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Abstract

The chloroplast Z-methytD-erythritol4-phosphate (MEP) pathway supplies precursors for
plastidic terpenoidbiosynthesis, making it focal pointfor manipulatingterpenoidproductionin
plants The MEP pathwagenerateshe universal terpenoid intermediatespentenyl and
dimethylallyl diphosphate (IDP and DMADP) from central carbon intermediatggceraldehyde
3-phosphate (GAP) and pyruvasnd he availability ofthesesubstrates ia primary determinant of
its metabolic throughpuh chloroplastsWhile GAP is supplied via the CalviBensorBassham
cycle, theorigin of pyruvateis lesscertain Its cryptic transport and behaviorigotopiclabeing
experiments has been de s Rkyruvatesugply ia ghotosynthetiéi py r uv a:
tissueds currently thoughto dependn reimport ofglycolytically derivedphosphoenolpyruvate
(PEP)from the cytosol, which can then undergo rapid enzymatic degradation to pyruvate.
Glycolysisdoes not produce pyruvate directly in tfdoroplastdue toits downregulationn the

light. Other proposed sources inclutieectcytosolic pyruvate import, alternative glycolytic routes

such as the Entndédoudoroff (ED) pathway, and a largely overlooked, minor activity of Rubisco,



natureds central c ahedspldtemdnstratéhat Bubisca iz iy facotthe | n t hi
primary source of pyruvate in illuminated chloropla3is.do so, employed a combination of
biochemical, bioinformatic, physiological, and mass spectral analyses to elucidate the biogenesis
and metabolism of pyruvate in chloroplasts of Arabidopsssng3CQ; in vivolabelingand a low

oxygen atmosphere to manipulate Rubisco actiVitpnfirmed its moonlighting function as the
nearexclusivesource ofpyruvate forterpeanoid, fatty acid and branchechain amino acid
biosynthesigluring photosynthesislutant analysis and metabolic flux modeling further support

this conclusionNext, | explored the natural distribution of the ED pathway and found that, contrary
to the currently accepted view,s notafunctional pathwayn plans. | showed that thimetabolic

shuntis instead restrictetb prokaryotes, most commonly proteobacteria. Crucially, it was not part

of thecentral metabolismof the cyanobacterial aestors of plastids, resulting in the absence of key

ED pathway geneis endosymbiont genomes$ plants This conclusion partly rests atarifying

the distinct biochemical functiord two highly similar protein classes. One is present in both
prokaryotes and plants (dihydreagid dehydratase), while the other (ED dehydrata&bD), is

present only in prokaryotes. Their similarity led to the gersgsilimptiorthat the ED pathway was
operational in plants. However, | show that these enzymes cathbizeespective reactions with

high fidelity without overlapping substrate recognition. By cross referencing this biochemical data

to phylogenetic analysis, | demonstrate that the presumed last common ancestors of plastids did not
posses&DD genes needed for this pathway. Overall, this thesis clarifies our understanding of
pyruvate medbolism in plantsupdates our understanding of the natural distribution of the ED

pathway,and connects carbon assimilation directlyeigpenoidbiosynthesis.



To all mumswho striveto navigate the challenges of motherhood gratluate school

To my son, JaseKing O. Evansd youare my greategby.



_‘
c T o X o

©Q T T
o @o© S5 oo
X n o o

-

My
an
be
b o
pr
Th

I
Pr
su

ac

I
An

go
Th

Acknowledgements

I reminisce on the journey of past five ye.
urney that has | ed me to this point. From t
perience of eanntdor antaivnigg attor nQya ntahdea ,many <chal l e
search, every step has been marked with a u
at | cannot conclude this journey without e:

i dedor enéd natneld sme paolrong t he way.

q
(7]
—_
¢

xpress my profound gratitude to my .
n my guiding | iRttt . by Ast idegrApostdfe Gad dl fnar
|l ove towarda |l m€owasthoansnlbail®d. Amidst t |
earch and the demand of mot haenrdh opoédp ¢ envye rf ai

nowl edge His presence throughout this jour

deepest gratitude goes to my supervisor, P

gui dance during my research. Your dedicat ¢

o o

n instrumental to the saudgesdhaodfl etntyiesd tmee g
daries of my abilleiatvime shsakod hetd s h @appggd hias | h
essional development. | am truly grateful

c
5

(@)
—

ank you forngioght palt i adcie¢ce, encouragements

would also |Ii ke to express my gratitude to
of . Sasa Stefanovic,vdlouahlhlheanidn £iognett ¥ cwar de
ccess aqTfoat hii mmyd leeascthkeotseac haesegnhean i ntegral p

ademic journey, I say thank you.

am al so grateful to all myd Drdlkb &mMd tetsh ewm,d B e
ya, Scott @andrmaheg 6uhemsnd memorable time w
es to Yve, a | ab mate turned friend; I  am dc¢

ank you for being me mhgatogoed faandepdolhipgi



di

stance. To my otmeenbed sltlhea CibdBs aaamdd UTStMa Bfi ol o

thank you for the supportive, coll aborative a
I would |ike to also expresammyyundhonbageabe:
support system through all the years. To my mi
thank you for your | ove, sacrifi @ebsrCandl praye:
Sophi a, Festdush aannkd yAonud rfeow al ways being there
encouragements, hype, prayers, support and be
yeawoulld not be wihteheutl eac h oalfayyou. Eveint t hot
has never felt so; our constant group cLahlastos ai
ext endh amwy -lianws f or their | ove and prayers.

Words f ail me to express my | ove and gratitud:¢
their boundless show of | ove and support thro!
grateful for your | ove, paetni emyc eb iagngde sutn dcehresetral
me up during my | ow moments and celebrating e
believing in me, even whd&m as osnt,r uygogu ehda vteo bbeeel n
source of joys. aYodurkissnmsidsesar enuwghat | | ook forw
Yobas&dowe what it means to |l ove unconditionall
best of myself. Thank you for being the most
Finally, I am deeply grateful to everyone who
commumytyamilies and friends both in Canada a

Vi



Table of Contents

N o A G- T 30 S < TP PPPRR PP ii
F o [0V =T o =T 0= o SR \.
TaADIE OF CONTENTS. ...t eeei e e e e e e e e rmm e e e e e e e e nnr e eas Vii
List Of PUDIISNE MaANUSCIIPLS. ...ttt e e e e e e e e e e e rmmme e e Xii
LIST Of FIQUIBS ...ttt e bbb e e e e e e e e e e e e e ean Xiii
LiSt Of SUPPIEMENTAIY FIQUIES.......ceiiiiiiiiiiiiie et XV
List of Supplementary TabIES..... ...t XVii
IS o Y o] 1= g o 1= PPPPRPSRR Xviii
LISt Of ADDIEVIALIONS......ceiiiiiiitiiii e ee ettt emmee s e e e e et e e emme e e e eeeeas XViii
L@ =T o) (= 0 PR 1

Introduction T The pyruvate hub connects central metabolism to terpenoid biosynthesis....1

1 Plant terpenoid biosynthesis and central carbon metahalism.............cccoeee . 2
1.1 Two Distinct Biosynthetic Pathways provide Precursors for Plant Terpenoid........... 3
1.1.1 The Mevalonate (MVA) PatNWAY..........cccuuuuriiiiiiiiieeeiiiiieieiiee e 5

1.1.2 The MEP PatRWay.........coooiiiiiieiee et 8

1.2 Metabolic crosstalk between MVA and MEP pathways in Plants........................... 10

1.3 Metabolic Control and Regulation of the MEP pathway................oooeeeeeeiiicieeeeenn. 11

1.4 Supply of Carbon to the MEP pathway...............ccooiiiiiieei e, 15
1.4.1 Labeling anomalies of the MEP pathway intermediates.................cccoeee.... 20

1.5 The EntnetDoudoroff (ED) PatNWa............uuuiiiiiiiiiiiiieeeiiiiiiiieeeeeeeee e 21
1.5.1 Biochemical overview and energetics of the ED pathway..............c........... 23

vii



1.5.2 Natural distribution of the ED pathway..............coovvvvviiiiccciiieeeeeeeee e 24
1.6 Thesis ObjJectives and OVEIVIEW..........uuuiiiiiii e ceeeiiiise e s e e e e e e e e e e e s aeees e s s e e e eeeaaaaeeeens 26
(O =T o) (= USSP 28

Plastid ancestors lacked a complete Entnddoudoroff pathway, limiting plants to glycolysis
and the pentose phosphate PathWway..............oooiiiiien e 28

2 Plastid ancestors lacked a complete Erieudoroff pathway, limiting plants to glycolysis and

the pentose phosSphate PAtNWMAY............uuuiiiiiiiiieeeiiiie e e 29
A R o {1 =T OO PPOPPPPPP 29
pZ | 111 o o 18 o1 1] o H TP PPPPPPPPPN 29
2.3 RESUIES. ..ottt e e e e e e e s e e e e e aa 32

2.3.1 6-phosphogluconate dehydratase (EDD) genes are absent from eukaryotic
(0T 8T 0] 1 TC T PP 32

2.3.2 Dihydroxy acid dehydratases angbBosphogluconate dehydratases are
structurally similar but differ in substrate binding motifs.............ccccccoooeeeee. 36

2.3.3 6-phosphogluconate dehydratase and dihydroxy acid dehydratase genes encode
high fidelity enzymes with no overlapping substrate recognition................ 38

2.3.4 Prokaryotic but not eukaryotic cells contaitk&o-3-deoxy-6-phosphogluconate,
the metabolite unique to the ED pathway...........ccccoeeeiiiiiceeiiiiieiiieeeee e, 41

2.3.5 Plant 2keto-3-deoxy-6-phosphogluconate aldolases (EDAS) catalyze other aldol

reactions of central metaboliSM.............ooooiicc 43
2.4 DISCUSSION....cciiiiiiiiiieeee e et s ee e s s snrbnassseeeeeeennnssssnssneneeeeeeeeeess 0D
2.4.1 Eukaryotes lack EDD genes and a functional ED pathway....................... 46

2.4.2 EDA genes persist in plant genomes due to their recognition of multiple aldolase
RS0 |01 = = 50

2.4.3 The ED pathway represents opportunities for synthetic biology in higher lants

s I\ (= 1 g Lo Lo E- TP ORPRRTP Rl



2.5.1 Plant and bacterial CUltIVATION ... ....conoieeee e 51

2.5.2 Cloning, protein expression, and biochemical characterization................. 52

2.5.3 Enzyme assay from total plant protein.............ccccooiviiieeeiiii e 53

2.5.4 CoNfOCAl MICIOSCOPY ... uuiieieieeeeeeie ittt eeee e e e e e e et et e e e e e eer s 54

2.5.5 Extraction of plant and bacterial tissues for KDPG detection..................... 54

2.5.6 Metabolite @NalYSIS..... . ciiiiiiiieeeeiieeeieeeee e 56

2.5.7 Phylogenetic analysis of EDD SEQUENCES............ccccuvummimmmrsssniiiiinineneeeees 57

2.5.8 Protein structural modeling and substrate docking..............ccccevvieeeiiivnnnnee. 57

2.5.9 Data Availability.........cccooiiiiiiiiii e s 58

2.6 ACKNOWIEAGMENTS......uiiiii et emme e eannnnas 58

(O T o) (= S PSSR 59
Design and fabrication of an improved dynamic flow cuvette fot3CO2 labeling in

