyridine was added slowly to a solution of DCM containing
bromoacetyl bromide. The reaction was allowed to stir for 12 hours at room temperature. The
solution was transferred to a separatory funnel, except for 6/12. The solution was washed with

brine, copper sulfate, and sodium thiosulfate, repeatedly. The solvent was removed and the
remaining red/orange oil was subjected to flash chromatography (0 — 100% gradient of DCM —
acetone or MeOH) affording 10-12.
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2-bromoacetyl-S-NAC (10):

4 (2 mL, 18.8 mmol) was reacted with pyridine (4 mL, 49.65 mmol) and bromoacetyl bromide (3
mL, 34.43 mmol) according to the general procedure above affording 10 (yellow oil, 3.23 g, 13.45
mmol 71.5%). *H NMR (500 MHz, CDCl3) & 6.67 (br, 1H, NH), 3.99 (s, 2H), 3.37 (g, J = 6.4 Hz,
2H), 3.03 (t, J = 6.6 Hz, 2H), 1.92 (s, 3H). 3C NMR (126 MHz, CDCls) § 192.90, 170.85, 38.93,
33.48, 29.65, 23.07. LRMS (ESI) m/z calculated for C6H10BrNO2S ([M+H]*) 240.12 and 242.12,
found 240.0 and 242.0.

2-bromoacetyl-oxa(dethia)-NAC (11):

5 (2 mL, 21.72 mmol) was reacted with pyridine (4 mL, 49.65 mmol) and bromoacetyl bromide
(3 mL, 34.43 mmol) according to the general procedure above affording 11 (yellow oil, 400 mg,
1.79 mmol 8.2%). *H NMR (500 MHz, CDCls) § 6.56 (br, 1H, NH), 4.19 (t, J = 5.5 Hz, 2H), 3.81
(s, 2H), 3.46 (g, J = 5.6 Hz, 2H), 1.93 (s, 3H). 3C NMR (126 MHz, CDCls) 6 170.91, 167.34,
64.77, 38.36, 25.79, 23.04. LRMS (ESI) m/z calculated for C6H10BrNO3 ([M+H]*) 224.05 and
226.05, found 224.0 and 226.0.

2-bromoacetyl-amino(dethia)-NAC (12): Needs to be synthesized

(@] Na28204 (0] (0] (@] (0]
H NaHGO H It o H n
\[(N\/\R)K/Br NaRLOs \[(N\/\R -S-\OH —20> \[(N\/\R S\(—)g
H>
O 4joRr=s H20 O 4gR=sS O 22Rr-=s
MR=0 17R=0 23R=0
12 R=NH 18 R=NH 24 R = NH

Preparation of 22-24 via 16-18 via 10-12:

General procedure

A solution of water containing equimolar sodium dithionite and sodium bicarbonate is allowed to
stir for 5 minutes, followed by an addition of a solution of water containing 2-bromoacetyl N-
acetylcysteamine (10-12). The reaction was allowed to stir at room temperature. After stirring for
30 minutes, HPLC-MS analysis indicated complete conversion of bromides (10-12) to sulfinates
(16-18). After stirring for 18 hours, sulfinates (16-18) oxidize to sulfonates (22-24) as indicated
by HPLC-MS analysis. The resulting solution was subjected to preparative HPLC witha 0 — 10%

gradient of 1% TFA in water — methanol over 30 minutes. Solvent was removed affording 22-24.
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2-sulfinateacetyl-S-NAC (16): Needs to be purified
MS (ESI) m/z calculated for C6H10NO4S2" ([M-H]") 224.01, found 224.0.

2-sulfonateacetyl-S-NAC (22): Needs to be purified
MS (ESI) m/z calculated for C6H11NO5S2 ([M-H]) 240.01, found 240.0.

2-sulfinateacetyl-oxa(dethia)-NAC (17): Needs to be purified
MS (ESI) m/z calculated for C6H10NOS5S™ ([M-H]") 208.03, found 208.1.

2-sulfonateacetyl-oxa(dethia)-NAC (23): Needs to be purified.
MS (ESI) m/z calculated for C6H11NOGS ([M-H]’) 224.03, found 224.1.

2-sulfinateacetyl-amino(dethia)-NAC (38): Needs to be synthesized

2-sulfonateacetyl-amino(dethia)-NAC (41): Needs to be synthesized
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4.9 Appendix C. NMR characterization.

Nmr characterizations of synthetic intermediates and products:
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CHAPTER 5. CONCLUDING REMARKS

Note: Literature references are unique within this chapter.