ATADIAOPSIS PIANTS. ...ttt e et e e e e e e e e e e e e e e e e e e e e 59

3 Design and fabrication of an improved dynamic flow cuvetté¥00, labeling in Arabidopsis

0] =T gL PP PPO PP PP 60

N A 1 1 = ! APPSO PP PUPPPPPPPPPR 60

T2 | o1 oo 18 ox 1 o] o WP PP PP PP PPPPPPPPPPPPPRR 61

3.3 RESUILS @Nd DISCUSSION.......uutiiiiiiiiiiiiiieeeee e e e e ettt e e e e nemas e e e e e e e anebre e e e e e s anmnee e 63

3.3.1 A novel dynamic flow cuvette design facilitates detailed examination of plant
MELADOIISIML....ceeie e e ——————— 63

3.3.2 Performance evaluation of the CUVELE........oeeeie e 67

3.3.3 Linearity of label incorporation into primary metabolites following short labeling
EXPEIIMEINES ...ttt ettt enne e n e e 70

3.3.4 3CQO; labeling of other model and nanodel plants species......................... 73



I O] g [¢] [V 13 (o] o 1= 75

3.5 Methods and MALEralS...........uuiiiiiiiiiiieeee e ree e menn e 76
3.5.1 Plant growth CONAItIONS........cooiiiiiiie i ieeee e eeeeeeeee e 76
3.5.2 Fabrication of a dynamic flow cuvette...............ccooiiiiieeeii e 76
3.5.3 Evaluation of the dynamic flow cuvette in whole plant labeling assays......77

3.5.4 Analysis of'C label incorporation into metabolites by mass spectrometry79

3.6 ACKNOWIEAGEMENLES. ... .o iiiiiiiiiit e e et eeee bbb r e e e e e e e e e e e e e ammreeeeeeeas 80

(O g T T 0] (] PSP PPOPPPPPPRRN 81
Rubisco supplies pyruvate for the 2C-methyl-D-erythritol -4-phosphate pathway................ 81
4 Rubisco supplies pyruvate for the22methytD-erythritol4-phosphate pathway................. 82
O I o1 - Lod AP P OO PUPP P PPPPPPPPP 82
4.2 INEFOAUCTION ....eeeeeee ettt ece ettt e e emmme e et e e e e et n e e e eemme e e e e e annnnneeee e d 82
4.3 RESUIS AN DISCUSSION. ......uuuiiiiiiiiiiiiiiieeetiieee ettt et e e e e e e e e e s e e e e e e e e e e e s ennne s 85
4.4 Methods and MAErialS. ..........uuuiiiiiiiiiii et 102
4.4.1 Plant growth CONAItIONS........coooiiiiiiiiieeee e 102

4.4.2 Characterization of mutant and transgenic plant lines.................ccccoeeeee. 103

4.4.3 Gas exchange aftdCO; [abeling...........c.coveveeueeuieieeeeeeceee e 104

4.4.4 Gas and liquid chromatographymass spectrometry analysis.................... 105

4.4.5 Data analysis and statistical methods.............ccoooovvirii e 106

4.4.6 Biochemical characCterization.............cccoooiiiiiircciii e 106

A4.4.7 FIUX MOAEING ..o e 108

4.4.8 Data availability StatemMeENL..............uuiiiiiiiiiieeeiiieieeeeeee e 109



4.5 ACKNOWIEAQGEMENLS. ....uuiiiiii i ceeee ettt eeee e e e e e e e e et e smmmreennees 109

O T o) (= RSP 110
General Discussion and CONCIUSIONS........uuuiiiiiiiiiiiiiiieeeiiieie et e e e e e e e e e s s e e e e e e e e e e e e aaeennn 110
5 General Discussion and CONCIUSIONS..........oooiiiiiiiiiiieee e re e 111
5.1 Thesis Summary and DISCUSSION..........ccceiiiiiiiiiiimme e eeee e 111
5.2 FULUIE WOTK ..ottt ettt eeee e e e e e e e e e e e e e e e eeeatsss s mnmeeeeeeeeeesennnnes 115

5.2.1 Potential of the ED pathway for increased terpenoid biosynthesis in.Plaits5

5.2.2 The CalvinBensonBassham cycle and glycolysis are harmonized in chloroplasts

through an unexpected MechaniSM................uiiiiiiceceeeiiiiee e e 116
LR T 0o o 11153 o] o 1P 118
] (= = o > PSR 120

6 Supplementary Figures and Tables for all Chapters..........cccovvvvvieeeeee e 151
6.1 SUPPIEMENTAIY FIQUIES.. ..ottt ieee ettt e e e e e e e e e e e e e e e ammna s 151
6.1.1 Supplementary FigurdsChapter 2..........ooooviiiiiiiiimren e 152

6.1.2 Supplementary FigurdsChapter 3........coooo e 160

6.1.3 Supplementary FigurdsChapter 4. e 163

6.2 Supplementary Table...........coooi i 170
6.2.1 Supplementary Tablé@sChapter 2.............ccooeeiiiiiiiiiccciii e 170

6.2.2 Supplementary Tablé@sChapter 4.............coooiiiiiiiiiiicceiii e 177

Xi



List of Published Manuscripts

First Authorships

1. Evans, Sonia E,. Yuan Xu, Matthew E. Bergman, Scott A. Ford, Yingkia, Thomas D.
Sharkey, and Michael A. Phillig2024) Rubisco supplies pyruvate for thaC2methylD-
erythritok4-phosphate pathwaiature Plantgdoi 10.1038/s4147024-0179%z).

2. Evans, Sonia E. Anya E. Franks, Matthew E. Bergman, Nash&&hna, Mark A. Currie,
and Michael A. Phillipg2024) Plastid ancestors lacked a complete ERD@udoroff
pathway, limiting plants to glycolysis and the pentose phosphate patNataye
Communicationd5, no. 1: 1102attps://doi.org/10.1038/s414624-45384y

3. Evans, Sonia E,. Peter Duggan, Matthew E. Bergman, Daniela Clobypez, Benjamin
Davis, Ibadat Bajwa, and Michael A. PhilligZ22) Design and fabrication of an improved
dynamic flow cuvette fot’CO; labeling in Arabidopsis plant®lant Methodsl8, no. 1: 40.
https://doi.org/10.1186/s130422-008733

Contributing Authorships

1. Bergman, Matthew ESonia E. Evans Xiahezi Kuai, Anya E. Franks, Charles Despres,
and Michael A. Phillipg2023) Arabidopsis TGA256 Transcription Factors Suppress
Salicylic-Acid-Induced Sucros8tarvationPlants12, no. 18: 3284,
https://doi.org/10.3390/plants12183284

2. Bergman, Matthew ESonia E. Evans Benjamin Davis, Rehma Hamid, Ibadat Bajwa,
Amreetha Jayathilake, Anmol Kaur Chahal, and Michael A. Phi{2p22) An Arabidopsis
GCMS chemical ionization technique to quantify adaptive responses in central metabolism.
Plant Physiologyl89, no. 4: 207-2090.doi: 10.1093/plphys/kiac207

Xii


https://www.nature.com/articles/s41467-024-45384-y
https://link.springer.com/article/10.1186/s13007-022-00873-3
https://doi.org/10.3390/plants12183284
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9342981/

List of Figures

Figurel.1l Schematic of terpenoid biosynthetic pathways and their different terpene products in

Figurel.2 Enzymatic steps of the MVA pathway and the MEP pathway leading to the formation of

the universal terpenoid precursors, IDP and DMADRP..............cccooiiiimemiineeeeee
Figurel.3 Possible routes GAP and pyruvate to the MEP pathway in the chloroplast........ 17
Figurel.4 Overview of glycolytic routes via the EMP and the ED pathways........................ 22

Figure2.1 Phylogenetic analysis of dihydroxy acid dehydratases (DHAD) - €pheD-
gluconate (6PG) dehydratase (EDD)..........coouiiiiiiiuiiimmen et eeeessesee e e e e e e e eeeeas 34

Figure2.2 Structural models of dihydroxy acid dehydratase (DHAD) apddsphogluconate
denydratase (EDD)...........uuuuuiiiii e e e e e e eeeet s s s e e e e e e e e e e e e e e e e e ettt nnneeeaeeeeeaeaerrraaaaa 37

Figure2.3 Enzyme assays offfhosphogluconate dehydratase (EDD) and dihydroxyacid
deNYAratase (DHAD)..... .. e e e bbbl 40

Figure2.4 Detection of ZKeto-3-deoxygluconaté-phosphate (KDPG) in cells of representative

Prokaryotes and EUKAIYOIES.........ciiiii e eeeeie e eeee e e e e e et eennnend 43
Figure2.5 Substrate promiscuity and subcellular localization of KRIBlase (EDA).............. 45
Figure3.1 Autocad design of the dynamic flow CUVELLE..............uuuiiiiiiieeeiiiiiiiiiiiieeeeee e 64

Figure3.2 An Arabidopsis dynamic flow cuvette for gas exchange measuremerié€@ad

F= 0T [T =TT T= 1T PSPPSR 65

Figure3.3 Schematic overview of a dynamic flow cuvette H@D, whole plant labeling system.

Figure3.4 Performance evaluation of the dynamic flow cuvette............ccccoooiiiieeeei e, 69

Xiii



Figure3.5 Incorporation of*C into intermediates of primary metabolism followiigO;

exposure, as determined by LCMS/MS analysis of labeled plant tissue...............cccvveee.... 72
Figure3.63CQ; labeling of additional plant SPECIES...........c.ccvcveeveeveceemreeeereeeceeeeeee e eeemenn T4
Figure4.1 Metabolism of pyruvate in plant cells and the Rubisetimination mechanism......84
Figure4.2 Role of Rubisco in supplying pyruvateilionminated chloroplasts................ccccco...... 87

Figure4.33C label incorporation and absolute concentrations of photorespiratory intermediates in

Arabidopsis leaves under normal (21%) and low (1%) oxygen conditions....................cccc.. 90

Figure4.4 Changes to flux in4Zentral metabolites and themethytD-erythritol4-phosphate
(MEP) pathway under low oXygen CONAItiONS...........ccooiiiiiiiiiiiene e 91

Figure4.513CQ; in vivolabeling of Arabidopsis Seedlings............ccccevivveeeceeeeeeeieceere e 93

Figure4.6 Incorporation of [23C]-pyruvate into intermediates of the22methykD-erythrito+-4-
phosphate (MEP) pathway in Arabidopsis seedl(@gs$ay old) vs. rosettes (4fay old)............. 95

Figure4.7 Role of transporters in supplying pyruvate to the chloroplast in Arabidopsis leaPissue.

Figure4.8 Roles of transporters in supplying pyruvate and phosphoenolpyruvate for amino acid

biosynthesis in the ChIOrOPIAST...........ovi e 98

Figure4.9 Fatty acid methyl ester (FAME) analysis in Arabidopsis-tyifte (WT),cuel and
DASS2MULANT PIANTS.... .o ennn e e e aaaas 99

Figure5.1 Upregulation of ENO1 and PGM in Arabidopsigelmutants reveal the physiological
function of downregulating chloroplast glycolysis in illuminated chloroplasis.................... 118

Figure5.2 Schematic highlighting Rubisco as a major source of pyruvate in illuminated chloroplasts

for the MEP pathway another pyruvatedependent biosynthetic pathways................cccouve... 119

Xiv



List of Supplementary Figures

Supplementary Figure 2.1 Amino acid alignment of representative DHAD and EDD sequences

from prokaryotes and UKAIYOtES...........ooivviiiiiiiieeee e er e e e e e e e e e e anes 154

Supplementary Figure 2.2 Species phylogeny of the Cyanobacteriota as previously reported by
MOOIE €L Al. (2019).... it e e e e e e enana e e e e e e e e aeees 156

Supplementary Figure 2.3 SEFRAGE purified preparations of DHAD, EDD and EDA......... 156

Supplementary Figure 2.4 Analytical detection &fe20-3-deoxy-6-phosphogluconate (KDPG) by
liquid chromatography tandem mass spectrometry AMS/MS)........coooviiiiiiiiiiiiiiinenn e 157

Supplementary Figure 2.16 vitro enzyme assay of purified soybeakeéto-3-deoxy-6-
phosphogluconate aldolase (GmEDA) showing aldolase activity towards substrates of the Calvin

BENSON CYCIE..... oottt ettt ee et e e e e e e e e e e e e e et ettt a et nnneeeeeeeeeeaeaaaarn i nnn 158

Supplementary Figure 2.6 MS/MS product ion spectra of important metabolites used in this study.

Supplementary Figure 3.1 Spectral output of light emitting diodes (LEDs) used in growth chamber
and labeling eXPeriMENTS.......... i e 160

Supplementary Figure 3.2 Relative distributiortif labeled isotopologues of the central

metabolic intermediates described in Figure 3.5 during a whole planttioree labeling series.

Supplementary Figure 3.3 Representative LCMS/MS and GCMS chromatograi@daideled
plant metabolites analyzed in thiS StUAY........coiiiiiei et 162

XV



Supplementary Figure 4.1 Enzyme activity of plastichlized ENO and PGM from isolated
(o] lo] T o] F= TS 50 AN =1 ][0 (0] o 1< £ TSP 163

Supplementary Figure 4.2 Adaptationfohibidopsisplants to low oxygen conditions............ 165

Supplementary Figure 413C labeling incorporation and absolute concentrations of glycolytic and

Calvin-BensonBassham cycle intermediates under normal (21%) and low (1%) oxygen conditions.

Supplementary Figure 4.4 Genotyping of mutants deficieRPiil(cuel) andBASS4bass21 and
DASS22). ...ttt e ettt e e et e e s aaatrn e e 167

Supplementary Figure 4.5 G@ssimilation (A) and intercellular G@oncentration@;) in

Arabidopsiswild-type (WT),bassZandcuelmutant plants...........cccccceeeiiiiiiiiceciiiiiiccieee e 168

Supplementary Figure 4.6 Identification and quantification of RUBPGA, and pyruvate by L.C
MS/MS and GGMS for chromatograms, MS/MS spectra, and calibration curves............... 169

XVi



List of Supplementary Tables

Supplementary Table 2.L:ist of organisms used for phylogenetic analysis........................ 170
Supplementary Table 2.2 Occurrence of EDD homologs in genomes of plastid sister.graliffs

Supplementary Table 2.3 PCR primers used in this study. Primers include attB overhang for

[0 P21 (=3 1Y7= Y2 [0 1 Vo USSP 177

Supplementary Table 4.1 Kinetics parameterS@fincorporation into organic acids of

photorespiration and primary metabolism. Data was fitted to an exponential rise to maximum

equation 4 - <where L represents the labeling plateais, the labeling time, a

is the kinetic rate constant (mfj

Supplementary Table 4.2 Kinetics parameters@fincorporation into MEP pathway, glycolysis,
and CBC intermediates #rabidopsiswild-type labeled under normal (21%) and low (1%)

(04 V{0 [T o T PP 178

Supplementary Table 4.3 Mass isotopologues used in the calculation of fractional labeling of each
metabolite pool. Phosphorylated metabolites were analyzed by liquid chromatogtapkgm

mass spectrometry (LCMS/MS) using a Sciex 4500 Qtrap operatmgliiple reaction monitoring
(MRM) in negative mode. QIn/zof precursor ion; Q3n/zof product ion. Gas chromatography

mass spectrometry (GCMS) analysis was performed using ammonia chemical ionization to

minimize fragmentation (see Methods for detailsS)..............ooovviiiiie i, 178

Supplementary Table 4.4 Parameters for quantification of central metabolites by liquid

chromatography tandemmass SPeCIrOMELrY..........ooiiiiiiiiiiiiireer e 179

Supplementary Table 4.5 PCR primers used in this Study............ccouviiieeeiiii i, 180

Xvil



List of Appendices

6 Supplementary Figures and Tables for all Chapters...........ccccoovvvieeeiii e 151
6.1 SUPPlEMENLArY FIQUIES.....uu ittt eeee e e e e e e e e e e 151
6.1.1 Supplementary Figur@sChapter 2...........cccoovviiiiiiiiieiee e e 152

6.1.2 Supplementary FigurdsChapter 3. e 160

6.1.3 Supplementary FigurdsChapter 4. e 163

6.2 Supplementary TabLe. ... 170
6.2.1 Supplementary TablgsChapter 2. 170

6.2.2 Supplementary TabldsChapter 4..............ouvvuiiiiiiiiiceeerr e eeeas 177

Xvili



List of Abbreviations

A Net CO; assimilation

AcCoA acetyFCoA

AACT acetoacetylCoA thiolase

At Arabidopsis thaliana

BCAA branchedchainamino acid

BPG 1,3-bisphosphoglycerate

CBC Calvin-BensonBasshantycle

CKABP 2-carboxy-3-ketoarabinitol 1,5%isphosphate
CMK 4-( c y t i-diphospho)B@methytD-erythritol kinase
Ci intercellular CQ concentration

cuel chlorophyll a/b binding proteinnderexpressedl
DHAP dihydroxyacetone phosphate

DMADP dimethylallyl diphosphate

DTT dithiothreitol

DW dry weight

DXP 1-deoxy-D-xylulose5-phosphate

DXR DXP reductoisomerase

DXS DXP synthase

E4P erythrose4-Phosphate

EDA 2-keto-3-deoxy-6-phosphogluconatddolase
EDD 6-phosphogluconatdehydratase

ED EntnerDoudoroff

eGFP enhancedyreenfluorescencerotein

EGT endosymbioticgenetransfer

Ec Escherichia coli

EMP EmbdenMeyerhofParnas

ENO enolase

FAME fatty acid methyl esteranalysis

F6P fructose gphosphate

FDP farnesyldiphosphate

FW fresh weight

GAP glyceraldehyde $hosphate

GAPDH glyceraldehyde $hosphatelehydrogenase
G6P glucose éphosphate

GC-MS gaschromatographymassspectrometry
GDP geranyldiphosphate

XixX



GGDP
GND
HMBDP
HDR
HDS
HMG-CoA
HMGR
HMGS
IDP

IDI
INCA
INSTA-MFA
IPTG
Jmax
KDPG
Kwm

L
LC-MS/MS
MEcDP
MEP
MRM
MDS
MCT
NADPH
PAR
PDB
PEP
PPT
PPDK
PK
2-PGA
3-PGA
PGK
PGM
Rubisco
RuBP
Ru5P
SBP

geranylgeranytiphosphate
6-phosphogluconatdehydrogenase
1-hydroxy-2-methyt2-(E)-butenyt4-diphosphate
HMBDP reductase

HMBDP synthase
3-hydroxy-3-methylglutarytCoA

HMG-CoA reductase

HMG-CoA synthase

isopentenytiphosphate

IDP isomerase
isotopomenetworkcompartmentabnalysis
nonstationarymetabolicflux analysis

is 0 p r cplythiogabactopyranoside
electrontransportrate
2-keto-3-deoxy-6-phosphogluconate
michaelisconstant

labelingplateau

liquid chromatographtandemmassspectrometry
2-C-methylD-erythritol 2,4cyclodiphosphate
2-C-methytD-erythritol4-phosphate

multiple reactionmonitoring
2-C-methylD-erythritol2,4-cyclodiphosphatsynthase
2-C-methytD-erythritol4-phosphateytidyltransferase
nicotinamideadeninedinucleotidephosphate
photosyntheticallyactive radiation

protein datebank

phosphoenolpyruvate
phosphoenolpyruvatghiosphatdranslocator
pyruvateorthophosphateikinase
pyruvatekinase

2-phosphoglycerate

3-phosphoglycerate

phosphoglyceratkinase
phosphoglyceratenutase
ribulosel,5-bisphosphatearboxylasedxygenase
ribulosel,5-bisphosphate

ribulose 5Phosphate

sedoheptulosd, 7-bisphosphate

XX



TPT
Vemax
XPT
Xu5P
Z\WF

triosephosphatgghosphatdranslocator
maximalcarboxylationrate
Xu5Pphosphatdranslocator

xylulose 5Phosphate

glucose éphosphatalehydrogenase

XXi



Chapter 1

Introduction T The pyruvate hub connects central
metabolism to terpenoid biosynthesis



1 Plant terpenoid biosynthesis and central carbon
metabolism

Terpenoids, also known as isoprenoigand ashe mosiabundant andtructurally diversgroup of
natural productéoundin nature.To date, over 80,000 distinct terpenoids have hbeemtified, with

the majority synthesized by plar{hristianson 2017; Buckingham 202B) plants, some of these
terpenoids play essential roles in respiration, maintaining membrane integrity, and regulation of
growth and developmefiRodriguezConcepciéon 2010; Bergman et al. 2019; Gutensohn et al.
2022; Liu et al. 2023)n primary metabolism, terpenoidésoplay numerousoles in
photosynthesisThey serve as integral components of photosynthetic pigments, such as the phytol
side chain of chlorophyllBuchanan et al. 2015J he tetraterpene carotene and its oxygenated
derivatives, such as xanthophylls function as accessory pigments for light harvesting while also
offering protection against photooxidative stré®edriguezConcepcion 2010; Ramel et al. 2012)
Moreover the prenylated quinonasich aplastoquinone and ubiquinone serve as electron carriers
in bothlight-dependent reactions of photosynthesidmitochondrial oxidative phosphorylatipn
while plant hormonebke cytokinin, abscisic acid, gibberellins, brassinosteroids and strigolactones

intricatelyregulae growth and developmeg®antner et al. 2009; Liu and Lu 2016)