5.1 Malonyl-thioester isosteres limit enzyme reactivity allowing for structure-function
studies

The inherent reactivity of malonyl-CoA within enzymes has led to many unsuccessful
substrate-bound structure-function studies. Therefore, we synthesized malonyl-thioester isosteres
to limit enzyme reactivity for structure-function studies. We focused on altering the carboxylate
to sulfonate or nitro isosteres to inhibit enzyme decarboxylation, acyl transfer, and hydrolysis. The
methylmalonyl-thioesters proved to be easier to synthesize and purify, which is why we started
with them. The nitro-bearing compounds formed a nitronate in solution, forming double bond
character from the a-carbon to the nitrogen. Sulfonate-bearing compounds were synthesized and
purified in a racemic mixture. Both the nitro- and sulfonate-bearing methylmalonyl-thioesters were
synthesized through a similar scheme that proceeded through a 2-bromopropionyl-X-pantetheine
intermediate. After synthesizing these methylmalonyl-thioester analogs, we performed structure-
function studies focusing on the geometry of the bound substrate analogs to infer how enzymes
orient malonyl-thioester substrates. In this chapter, | will describe and interpret some of the

substrate bound geometries | observed in different enzyme structure-function studies.

5.2 Methylmalonyl-CoA analog studies with MMCD vyield proposed decarboxylation
mechanism

Co-crystallization of both of the sulfonate- and nitro-bearing analogs resulted in bound
structures with MMCD. The nitro- and sulfonate-bearing isosteres was the first example of a -
keto decarboxylase with a substrate or substrate analog bound with the thioester, ester, or amide
carbonyl position in the oxyanion hole. The electron density for both the sulfonate and nitro
isosteres meant that they were both able to inhibit decarboxylase activity while being stable under
crystallization conditions. The similar positioning of the sulfonate- and nitro-bearing analogs

suggested that these isosteres were able to mimic the carboxylate of methylmalonyl-CoA.

109



The methylmalonyl-CoA isosteres are positioned with the thioester carbonyl in the oxyanion
hole formed by the amide backbone of His66 and Gly110. Although MMCD decarboxylates (2R)-
methylmalonyl-CoA to form propionyl-CoA in vivo, MMCD is able to decarboxylate both (2R)-
and (2S)-methylmalonyl-CoA in vitro. | propose that MMCD is capable of decarboxylating both
epimers of methylmalonyl-CoA because the oxyanion hole contains two amino acid interactions
to stabilize the enolate intermediate. The combination of the oxyanion hole comprised of two
interacting residues and the carboxylate situated in a hydrophobic cavity allows for either
methylmalonyl-CoA epimer to turnover. The enolate carbonyl is situated in between the amide
backbones of His66 and Gly110 suggesting that either substrate epimer would be able to form this
intermediate. This phenomenon is different from the oxyanion hole seen in the stereospecific
enzyme, LnmK, discussed below, which only has one interacting residue forming the oxyanion
hole.

The nitro-bearing substrate analogs are bound within the active site of MMCD with a dihedral
angle of 180° about the O-Co-Co-NO> compared to the sulfonate-bearing substrate analogs which
have a dihedral angle of 90° about the O-Co-Cq-SOs3. The natural substrate, methylmalonyl-CoA,
likely is oriented with a dihedral angle of 90° about the O-Co-Cqo-CO> similar to the sulfonate-
bearing analog. This dihedral angle is optimal for the carboxylate to get ejected in order to promote
the formation of the enolate intermediate. The ease for the substrate to form the enolate
intermediate as well as the produced carbon dioxide occupied in a hydrophobic cavity, promotes
the carbon bond breakage. After formation of the enolate intermediate, the enzyme avoids C-C
bond reversion through protonation of the enolate intermediate. The combination of stabilization
and protonation of the enolate intermediate promotes decarboxylation over other possible enzyme
reactions. When the positioning of the substrate is altered within the active site, similar to the
alternative orientations of nitro-bearing thioester and ester analogs discussed in chapter 2, the
preferred enzyme reactivity shifts to promote hydrolysis and decarboxylation. This can explain

why the activity assays performed see low amounts of hydrolysis as well as decarboxylation.

5.3 Studies with LnmK reveal substrate geometry leading to proposed mechanism

The successful studies of our methylmalonyl-thioester analogs with MMCD motivated us to

use them in structure-function studies with LnmK. LnmK is a bifunctional acyltransferase-
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decarboxylase in the leinamycin biosynthetic
pathway, as discussed in chapter 1?2 Co-
crystallization of LnmK with our nitro-bearing
methylmalonyl-CoA analogs resulted in a bound
orientation, Figure 5.1. The thioester carbonyl is #3
situated within an oxyanion hole comprised of the
amide backbone of Phe65. The nitro moiety
interacts with the amide backbone of Phe223 and
the side chain of Asn216, Figure 5.1.