Despite the numerous roles of plant terpenoids in primary plant metabolisvasthaajority are
classified as secondary or specialized metabalitésallelopathic functionsoften exhibiting
taxonomic restrictions amakgan specifibiosynthesisFunctionally, they take part in diverse
ecological interactions, ranging from protecting against pathogens and herbivores, attracting
pollinators and seed dispersers, and acting as allelochemicals to influengaaaiiteractions
(Gershenzon and Dudareva 2007; Tholl 20I6gsespecializederpenoidspan a wide range of
classes, includingemiterpenes (£ isoprene), monoterpenesifCmenthol, geraniol, limonene),
sesquiterpenes (€ farneseneartemisinin, humulene), diterpenes{Cafestol, taxol, abietane),
triterpenes (6o, saponinssqualenestero), tetraterpenes (o, -cérotene, curcumirgstaxanthij
andpolyterpenesXCas, dolichol, rubber]Magedans and Phillips 2022; Saha et al. 2022; Bergman
and Phillips 2021; Miranda et al. 202Zhese terpenoidarealsoof great importance to humans
because of thenoles as essential vitamins (including vitamins A, E, and K). Primary terpenoid

metabolitedike b-carotene antd+tocopherol are essential sourcesheffat-soluble vitanin A and



E, respectively, inthehuman die{RodriguezConcepcidén 2010; Mer8affrané 2017)Terpenoids

also constitute aide rangeof flavors, pigments, drugbjofuels fragrance, polymerand
phytosterolgPhillips et al. 2008b; Gutensohn et al. 20Er example, monoterpenoids like
limonene, geraniol, menthol, constitutes major components of essential oils, extensively used in
food and cosmetic industrié¢dausch et al. 2015Many plant terpenoids notably have important
roles agherapeuticompoundsDiterpenes likgaclitaxel (Bxol®) and sesquiterpeesuch as
artemisininarehighly effective chemotherapeutmdantimalaria drug, respectivelyBergman et

al. 2019) Owing totheir importance imgriculture medicine, and nutrition, theregsnsiderable
interest in understanding factors that control their biosynthesis in plants to boost accumulation of

high value targetompounds

1.1 Two Distinct Biosynthetic Pathways provide Precursors for
Plant Terpenoid

Despite their huge ’tctural diversity, all terpenoids are synthesized ftbenuniversafive-carbon
(Cs) building blocks isopentenyl diphosphate and its isomer dimethylallyl diphosphate (IDP and
DMADP). These terpenoid precursoase synthesized via twindependenpathwaysthe
mevalonat€dMVA) pathwayand the2-C-methylD-erythritol4-phosphate (MEP(Phillips et al.
2008b; Frank and Groll 2017; Bergman et al. 2qE8urel.1). While the MVA pathwayoperates
within the cytosal peroxisome, and endoplasmic reticuland is found across atlukaryotes
archaeandselecteuacteriathe MEP pathway is localizegithin plastidsandexclusively
suppliesDP and DMADPIn bacteriacyanobacteriaalgae,all members of the Archaeplastida
(including plants and algaegndapicomplexan ptozoa(Lombard and Moreira 2011; Lohr et al.
2012) The condensation dDP and DMADR catalyzedby prenyltransferasenzymegLiang et al.
2002) leads to the formation of prenyl diphosphates suaeeanyl diphosphate (GDE;o),

farnesyl diphosphate (FDE;s), geranylgeranyl diphosphate (GGDEg), andless commonly,
geranylfarnesyl diphosphate (GFDP;s)CThese intermediateserve asnetabolicbranch poird for
downstream pathways leading to the numerous end products of primary and secondary terpenoid
metabolism(Tholl 2015) Theplastidlocalized pathway generate®8, GAP, and GFDRrucial

for the biosynthesis ahonoterpenes (f), diterpenegCzo), carotenoidgCao), tocopherols,
gibberellirs, and sesterterpenesf(Li and Gustafson 2021)n contrastcytosoliciDP/DMADP



via theMVA pathway praluces FDP for sesquiterpersgCis), triterpens (Cso), sterols,
brassinosteroidsgsialene, andolicholssynthesis(Vranova et al. 2013; Karunanithi and Zerbe
2019; Feng et al. 20238lthough this compartmental separation holds true for most plants
exceptionallysome groups synthesize GDP for monoterpene biosynthesis in the ¢B@gphan

et al. 2021a; Conart et al. 2028)hile others synthesize FDP in the plastid for sesquiterpene
biosynthesigSallaud et al. 2009)nlike most organisms that predominantly rely on one of the two
terpenoid precursgrathways, higher plants encode functional enzymes of both MVA and MEP
pathways, with each pathway compartmentalized within the cytosol and plastids, respewtiliely
little to no exchange of common intermediates between pathways, except in rare cases of secondary
metabolism in specialized tissués these instanceimited metabolic crosstalk Bdeen reported
between metabolic pools of these pathw@smmerlin et al. 2003; Dudareva et al. 2005; Fligge
and Gao 2005; FloreRérez et al. 2010; Pu et al. 202Hpwever, no translocator has been reported
to date capable of transporting IDP, DMADP, or any other prenylated diphosphate of terpenoid
metabolism, although investigations focusing on the transport of their monophosphate forms are
active areas of researchhis retention of both pathways in plants cosfstrategic advantages,
allowing forcompartmenspecificregulation of terpenoids biosynthesis in response to
developmental cues or environmental stimuli, as well as fatilitaynthesis o diverse array of
terpenoid compounds, thus enhancing their ability to adapt to various changing environments
(Lombard and Moreira 2011; Vranova et al. 2013)
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Figure 1.1 Schematic ofterpenoid biosynthetic pathways and their different terpene products
in plants.

Abbreviations GAP, glyceraldehydé&-phosphateDXP, 1-deoxy-D-xylulose 5phosphateMEP,
2C-methytD-erythritol 4phosphatglDP, isopentenyl diphosphateMADP, dimethylallyl
diphosphateGDP, geranyl diphosphat&sGDP, geranylgeranyl diphosphateDP, farnesyl
diphosphate.

1.1.1 The Mevalonate (MVA) pathway

The MVA pathwayis the singular source of the universal terpenoid intermediatasinmals, fungi,
archaea, and some bacteria. In plants, the pathway is generally thought to beatiftetoveerthe
cytosol,the surface of thendoplasmic reticulupand peroxisomed eivar et al. 2005; Simkin et

al. 2011; Vranova et al. 2013; Pu et al. 202dthough details about their translocation are currently
unknown.The MVA pathwayconsists of six enzymatic steps detjins with the condensation of
two molecules of acetyCoA to form acetoacetyCoA, a reaction catalyzed by the enzyme
acebaceyl-CoA thiolase(AACT) (Figurel.2). AcetoacetyCoA is further condensedith another
molecule of acetyCoA to form 3hydroxy-3-methypglutaryFCoA (HMG-CoA) by the enzyme
HMG-CoA synthas¢HMGS). HMG-CoA isthenreduced to mevalonate by HMGoA reductase



(HMGR) at theER surfacdLeivar et al. 2005)This reduction reaction requir@sNADPH

molecules ands highly regulatedHMGR, astheratelimiting enzyme in the pathwais subject to
feedback inhibition by downstream produstsh as stere(Ram et al. 2010; Rodriguez
Concepcién and Boronat 2015; Pu et al. 2021; Bergman et al. 2021dp@nerate IDP, evalonate
finally undergoes twaonsecutivephosphorylabns anda decarboxylatiorcatalyzed by the
enzymesmevalonate kinase (MVKphosphomevalonate kinase (PMéf)d mevalonate
diphosphate decarboxylase (MVEspectivelyIDP canfurtherbe reversiblyisomerizel to

DMADP by IDP isomerase (IDJjan enzyme that functions to maintain optimal IDP/DMADP ratios
in multiple compartments of the plant c@hillips et al. 2008b)

In addition to the classical MVA pathway, IDP and DMADP can also be synthesized through an
alternate route that involves their interconversion between the-raodaliphosphates forms
(Figurel.2). The natural distribution of this alternative roat®d its physiological significance in
plants are not yet clear.dtternate pathwagesembleshe ancestral MVA pathway in archaea,
where mevalonatB-phosphate is first decarboxylated by phosphomevalonate decarboxylase
(MPD) to isopentenyl phosphate (IP), and then further phosphorylatBé toy an ATRdependent

IP kinase (IPK)Dellas et al. 2013; Lombard and Moreira 201d)plants,|DP and DMADP can

be interconvertedith their monophosphat@P and DMAP) formsy Nudix hydrolasgHenry et

al. 2018)andIPK (Dellas et al. 2013; Henry et al. 2015; Zhang et al. 2(R28urel1.2). IPK

facilitates thgophosphorylatiorof IP andDMAP to generatdDP and DMADP, while Nudix

hydrolase catalyzes tlikeph@phorylationof IDP and DMADPto their respectivenonophosphates
Both IPK and Nudix hydrolase acgtosotocalizedandplay key regulatory roledy modulating

the availability ofiDP and DMADPfor terpenoid biosynthes{glenry et al. 2015)Analysis ofIPK
knockout inArabidopsisresulted indecrease levelsof MVA -mediated terpenoid$ienry et al.

2015) Converselyoverexpression ohrabidopsisiPK was foundo enhance the productiar
sterolsand sesquiterpes@erived fromthe MVA pathway,as well asnonoterpenidsderived from
the MEP pathwayHenry et al. 2015 urthermore, recent research has implicated Nudix hydrolase
in the regulation omondaderpenoidvolatile production by facilitating the dephosphorylation of GDP
to its monophosphate form, promoting geraniol production in the cyfi@ecdman et al. 2021a;
Conart et al. 2023A specific clade of terpene modifying Nudix hydrolases was identified by

Bergman et al. (2021) that is phylogenetically distinct from other Nudix hydrolase subclades,



suggesting they were selected for their specificity towards terpenoid substrates. Ongoing research
efforts are underway to understand the broader significance of prenylated mono and diphosphate

interconversion in regulating terpene metabolism.
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Figure 1.2 Enzymatic steps of the MVA pathway and the MEP pathway leading to the
formation of the universal terpenoid precursors, IDP and DMADR

Enzymes and intermediates abbreviations for the MEP pathwalp & 1-deoxy-D-xylulose5-
phosphate synthasBXR, 1-deoxyD-xylulose5-phosphateeductoisomeras®)CT, 2-C-methyl
D-erythritol 4phosphate cytidyltransferaseMK, 4-( ¢ y t i -diphospho)s@methylD-
erythritol kinaseMDS, 2-C-methylD-erythritol2,4-cyclodiphosphate synthgdeDS, 1-hydroxy
2-methyl2-(E)-butenyt4-diphosphatesynthase HDR, 1-hydroxy-2-methyt2-(E)-butenyt4-
diphosphateeductaseGAP, glyceraldehyde -phosphateDXP, 1-deoxy-D-xylulose 5phosphate
MEP, 2-C-methytD-erythritol 4phosphateCDP-ME, 4-( ¢ y t i -diphospho)BZ@mettyl-D-
erythritol; CDP-MEP, 2-Phosphe4-( ¢ y t i -diphospho)s@methylD-erythritol; MEcDP, 2C-
methytD-erythritol 2,4cyclodiphosphate; HMBDR,-hydroxy-2-methyt2-(E)-butenyt4-



diphosphatgelDP, isopentenyl diphosphatBMADP, dimethylallyl diphosphateEnzymes and
intermediates abbreviations for the MVA pathway. &&CT, acetoaetyl-CoA thiolase HMGS,
3-hydroxy-3-methylglutarytCoA synthaseHMGR, hydroxy-3-methylglutarylcoenzyme A
reductase; MVKmevalonate kinas&MK, phosphmevalonate kinaséVD, mevalonate
diphosphate decarboxylasBl, isopentenyl diphosphate isomeraB&ID, phosphomevalonate
decarboxylasdludix, Nudix hydrolase; IPK, isopentenyl phosphate kinbdé¢-CoA, 3-
hydroxy-3-methylglutarytCoA; IP, isopentenyphosphateQP signifies a phosphate group and
OPP a pyrophosphate.

1.1.2 The MEP Pathway

Until a few decades agthe MVA pathway was thought to be the sole route for the synthesis of
IDP and DMADP in all organisms including plarfidcGarvey and Croteau 199%Jowever, early
investigations hinted at discrepandmetweenabeling patterns observed and those expected from
the MVA pathway, leading to the proposal of an alternative route. Studies in maize seedlings
demonstrated low incorporation rates of labeled mevalonate or acetate intogqeastd

t er p e n o i-cdreteng, gantigophyll afid plastoquinone), contrasting with rapid incorporation
into cytosolic sterols, suggesting an alternative-mavalonate pathway foDP biosynthesis

(Goodwin 1958)Further evidence supporting this alternative pathway came from experiments with
lovastatin, an HM@Co0A reductase inhibitor, which reduced sterol accumulation without affecting
plastidic terpenoidéBach and Lichtenthaler 1983 apid labeling incorporation into plastidic
terpenoids following the introduction of labeled pyruvatph®sphoglycerate8{PGA), or CG

further confirmed the existence of an alternative pathi@modwin 1958; Schulz8iebert et al.

1984; SchulzeSiebert and Schultz 198 Additionally, the absence of MVA pathway enzymes in
purified fractions of spinach chloroplasts or daffodil chromoplasts provided further evidence for an
alternative pathwagKreuz and Kleinig 1981; Rohmer 1999roundbreaking studiesonducted by
Rohmer and colleagu@s the earlyl990sultimatelyled to the discovery of the now knoi-C-
methytD-erythritol 4phosphatéMEP) pathwayn bacteriagd Rohmer et al. 1993ndsubsequently

in algae and highegrlants(Lichtenthaler et al. 1995; Schwender et al. 1995; Rohmer 1999;
RodriguezConcepcion and Boronat 2002)

The MEP pathwaysynthesize$DP and DMADPIn sevensequential enzymatic stgfeginning
with the condensation dfvo central carbointermediatesglyceraldehyde&-phosphate (GAP) and

pyruvateto form ldeoxyD-xylulose5-phosphate (DXP{jFrank and Groll 2017Figurel.2). This



initial reaction iscatalyzed by théhiamindiphosphat€¢ ThDP)-dependenénzyme DXP synthase
(DXS), thefirst committedenzymein the pathwayn plants The DXSgenefamily usuallyexists as
multiple isoformswithin a given plant genomélling into 3 distinct classaa most species

(Walter et al. 2002; Kim et al. 2005; Phillips et al. 2007; Cordoba et al. 2009; Cordoba et al. 2011,
Saladié et al. 2014The phylogenetic analysis of these genes reveaDK&tisoforms from a

given specieslusterwith other members dheir enzyme classes, rather than with paralogs from
the same species, indicating the split of ancestral DXS sequenatsgsdhe division of the major
angiosperm and gymnosperm famil{@galter et al. 2002; Saladié et al. 2014)abidopsis
thalianais the exception, aslicks a type Il DXS. It®XSgene complement insteatlistes into

two groups & singleType | andwo typelll gene$ (Phillips et al. 2007; Tian et al. 2022he Type

| DXS, localized to the plastid along with the other steps of the MEP patlaneatypically
expressed in photosynthetic tissues wltleeg provide precursors for primary terpenoids (e.g.,
chlorophyll and carotenoid¢Kim et al. 2005) Typell DXS arelocalizedin nonphotosynthetic
plastidsof glandular trichomesr rootsandareinvolved insynthesis opecialized terpenoids
involved invarious ecological interactiorfKim SangMin et al. 2006; Yu et al. 202 Bdditionally,

a third DXSlike gene (Type Il DXS) has been identified in some species, like rice, shoghiig
inducible,tissuespecific expression, suggesting a unique role that warrants further investigation
(Cordoba et al. 2011; Tian et al. 2028p biochemical function is currently known for Type I
DXS. A recent study irArabidopsisreported that Type 11l DXS maybe involved in peshbryonic
development and reproductiomith a function unrelated terpenoid synthesigle LunaValdez et
al. 2021; Tian et al. 2022%everal studies have highlighted the rolgefuine Type DXS in
controlling flux through the MEP pathway chloroplastgWright et al. 2014; Di et al. 2023)
emphasizindghe significance ofts role controllingsubstratesupplyin the MEP pathway for terpene
biosynthesis.

The next stepcatalyzed byDXP reductoisomerase (DXRhvolvesanintramolecular
rearrangementf DXP, followed bya NADPH-dependenteductionto MEP (Kuzuyama et al.
1998)(Figurel.2). This reaction is considered tfiesst committed stejn somebacteriaas DXS is
also involved in théiosynthesis of vitain pyridoxine (B6) and thiamine (B1) these microbes
(Laber et al. 1999However, plantendotherbacterigproducevitamin B6 through a DXS
independent routefambasceStudart et al. 2005)making DXP the first committed intermediate of
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the MEP pathway in plant®XR does not exert the same degree of metabolic control over flux
throughin the MEP pathwawpf chloroplasts, although like all structural enzymes, it forms a
bottleneckwhen its activity is reduced by mutation or pharmacological inhib{@arreterePaulet
et al. 2006; Tholl and Lee 2011; Bergman et al. 202 byvever,it has a limitingrole in glandular

trichomes in the context of secondary metabolistahmoud and Croteau 2001)

In the subsequent stedEP is converted to-diphosphocytidy#2-C-methytD-erythritol (CDR
ME) in a CTRdependent reaction catalyzed b zZnethylD-erythritol 4phosphate
cytidyltransferase (MCT{Kuzuyama et al. 200@)-igurel.2). CDP-ME is then converted to-2
phosphed-( ¢ y t i -diphospho)®d@methytD-erythritol (CDP-MEP) andsubsequently to the
cyclic intermediate, £-methytD-erythritol2,4-cyclodiphosphate (MEcDP) following an ATP
dependent phosphorylation and cyclization catalyzed by the enzy(nesyt t i -diphosgho)5 Nj
C-methytD-erythritol kinase (CMK) and-Z-methytD-erythritol-2,4-cyclodiphosphate synthase
(MDS), respectivelyHerz et al. 2000; Calisto et al. 200MECDP isnextreduced to dhydroxy-2-
methyt2-(E)-butenyt4-diphosphate (HMBDP) by HMBDP synthase (HDS), and finallgdth
IDP and DMADP byHMBDP reductase (HDRin a roughly 5:1 ratioAs in the MVA pathway,
IDP and DMADP can also be reversibly isomerized by IDI which plays a role in modulating
IDP/DMADRP ratio in plant cel{Phillips et al. 2008a; Krause et al. 2023)

1.2 Metabolic crosstalk between MVA and MEP pathways in
Plants

The unique abilityof plantsto maintainthe MVA and MEP pathways in parallel in separate
compartmentsas led to speculation regarding exchange of common intermediates (e.g. IDP and
DMADP). Despite the strict compartmentalization, interactions between metabolites (crosstalk) of
both pathways have been reportei@mmerlin et al. 2003; Laule et al. 2003; Dudareva et al. 2005;
MendozaPoudereux et al. 2015; Pu et al. 20H9wever, these usually involve highly specialized
tissue in the context of secondary metabolism orptoysiologicalconditions such as cell

suspension cultures. Some researchaverationalized the existence thfis metabolic crosstalk
arguing itmay bebeneficialfor plant growth, development, and enhancing plant adaptability to
biotic and abiotic stressédemmerlin et al. 2003; Laule et al. 2003; Hemmerlin et al. 2012)

However,mutant and inhibitostudies have confirmed thiatgreen tissug this crosstalk is not



11

sufficient for one pathway to rescue the other wigimeris blocked(RodriguezConcepcion et al.
2004; Suzuki et al. 2009; Xing et al. 2010)

Althoughcrosstalk between the MVA and the MEP pathwaysisphysiologically significant
under normal growth conditionafew experimental studies hadetectedsome degree of crosstalk
using chemical inhibitors, isotopic labeling, and genetic analysestenthaler 1999; Hemmerlin
et al. 2003; Dudareva et al. 2005; Paetzold et al. 2010; Tholl ZediGhstanceisotopicfeedingof
hydroponi@lly grownintactcotton plantseporteda significantflux of 2-1*C-MVA into MEP end
productssuch agrenyl sidechainsandcarotenoidgOpitz et al. 2014)Similarly, inhibition of the
MVA pathwayhas beerioundto stimulae the MEPpathway resultingin increasd chlorophyll

and carotenoid contenfslendozaPoudereux et al. 2015; Lipko et al. 20ZB)e extent of this
exchange is influenced by various factors such as plant speciestyissudevelopmental or
environmental cueHemmerlin et al. 2003; Rodrigu€nncepcion et al. 2004; Opitz et al. 2014)
Transportersesponsibldor this traffickingareyet to be identifiedA decrease in concentration of
MVA -derived terpenoids whefrabidopsisseedlings was treated with fosmidomyan inhibitor
of the MEP pathwaysuggest a unidirectional transport from the plastid to the cyt¢kalle et al.
2003) Indeed transporiof prenyl diphosphates®P, DMADP, P and IPP) has beenproposed
(Bick and Lange 2003; Fligge and Gao 206®wevertheimpactof MEP pathway inhibitors on
photosynthesis may inadvertently create the appearance of crosstalk by reddoimgpools
available for cytosolic terpenoid biosynth€Bisrgman et al. 2021ppotentially confounding the
interpretation of precursguroducts relationships.