Since both the thioester and ester containing

nitro-bearing analogs showed no signs of
hydrolysis in the electron density, that suggests F19uré 5.1 Nitro-bearing substrate analogs
reveal substrate binding mode and active site
LnmK undergoes decarboxylation before self-acyl- amino acid residues Phe65, Phe223, and
transfer, Figure 5.2. If the substrate analog were Asn216.
oriented within an active site that promotes acyl transfer activity, it would be highly likely that
hydrolysis would occur on a crystallization timeframe. Also, the geometry of the methylmalonyl
analog thioester carbonyl in the oxyanion hole suggests that the enzyme stabilizes a planar enolate
intermediate. This proposed planar enolate intermediate is further supported when comparing
preliminarily determined Kp values of the thioester and amide containing nitro analogs, 47 + 0.18
nM and 1.91 + 0.16 uM, respectively. The only difference between these substrate analogs is the
sulfur and nitrogen atoms, but there is over a 40-fold difference in binding affinity.

The sulfonate-bearing analogs were also co-crystallized with LnmK, however two active site
orientations were visible. The possibilities for there being two active site conformations are 1) the
racemic mixture of the sulfonate compounds has each epimer bound in a different conformation;
2) the sp3 hybridization of the a-carbon is not able to properly orient the thioester carbonyl in the
oxyanion hole; or 3) the sulfonate isostere is too large of a mimic for a carboxylate that is proposed
to interact with the amide backbone of Phe223 and the side chain of Asn216 based upon the nitro
analog orientation. These multiple conformations remind us of the limitations of using substrate
analogs where carboxylate isosteres might be useful in an enzyme specific manner.

Assuming methylmalonyl-CoA binds inside of the active site with an sp? hydridized Ca,

the nitro-bearing analog does not directly promote the substrate binding mode. The carboxylate is
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still likely stabilized by the amide Phe223 Phe223

~n 7 ~n 7

backbone of Phe223 and the side '.“ co, )
H |
chain of Asn216; however, it CoA-S Ko H \]402. CoA-S H/N\f0_>
most likely will have a dinedral 07 0 Asn21e Y o Asnzie
\N/ \N
angle about the O-Co-Cq4-CO> of Ph(|365 Ph]a65
90 degrees. The 90 degree
Tyr62

dihedral angle will allow for the

carboxylate to be ejected to form Figure 5.2 Model of LnmK decarboxylation: Phe223 amide
stabilizes enolate, carboxylate interacts with Asn216 and

a planar enolate intermediate Asn216. Tyr62 is the nucleophile for self-acyl-transfer.

which is in the plane of the amide
backbone of Phe65. The presence of only one interacting residue within the oxyanion hole suggests
how LnmK is stereospecific, as seen in chapter 3.

The nitro-bearing analogs in complex with LnmK provide information about amino acid
residues involved in substrate binding and allow us to propose a decarboxylation mechanism.
However, they do not provide any information about how the enzyme performs self and trans acyl
transfer activity. The future goals of this project should focus on testing the nitro-bearing analog
bound structures as well as performing structure-function studies focused on the self and trans acyl
transfer activity of LnmK. I would suggest performing decarboxylation activity assays of LnmK
with active site mutants to test the accuracy of predictions based on the nitro-bearing bound LnmK
structure. These assays should be performed with wild type, Asn216Asp, Asn216Ala, Asn216His,
and Asn216Leu to determine decarboxylation kinetics. An enolate intermediate analog can be
synthesized and co-crystallized with LnmK to capture the self-acyltransferase activity
conformation. The predicted nucleophile is Tyr62 which is normally pointed outside of the active
site. Co-crystallization of an enolate analog may be able to capture the conformational change of
Tyr62 flipped into the active site to act as the nucleophile. To test the trans-acyltransferase activity
of LnmK, an unnatural amino acid mimicking the acylation of Tyr62 could be synthesized and
incorporated into the enzyme. This mutated enzyme could then be co-crystallized with LnmL
(ACP) to see how the propionyl group is transferred from Tyr62 of LnmK to the
phosphopantetheine arm of LnmL. Both of the structure-function studies testing self- and trans-
acyltransferase activity would need to have follow-up enzymology and mutagenesis

experimentation to test the usefulness of these structures.
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5.4 Expanding malonyl-thioester analog toolbox to study ketosynthases

Since we had previously shown that the sulfonate- and nitro-bearing analogs were suitable
methylmalonyl-thioester isosteres for structure-function studies, we decided to expand on our
analog toolbox to include malonyl-thioester analogs. Synthesis of nitro-bearing malonyl-thioester
analogs was not possible through a similar synthetic scheme as our methylmalonyl-thioester
analogs. Proceeding through a bromoacetyl intermediate yielded extremely low yields. We have
been working on a different synthetic scheme by treating the (thioester, ester, and amide
containing) pantetheine moiety with crotonyl chloride to give crotonyl-pantetheine acetonide. The
crotonyl-pantetheine acetonide was treated with osmium tetroxide and sodium periodate to yield
glyoxylate-pantetheine acetonide. This glyoxylate can be converted to an oxime using
hydroxylamine. We are currently working on oxidizing the oxime with trifluoroacetic peroxide

through a urea-hydrogen peroxide complex with trifluoroacetic anhydride to make the nitro.

Synthesis of sulfonate-bearing malonyl-thioester analogs was possible through a similar
synthetic scheme to our previous studies. The thioester, ester, and amido containing pantetheine
acetonide can be treated with bromoacetyl bromide and pyridine to form the corresponding
bromoacetyl-pantetheine acetonide intermediates. These intermediates can be reacted with sodium
dithionate and sodium bicarbonate in water to create the sulfonate-bearing malonyl-thioester
analogs. The rest of the synthetic scheme before and after the bromoacetyl bromide treatment are
the same from our previous study®. These sulfonate-bearing malonyl-thioester analogs were tested

against ketosynthases Kaslll (FabH) from E. coli and CHS Il from Medicago sativa.

5.4.1 Malonyl-thioester analogs inhibit Kaslll revealing potential structure-function
applications

The potential for using sulfonate-bearing malonyl-thioester analogs in ketosynthases
structure function studies is revealed by the compounds inhibition of KasllI, discussed in chapter
4. Keep in mind, the natural extender substrate of Kaslll is malonyl-S-ACP. The CoA bearing a
thioester had the best inhibition of any of our analogs suggesting that both the adenosine and
thioester are important for binding. Therefore, the adenosine must have a specific mode of binding
to the enzyme and upon this specific binding interaction, the geometry of the thioester bond orients

the thioester carbonyl into the oxyanion hole. Altering the thioester to an ester or amide have
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weaker, respectively, inhibition of Kaslll when attached to CoA and theoretically binding to the
same adenosine binding interaction. When the adenosine moiety is not present as is the case for
our phophopantetheine and pantetheine analogs, the overall inhibition of the thioester, ester, and
amide containing compounds is weaker. However, the thioester, ester, and amide containing
phosphopantetheine compounds appear to group in their inhibition constants as do the three
pantetheine compounds (just slightly weaker than the phosphopantetheine compounds). This
suggests that upon altering the compounds to not bind in an adenosine specific binding interaction,
the flexibility is able to overcome the geometry differences between the thioester, ester, and amide
bonds. All of these inhibition constants in the low micromolar range gives us confidence to proceed
forward with analog-complex structure-function studies to understand the adenosine binding
interaction compared to ACP and substrate positioning.

To this point we have attempted co-crystallization experiments with sulfonate-bearing
(amido)dethia phosphopantetheine and pantetheine analogs in Kaslll cysteine to glutamine
mutants. The Kaslll C — Q mutant mimics an acyl-S-KS intermediate. These co-crystallization
experiments have resulted in apo-structures. Overlaying these apo-structures with previous acyl-
S-KS structures reveals a subtle geometry difference between an acyl-S-KS and the C — Q mutant.
It is possible that while the C — Q mutant mimics an acyl-S-KS intermediate, that it effects binding
of malonyl-thioesters. The binding of the wild type vs C — Q mutant still needs to be tested. Co-
crystallization experiments also can be attempted in capturing the acyl-S-KS intermediate or
soaking in malonyl-thioester analogs.

5.4.2 Preliminary structure-function studies with CHS Il from Medicago sativa

Once the sulfonate-bearing malonyl-thioester analogs were synthesized, we attempted
structure-function studies with CHS 11 from Medicago sativa to determine how the enzyme orients
malonyl-CoA and the acyl-S-CHS intermediate to perform a decarboxylative Claisen
condensation. Co-crystallization of sulfonate-bearing malonyl-CoA analogs with CHS Il have
resulted in apo structures thus far. These co-crystallization experiments have been done with wild
type cysteine nucleophile or a C — S mutant. These enzyme conditions are set up to accept 4-
coumaryl-S-CoA as a substrate instead of malonyl-CoA, which could be a reason for the apo-
structures solved thus far. Attempts at expressing and purifying a CHS 1l C — Q mutant have been

unsuccessful thus far as well. Therefore, the focus for future experiments should be on obtaining
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a 4-coumaryl-S-CHS intermediate or a cinnamoyl-S-CHS intermediate to perform co-
crystallization experiments with the malonyl-CoA analogs. Another possible avenue for structure-
function success would be to develop and optimize a method for expressing and purifying a CHS
Il C — Q mutant that could be co-crystallized with malonyl-CoA analogs.