1.3 Metabolic Control and Regulation of the MEP pathway

Impressive progress has been mieards understandingetabolicflux controlthroughthe MEP
pathwayto supplyof IDP and DMADPfor increased tegnoid productionMetabolic control
analysis (MCA) studies have shown thailtiple ereymesin the MEP pathwagharecontrol over
metabolic flux, with different enzymes exerting varyaepgree®f control(Volke et al. 2019)
Several studiebave identified DXSas theman ratelimiting enzymeof the pathwayhaving the
highest flux control coefficient the pathwayWright et al. 2014; Simpson et al. 2016; Mendoza
Poudereux et al. 2015penerally overexpressiorof DXS hasbeen reported to beosely linked to
the accumulationf downstreanMEP intermediates andariousterpene engroductsn many



12

plant speciegPaetzold et al. 2010; Cordoba et al. 2011; Wright et al. 2014; Jadaun et al. 2017; Li et
al. 2021; Zhang et al. 2009; You et al. 20208 erestingly the expressionf DXS was strongly
correlatedwith carotenoid accumulation in tomg@aetzold et al. 201@nd melor(Saladié et al.

2014) Analysis of transgenicarrot overexpressing DX@sulted in increased carotenoaisl

chlorophyll content$Simpson et al. 20167lso, overexpression dirabidopsisDXS significantly
increasedhe production of essential oils aalietane diterpenas Lavandula latifolia(Munoz

Bertomeu et al. 200@)nd Salvia sclaredairy roots(Vaccaro et al. 2014Moreover,inhibition of

DXS activity was found to beorrelatedvith adecrease ifilux through the pathwagPaetzold et al.

2010; Estévez et al. 2001)

Aside from DXS metabolic control has also been attributedtteer enzymatic steps in the MEP
pathway For examplemultiple experimentastudies haveeported DXR as a rafemiting enzyme

of the MEP pathwayalthough itscontrol differs among plants speci¢dlendozaPoudereux et al.
2014; Simpson et al. 2016; Zhang et al. 2016hErexpression of DXR gene showegdasitive
correlation with monoterpenoid indole alkalgMIA) accumulatiorin CatharanthugoseugHan

et al. 2013)Similarly, increasedevels of DXR in transgeni&rabidopsided to enhanced
accumulation of terpene end products such as chlorophylls, carotenoids and tocopheirols, and
taxadiene, and such changes were not indirect consequence of altering DXS (&zivétere
Paulet et al. 2006)

While the availability of GAP and pyruvate may limit flux through the MEP pathviray, t

penultimate and the last step of the pathway catalyzed by HDS andredpiectively mayalso
createbottlenecks of the MEPathwayunder certain conditonsBot el | a Pav2a et al
2017; Page et al. 2004; Floregrez et al. 2008HDS and HDRcatalyze 2 reductions andequire
a[4Fe-4S]clusterwhich issensitiveto oxidativestres (PerezGil et al. 2024) and asuchcatalytic

activity of these enzymegecline when NADPH becomes limitingausing a buildp of the
upstreansubstrateMEcDP( War d et al . 2011; Xiao et al . 201
Krause et al. 2023Compromisedvailability of reducing power under low light conditiomshigh

light stress (photoinhibitiormhaythereforeshift controlof the MEP pathway from DXS to HDS

and HDRwhen pyruvate and GAP cease to limit throughpbts may explain why ntation and

partial loss of function ithe HDS gene results imccumulabn of MEcDP. Its hyperaccumulation
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in the chloroplasappears tdhe accompanied ks export ouinto the cytoso(Xiao et al. 2012)
Long-term accumulation oferaplastidic MEcDRn HDS mutant plant liness associated with
perturbations ircalcium signaling, auxin signaling, and plant growth and defense signaling
inducing the expression of nucleamcoded stress ges¥Xiao et al. 2012; de Souza et al. 2017;
Jiang et al. 2020; Jiang and Dehesh 20BIbwever, iremains unclear whether MEcDP acts as an
actual signabr simply triggers stress responsive pathwayen it accumulates ectopicallgil et al.
2005) Indeedmutants defective in HDS and plants subject to high light stResasseau et al.
2009)accumulate high levels MEcDP outside the plasti@Xiao et al. 2012; Wright et al. 2014;
Banerjee and Sharkey 2014a; Wang et al. 2020; Bergman et al, BORB)ECDP export has not
yet been shown to occur as a physiological response to other forms of stress despite its purported
role as a retrograde signAlccumulation of MEcCDP is also seen in DXS overexpression lines
(Wright et al. 2014; Banerjee and Sharkey 201dansistent with the proposition abaveat
upregulation of the major controlling step of the MEP pathway (DXS) shifts the metabolic
bottleneck of this pathway downstream to the NABRHuiring steps (HDS and HDR), which
results inMEcDP accumulation when reducing equivalavailability falls below that of GAP and

pyruvate

Owing to itspivotal role in contolling flux, DXS istightly regulated at multiple levels,
encompassingosttrangriptional/posttrandational and feedback mechanisms thegponds to
internal and externaues Studieshavedemonstragd postranscriptionategulation of DXSactivity
(Cordobeet al. 2009; Pokhilko et al. 2013 these studies, applicationtbie DXR inhibitor,
fosmidomycin inArabidopsig(SauretGueto et al. 2006)naize(Cordoba et al. 201])
Catharanthus roseudian et al. 2013)ed to theaccumulation of DXS protein but not its transcript.
Similar results wer@btainedirom Arabidopsismutans blockedin HDR expressiofGuevara
Garca et al. 2005; Phillips et al. 2008b; Pokhilko et al. 20@4jch suggestthat MEP
intermediates dowstream of DXPnay beinvolved inafeedbackesponse involving
posttranscriptional regulation of DXS aagty. Indeed feedbackegulationof DXS has been
extensivelyreportedo play a critical role irmnodulating DXSactivity, ensuringpalance of
terpenoidntemmediates and end produdtis.vitro andin vivo studies haveonfirmed allosteric
inhibition of DXS by MEP intermediatesDP and DMADP(Wolfertz et al. 2004; Banerjee et al.
2013; Wright et al. 2014; Pokhilko et al. 2015heinhibition mechanism obXS by IDP/DMADP
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involves thadirectcompetitionwith thiamine diphosphat& bDP) for active site bindingBanerjee
et al. 2013; Banerjee et al. 201B)oreover, this inhibition could besscuedoy ThDPin in vitro
kinetic studiegBanerjee et al. 2013pite-directed mutation of Alanin&47 or 352 to glycine in
recombinant oPopulustrichocarpaDXSreduce DXS inhibition byDP/DMADP whereas both
mutations increase ([Banerjee et al. 2016 a recent studyDP and DMADP levelsvereshown
to modulate DXS activityn vitro by shifting between its inactivemonomeric and activdimeric
form (Di et al. 2023)Feedback regulation may also exist downstreahdP and DMADRP In
Arabidopsisherbivoryi n d u @yldcitrél negatively regulates the MEP pathway by inhibiting
DXS activity (Mitra et al. 2021)Indeed,DXS is subjected tproteolyticdegradation bynolecular
chaperones involvingeat shock proteins (Hsp) atitk stromalcasein lytic proteinasgCIp)
complexwhich facilitatesproper folding or degradation ofactive forns of DXS (Pulido et al.
2012; Pulido et al . .Tagethepthe feBdbatkegulateoraof @X8svaal . 2 0 1.

to maintainng metabolichomeostasieensuringMEP pathway fluxs tunedto cellular reed

The MEP pathway ikighly sensitiveo environmental and developmensignals which are
regulated atranscriptional angosttranscriptional levelOne ofthe signalsinfluencing theMEP
pathway genes i$s responséo light. MEP pathway genes are upregulatetight in the
chloroplast correlatingwith theincreased demand fterpenoidsiuring photosynthesi
(RodriguezConcepcion 2006; Cordoba et al. 2009; Pokhilko et al. 2atahscription oMEP
pathway geneby light is alsaknown to bantertwined withthe circadianclock which modulates
the expression of MEP pathway genedadow daily light-dark cyclesthussynchroniing
terpenoidproduction with photosynthetic activifCovington et al. 2008; Hemmerlin et al. 2012;
Vranova et al. 2013; Jin et al. 202The regulatorymechanisnof light-dependent respen is
complex andnultifacetel, involvingseveral transcription facto($Fs). For examplethe
phytochrone interacting factors (PIFgyestrongtranscriptionategulatorsof the MEP pathway
thatnegatively regulating expressionMEP pathway genes in tliark (Leivar et al. 2009;
Mannen et al. 2014; Li et al. 2022)n the othethand, light activation by phytochrome
photoreceptors inhibits PIFs repression and promotes induction of terpenoid biosynthesis by
interacting with the HY5 (elongated hypocotyltegnscription factof Chenge Espi nosa ¢
2018) Transcript expression of DX&d DXR but not HDRvas significantly lower ithe hy5
mutant Othertranscription factorbke APETALA2/ethylene response factors (AP2/ERB3sic
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zipper (bZIP) basic helixloop-helix (bHLH), NAC (NAM, ATAF1/2, CUC2),andWRKY arealso
involved inthe regulation oMEP pathwaygenesn response tenvironmentaktressindicatinga
complex network of transcriptionabntrol(Zhang et al. 2011; Yu et al. 2012; Cao et al. 2018; Hao
et al. 2019; Yuan et al. 2022)