While trying to perform structure-function studies of CHS Il with the malonyl-CoA
substrate analog and acyl-S-KS intermediate, | also attempted enolate intermediate analog co-
crystallization. Co-crystallization of carboxy-carba(dethia)-CoA resulted in a bound analog
structure with a Cys — Ser enzyme. The ketone carbonyl is positioned within the decarboxylation
oxyanion hole between the His and Asn side chains. This structure by itself does not reveal much
beyond a potential enolate position.
Overlaying this enolate bound CHS
structure with an acyl-S-KS (PDB 1HNH)
structure revealed the close proximity of the
enolate analog and acyl-intermediate
position, Figure 5.3. In the current
orientation the enolate analog is pointed
directly at the acyl-S-KS intermediate. If an
enolate is formed after decarboxylation, the
pi-orbitals are not in the correct position for
Claisen condensation; however, if a

carbanion is formed after decarboxylation,

the carboxy-carba(dethia)-CoA molecule

carba(dethia)-CoA bound (black sticks) overlaid
reveals a possible position for Claisen with an acyl-S-KS (FabH, PDB 1HNH)
intermediate to monitor a Claisen condensation-like
conformation. The white sticks are theoretical

condensation to occur. The overlay of an
enolate/carbanion bound CHS and acyl-S- carboxylate positions.

KS does not resolve where the carboxylate of the malonyl-thioester substrate is positioned.
Modeling the carboxylate onto the enolate analog, Figure 5.3, reveals space on either side of the
compound where it could be positioned. Future goals of studying CHS 11 are performing structure-
function studies with both an acyl-S-CHS intermediate and malonyl-thioester analog bound to

reveal where to substrate is positioned to undergo decarboxylation. Then structure-function studies
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with an acyl-S-CHS intermediate and a bound enolate intermediate will help to more clearly

visualize how Claisen condensation occurs within the active site.

5.4.3 Future goals for type | KS enzymes

A couple remaining questions in the ketosynthase field are what are the specific protein-
protein interactions of KS-ACP as well as what are the mechanistically relevant amino acid
residues in the active site of the KS and how do they function. Experimentation has not been started
using our malonyl-thioester analogs for structure-function studies in type | KS enzymes; however,
the future goals is to pursue a co-crystal structure with these analogs. In order to perform these
structure-function studies, our malonyl-thioester analogs will need to be attached onto the
phosphopantetheinyl arm of the ACP. Once malonyl-ACP analogs have been synthesized and
purified, binding experiments could be performed with the KS. Inhibition assays could be
performed to compare the malonyl-S-ACP, malonyl-CoA, malonyl-phosphopantetheine, and
malonyl-pantetheine to determine the role of the ACP binding interaction. Also, the ACP-malonyl
analogs could be co-crystallized, soaked, or tethered to the KS enzyme to capture a natural or
natural-like ACP-KS interaction. This structure-function study would reveal protein-protein
interactions as well as enzyme-substrate interacting amino acid residues in the active site of the
KS. This structure-function study would reveal much needed information about any differences
between the type I, II, and Il KS mechanism, as well as the specific protein-protein interactions
necessary for binding and catalysis. This type of structure-function study could open an avenue
for studying KS-ACP, AT-ACP, and possible more di-domain interactions in different pathways
to begin teasing out the different protein-protein interactions within different pathways. The
information gained from these structure-function studies would assist in overcoming the protein

engineering efforts in PKS systems.

5.5 Excitement of new malonyl-thioester analogs and their ability to perform structure
function studies on enzymes not previously possible

My thesis work has focused on the synthesis of malonyl-thioester analogs for their use in
structure-function studies. | have provided many examples of these malonyl-thioester analogs
being used to perform structure-function studies for decarboxylase, bi-functional acyltransfer-
decarboxylase, epimerase, and have preliminary data on ketosynthases enzymes. The possibility
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to continue expanding the malonyl-thioester analog toolbox to study different enzyme chemistry

is an exciting and fruitful possibility.
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