1.4 Supply of Carbon to the MEP pathway

The MEP pathwagepend®on supply ofpyruvate andGAP for terpenoid biosynthesis in the
chloroplastDespite efforts to understand the contrbflux to the MEP pathway, theoarces of
pyruvate and GARnteringthe MEP pathwayavenot been studied in detaWariouscentral
metabolic pathways provid&ecursors for the MEP pathwalyut this supplyvaries basedntissue
type developmental stage and plastid tyhile GAP and pyruvate are made frghgcolysisin
non-photosyithetictissuesthe source afhesesubstratein chloroplastss quitecomplex(Figure
1.3). GAP is directlyobtainedirom the CalvinBensonrBasshantycle (CBC) during Cfixation
(Stitt et al. 2010; Buchanan et al. 201Whereas multiplsources may supply pyruvateplastids,
depending on cell type and functiddentifying the origin of pyruvate in chloroplasts has been
especially challengindviost plastids ofnonphotosynthetic tissuesich as rootgrichomes,
flowers,or developing embryosontaina conpleteglycolytic pathway irboth cytosol and plastil
(Trimming and Emes 1993; Andriotis et al. 201@)contrastglycolysis is norfunctional in the
chloroplast of photosynthetic tissues due toahsencef phosphoglycerate mutase (PGM), which
catalyzes the isomerization ofphiosphoglycerate {BGA) to 2phosphoglycerate {GA), and
enolase (ENO), which convertsPGGA to phosphoenolpyruvate (PEF)gqurel.3) (Stitt and Ap
Rees 1979; Schulzsiebert et al. 1984; Andriotis et al. 2010; Prabhakar et al. 20&{3) block in
chloroplast glycolysis is thought necessary to predeptetion of theCBC, which depends on-3
PGA for the reduction phasRibulosel,5bisphosphate (RuBP) carboxylase/oxygen&édiscq
produces 3-PGA from CQ and RuBP, which is subsequently reduced to GAdhce, alock in
glycolysisin these photosynthesizing cefias been described mscessary to prevent diversion of
3-PGA to pyruvate and depletion of CBC intermediates needed to regeneratéFRaBirakar et
al. 2010) a restriction which does not exist in ngreen plastid¢Blakeley and Dennis 1993;
Fukayama et al. 2015; Makowka et al. 202B)e prevailing hypothesesgarding the origin of
pyruvate in the chloroplastuggest that is obtained indirectly by triose phosphate (GAP/DHAP)
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export to the cytosol for conversion to PEP via cytosolic glycolysis and reimported into the
chloroplast via the PEP/phosphate translocator (PH3gher et al. 1997; Flligge et al. 2011)
(Figurel.3). Following reimport, PEP can directly enter the shikimate pathway for aromatic amino
acids biosynthesis or be converted into pyruvate by plastidic pyruvate kind§dqiPtbtanched

chain amino acid (BCAA), fatty acid and terpenoid biosynth@&sibulzeSiebert et al. 1984;
Lichtenthaler 1999; Maeda and Dudareva 2012; Ohlrogge et al..2048Y studies havproposed
adependency of strorhpyruvate on the PEP import into the chloropl(&titt and Ap Rees 1979;
Voll et al. 2003; Andriotis et al. 20Lpisruption of PR in Arabidopsismutant plants led to a
significantdecrease in seed oil contents suggesting PEP import as the major source of pyruvate
heterotrophic tissugAndre et al. 2007; Baud et al. 200Apwever,in photosynthetic tissues,
previous studies have suggesRiKP activity to be inactiven the light(Scheible et al. 2000; Baud

et al. 2007)An Arabidopsismutant ofPPT1 chlorophyll a/b binding protein underexpressedl
(cue) mutantis defective in PEP impodndfeatures a severe reticulated leaf phenotype due to
PEP shortage and reduced levels of aromatic aminq@ihtfield et al. 1999; Voll et al. 2003;
Prabhakar et al. 2013 )lowever,thesame mutant was reported to have normal levels of fatty acids
in photosynthetic tissues, suggest?igP may not in fact be the maaurce of pyruvate in such
tissueqStreatfield et al. 1999Yhe cuelphenotype could beescued byaromatic amino acids
feedingor by constitutive overexpressiaf aheterologous PPITbut not PPT2 an isoform of PPT
(Voll et al. 2003) Interestingly, a complementation could also be achievex/éyexpression of a
Cs-typepyruvateorthophosphate dikinase (PPDWhich catalyzes thATP-dependent conversion

of pyruvateto PEP(Voll et al. 2003) Thissuggestshatin phaosynthetic tissuegyruvate is

presentt a sufficient level to reseithecuelmutantswhen PPDK is overexpressed.
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Figure 1.3 Possible routes ofSAP and pyruvate for the MEP pathway in the chloroplast.
While GAP ismadefrom the Galvin-BensonBassham cycle (BC), proposed sources pfruvate
(in purple)for the MEP pathway (in yellowhcludes chloroplast glycolysis, import of cytosolic
glycolytic PEP or pyruvateminor amount fronb-eliminationof aribulose1,5bisphosphate
carboxylase/oxygenase (Rubisatiermediateandanthranilate production from chorismate.
Pentose phosphatesform of ribulose SphosphateAdulose5-phosphatéXu5P)formed via
theglucose gphosphate shurfin orange)n the cybsol is transported to the chloroplast for entry
into the CBC AbbreviationsPGM, phosphoglycerate mutase; ENO, enolR&BP,ribulosel,5
bisphosphateGAP, glyceraldehyde ®hosphate3-PGA, 3-phosphoglycerat@-PGA, 2-
phosphoglycerate; PEphosphoenolpyruvat@yr, pyruvate; E4P, erythrosephosphateiG6P,
glucose6-phosphateF6P,fructose hhosphateSedoheptulose-ghosphate; 4G, 6
phosphogluconate; 6PGL;ghosphogluconolactonBPG, 1,3bisphosphoglyceratéjex-P, hexose
phosphates, AcCoA, acetylCoBXP, 1-deoxyD-xylulose5-phosphateMEcDP, 2-C-methytD-
erythritol 24-cyclodiphosphateDP, isopentenyl diphosphate; DMAD#&Imethylallyl
diphosphateXPT, Xu5P/phosphate translocat&®T); PPT,Phosphoenolpyruvate/PTPT, Triose
phosphatd’T; BASS2,bile acid:sodium symporter family protein@2XP, 1-deoxy-D-xylulose5-
phosphate; DXS, DXP synthase; IDEgpentenyl diphosphate; DMAD#&Imethylallyl
diphosphate.
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Another proposed source sttoma pyruvatefor the MEP pathway and other pyruvatependent
biosynthetic pathwayis direct import from the cytosoUptake of pyruvate into chloroplasts of
mesophyll cells was firstotedin the C4 plantDigitaria sanguinalis(Huber and Edwards 197 An
increasd influx of pyruvatewith concomitanaccumulation of fatty acidould be seen in
developing embryo of oilseed rape, indicating an importanpgrofvate import irembryo
developmen{Eastmond and Rawsthorne 200@)fact, this pyruvate uptaks also reported to be
important in BCAAsynthesis of leucine, valine and isoleuamspinach chloroplas{&chulze
Siebert et al. 1984A pyruvate/Na symporter (BILE ACID:S@IUM SYMPORTER FAMILY
PROTEIN 2; BASS2¢haracterized iplants(Furumoto et al. 2013yas shown to be localized to
the plastidmembranendfunctionin sodiumdependent pyruvateansportfrom cyto®l to plastids
(Furumoto et al. 2011; Zhao et al. 20{6igure1.3). This protein is highly expressed in flants
where it is most likely to be involveds carbonfixation pathway(Furumoto et al. 2011Yherole

of BASS2in lipid metabolisnduring seed developmehnés been reported iA. thaliana, B. napus

wheat,and rice(Rzewuski and Sauter 2002; Zhao et al. 2016; Lee EunJung et al. 2017; Tang et al.

2022) Overexpression dASS2n Arabidopsisseeds caused increase in seed oil coygert
biomassand total seed yid (Lee EunJung et al. 201 Knockout ofBASS2n B. napuded to a
significant reductionn lipid contentwhereas its overexpression promotédaccumulation during

seed developmeiliTang et al. 2022Pyruvate transport via BASS2saso been suggested to be
involved in pyruvate supply for terpenoid biosynthesis in chloraptdsteveloping leaves as
Arabidopsisbass2mutants deficient in pyruvate transport showed a severe growth retardation due
to increased sensitivity to mevastatin, an inhibitor of the MVA pathiwayumoto et al. 2011)

Certain aspects of this report have generated questions. For inbi@ser on publicly available
microarray dataBASS2 is onlyabundantly expressed in developing leawe&rabidopsis butlow

in matureleaves [jttps://bar.utoronto.ca/eplgr(Sullivan et al. 2019)Furthermore, the MVA

pathway requires pyruvatéerivedacetyCo A i n t he cytosol , maki ng
BASS2 imports pyruvate into the chloroplast, rather than exporting it to join the MVA pathway, a
tenuous argumenience, it is still unclear whether supply of strémgruvate via BASS2
pyruvate/Natransport is needed for terpenoid or other pyrudai@endent biosynthetic pathways

in photosynthetic tissuekdeed, gruvate can also be obtained as gobyduct ofthe Rubisco

carboxylation reactiofAndrews and Kane 1991Ih vitro experimend by Andrew and Kané1991)

t
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showed f or mat i o relininitionpof/phasphae frem tfaei-campanion

intermediate. This suggests that pyruvateinedrom the Rubiscoside reaction may contribute to
stroma pyruvate pooln planta Besides th&®ubiscoside reaction and plastidipyruvate kinase,

several other minor sources of pyruvate may also play a role in provision of this intermediate in the
chloroplast, including anthranilate synthdkeet al. 2023) alanine transaminagxu et al. 2017)

cy st at Hyase(Rrrankaed ebal. 2002and potentially the Entnddoudoroff pathwayChen

et al. 2016)

The povision ofpyruvate in plastidsariesdepending on developmental cues, cell type and
specific cellulafunctions. In nongreen tissues such as glandular triceeranddeveloping
embryos plastidic glycolysisalong withcytosolic import via PPT1 or BASSare considered
majorsource of pyruvate for fatty acidamino acid biosynthesis as well as terpenoid production
(SchulzeSiebert et al. 1984; Andre et al. 2007; Prabhakar et al. 2010; Lee EunJung et al. 2017)
During cellular differentiationmetabolic needshangeallowing reallocation of carbon fluto
prioritize metabolic pathways that mesgiecificcellular functionsThe supply and demand fog C
metabolic intermediates needed for biosynthesis vary substantially among cell types, reflecting this
cellular specializationFor instancein vascular tissues undergoihgnification, the shikimate
pathway may béhedominant sinkor carbonto support the increased demand for phenylalanine
required fordignin biosynthesigAmthor 2003; Dixon and Barros 2019his metabolicprogram
likely favorsavailability of PEPwhile demand fopyruvatefor terpenoid and fatty acids
biosynthesiss comparatively reduced these cellsin contrastin developing embryo asil seeds,
metabolicflux throughpyruvateandconversion into acetyCoA for fatty acidbiosynthesignight
constitute the dominant fate fog @termediategAndre et al. 2007; Prabhakar et al. 2010)
Similarly, inchromoplastsnpon-photosynthetic plastidshich accumulatéarge amounts of
carotenoichigments(Li and Yuan 2013)pyruvate supplys preferentiallyjusedtowards MEP
pathway for carotenoid biosynthesldwus, both production of PEP/pyruvate and downstream
biosynthetic demand vary considerably to meet the particular needs of the cell, deperiding on
metabolic function. Future investigations to understand the transcriptional regofatien
associated transporters that facilitate these diverse metabolic modes will likely clarify how a
common set of biosynthetic enzymes and translocators accommodate such a widé range

specialized metabolic functions.
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1.4.1 Labeling anomalies of the MEP pathway intermediates

Isotopictracinghasplayed acrucialrole in uncovering metabolic pathways and understanding
centralmetabolism in plant8y using stable isotopes like 13C, combined with mass spectrometry
(MS) or nuclear magnetic resonance (NMR), researchers have been able to identify and quantify
metabolic fluxes and turnover rates across various biosynthetic patfiaghinson et al. 1976a;
Tcherkezetal. 2011For i nstance, 70 years ago, the appl
discovering the carbon pathway in photosynth@Savin 1956) These advanced methods are now
applied to a wide range of biological systems, including bacterial(Sallser et al. 1999plants
(Schwender 2008and animad (Wall et al. 2015)Isotope labeling has also shed light on the
sources of carbon supply to the MEP pathydeySouza et al. 2018; Sharkey 2024)ongstanding
puzzle that hakngered is theeason foincomplete labeling of MEP pathway intermediates
(Delwiche and Sharkey 1993; Loreto et al. 1996; Karl et al. 200Bgnplant are exposetb

13COp, 3C is rapidlyincorporatednto MEP intermediatebke DXP, with labelingreachingup to

60% while about 40%of the carbon remains unlabeleden aftesseverahours of exposureThis
sugged dilution by analternativesource of unlabeledarbon(Wright et al. 2014)It is

hypothesized that thisnlabeled carbopoolin the MEP pathwayprimarily originatesrom

cytosolic PEP or pyruvatevhich isimported into the chloroplast from glycolysis of old carbon
sourcespr starchbreakdownKarl et al. 2002; Loreto et al. 2004; Schnitzler et al. 2004)ght et

al. (2014) proposed that the labeled portion (60%) in DXP come from fully labeled GAP, which
contributes 3 out of the 5 carbons in DXP, while the remaining 2 carhnght at that time to be
contributed by cytosolic pyruvate, remain unlabdéMtlight et al. 2014)Isotopic labeling analysis

in poplar and oak tsfurther supported the contribution of cytosolic PEP as the source of carbon in
isoprene, a hemiterpene epiabduct of the MEP pathway emitted by leaves of many plant species
(Karl et al. 2002; Affek and Yakir 2003; Trowbridge et al. 2012; de Souza et al. 2018 Yariez
Serrano et al. 2019Interestingly,jncomplete labeling is alsabservedn GAP andother CBC
intermediatesyith pyruvateshowingonly up to 20%abelingin short term labeling experiments
(Hasunuma et al. 2010; Szecowka et al. 2013; Ma et al. 20dei)ous experimésindicated

direct linkagebetweerthe MEP pathway intermediatesdphotosynthesiswvith MEP
intermediategollowing the saméabelingpatternsas CBC intermediatg®elwiche and Sharkey

1993) A recent hypothesishallenge the idea otytosolic PERas the source of unlabeled carbon,
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insteadsuggested thaflucose phosphate (G6P) shuot OPPpathway forms a shunt arouritie
CBC, and supplies unlabeled carborthe CBC and subsequently to the MEP path\&lyarkey et
al. 2020) The G6P shunt occurs both in tsteoma and cytosat compartmentg§Sharkey 2021)
however thestromaG6P shunt appears to be inactiging the dayinder normal conditions due to
redox regulation of G6P dehydrogenase (G6PDH) by thioredbbéa et al. 2014; Cardi et al.
2016)andlow availability ofstromaG6P (Preiser et al. 2019; Sharkey 2024h) contrastthe
cytosolic G6P shuntvhichis notsubjectto redox regulationmportsunlabeled carbon in form of
pentose phosphates, ribulose and xylulepbdsphateria the XuSP/phosphate translocator (XPT)
diluting the C labeling of the CBC and MEP pathway intermedigEsks et al. 2002; Xu et al.
2022)

1.5 The Entner-Doudoroff (ED) pathway

Glycolysis is a central process in the energy and carbon metabolism of all living organisms,
typically involving the anaerobic transformation of glucose into pyruvate while producing ATP and
reducing equivalents such as NADPPaxton 1996)Different organismdhave evolvedliverse
glycolytic routedo fit their specificenvironmendl and physiologcal needgFlamholz et al. 2013,
Kim and Gadd 2019)rhe mostommonamongtheses the EmbdeiMeyerhotParnas (EMP)
pathway often simply calledjlycolysis(FothergiltGilmore and Michels 1993; Plaxton 199Bue

to its prevalem natureandhigh ATP yield, the EMP pathways generally consideretthe most

efficient glycolyticroute Neverthelessstudies particularly inprokaryotes haveidentified several
variants and alternatives to the EMP path\i{iéiyn and Geoffrey 2008; Flamholz et al. 2013;
Brasen et al. 2014Amongtheseis the EntneiDoudoroff (ED) pathway which acts as an
alternative glycolytic shunt to the EMP pathway, producing GAP and pyruvate in two enzymatic
stepsfrom 6-phosphogluconaté-igurel.4). It is therefore a potential source of MEP pathway
substrates in plants, based on its reported natural distril{@iwen et al. 2016)The pathway is
widespread amongrokaryotes antias beemproposed to play a role in the metabolism of
cyanobacteria, diatoms, plants and other eukaryQ@esway 1992; Fabris et al. 2012; Flamholz et
al. 2013; Chen et al. 2018 certainprokaryoteslike ZymomonasndPseudomonashichlack a
completeEMP pathway, the ED pathwagrves as the primaryoutefor glucose catabolism
(Conway 1992)For instance, iymomonasnobilis a key microbe in industrial ethanol
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production, the ED pathway ressilih a high glycolytic flux(Fuhrer et al. 2005)n Escherichia
coli, the ED pathwagupportggrowthon gluconae and plag acrucialrole intheb act er i a 6 s

survival andoroliferation within the mammaliarintestine
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Figure 1.4 Overview of glycolytic routes via the EMP and the EDpathways.

The EMP pathway(glycolysis)(highlighted in blueronsists of 10 enzymatic steps to breakdown
glucose to pyruvate and yield two ATP and two NADH molecules, whereas the ED pathway
(highlighted in orange) involves conversion gpBosphogluconate of the pentose phosphate
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pathway (highlighted in green) to glyceraldehyedeh®sphate (GAR)r dihydroxyacetone
phosphate (DHAPand pyruvate in two enzymatic steps involvingl®sphogluconate dehydratase
(EDD) and2-keto-3-deoxy-6-phosphogluconate (KDP@)dolase (EDA). Abbreviations are: GK,
glucose kinase; PGI, phosphoglucose isomerase; RpKo$phofructokinase; FBA, fructose
biphosphate aldolase; GAPDH, GAP dehydrogenase; PGK, phosphoglycerate kinase; PGM,
phosphoglycerate mutase; ENO, enolase; RPyiKyvate kinase; TIM, tasephosphate isomerase;
ZWEF, glucose @hosphate dehydrogenase; GNEpl®sphogluconate dehydrogenase.

1.5.1 Biochemical overview and energetics of the ED pathway

The ED pathwayvas first identified in the bacteriuRseudomonas saccharophbg Entner and
Doudoroff in 1952Entner and Doudoroff 1952 he pathwayegins withthe phosphorylation and
oxidation of glucose t6-phosphogluconate {BG) reactionsatalyzed byenzymeof the

oxidative pentose phosphate (OPP) pathwghycose ephosphat€ G6P)dehydrogenase &F) and
6-phosphogluconate dehydrogenase (GE)urel.4). The key step in the ED pathway involves

the dehydration of #G by 6PG dehydratase (EDD), fketo-3-deoxy-6-phosphogluconate

(KDPG), which isanintermediate uniqu® this metabolic shuntKDPG is then cleaved by KDPG
aldolase (EDA) into GAP and pyruvate. The ED pathway is characterized by fewer enzymatic steps
and intermediates compared to the EMP pathWwagvolves one phosphorylation reaction of

glucose to G6P which is later oxidized&®G and dehydrated €¥DPG. In contrast, glucose
undergoes two phosphorylation reactions through the EMP pathway to form triose phosphates
(GAP and DHAP)ut ultimately produces twice the ATP per glucose compared to the ED pathway
Both pathways overlap on the enzymatic conversion of GAP to pyruvate through subsequent

reactions in lower glycolysis.

Thermodynamically, the ED and EMP pathways differ significantly. The EMP pathway generates
netyield oftwo ATP andiwo NADH per molecule of glucose, whereas the ED pathway produces
only one ATP, one NADH, and one NADPH per glucose molediile.lowerATP yieldin the ED
pathway suggestaore exergonic reactions compared to the EMP patliilaynholz et al. 2013;

Noor et al. 2014)Conversely, the EMP pathway involves more thermodynamically constrained
reactions, such as those catalyzed by fructoséi$ghosphate (FBP) aldolase (FBA) and triose
phosphate isomerase (TINFlamholz et al. 2013)These constraintsten resulin higher substrate

accumulationsasevidenced by thhigh concentrationf FBP (~10 mM inE. coli) andthe high
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catalytic efficiency of TIM (~9000'%) (Beard and Qian 2007; Bennett et al. 2089 etic

analy®s have showrhat the EMP pathway requirdsee to five timesmore enzymatic proteito
achieve the sanmate ofglycolytic flux asthe ED pathwayFlamholz et al. 2013 hisincreasd
proteincostimpacts cellular economy, influencing growth rates and metabolic effic{@uoyt et

al. 2010; Eames and Kortemme 2012; Kafri et al. 2046)ably,Z. mobiliswhich exclusively
utilizesthe ED pathwayor glucosemetabolismdemonstratekigher flux rats and ethanol yielsl
compared t@accharomyceserevisiagwhichrelies onthe EMP pathwayBenisch and Boles

2014) The direct correlation between protamestmentand growth suggests that excessive protein
productionmay limit growth due t@nergydemandgScott et al. 2010; Eames and Kortemme 2012;
Kafri et al. 2016)

1.5.2 Natural distribution of the ED pathway

Theprevalence of thED pathwayamongprokaryotehasbeen documentedEntner and Doudoroff
1952; Conway 1992; Peekhaus and Conway 198@lly, the pathway was believed to be
restricted to a selegroup of bacterighowever, subsequent researchlrdgo speculation that it is
presenin all domains of life; bacteria, archaea and eukafrje occurrence of the ED pathway in
archaea suggests its ancient evolutionary orfyiprevious studgxaminingthe occurrence of the
ED pathwayinvolved the analysis df50bacterialspeciesacrossvarious genera, revealed a
predominance of the pathwaydnamnegative bacteriamndrare in grantpositivespecies

(Kersters and De Ley 1968)loreover flux analyss in seven phylogeneticallywdirsebacteria
specieshowed a reliance on the ED pathwaryglucose metabolisnMore recently,
comprehensivgenomic analyss have further explored thdistribution of the ED and EMP
pathwayacrosgrokaryotegFlamholz et al. 2013)Thisstudy found that ove27% of prokaryotes
possesshe ED pathway, as indicated liie presence dfey pathwayspecificgenes, EDD and

EDA (Flamholz et al. 2013Among these organisms featuring the ED pathwigmholz and co
workers suggestdtiataerobes and facultative anaerobes, which have alternativglywolytic

ATP sources such as the tricarboxylic citric acid (TCA) cycle, oxidative phosphorylation or
oxygenic photosynthesigend to favor the ED pathway, whereas fermentative anaerobes typically
rely on the EMP pathwayAn exception i<Z. mobilis an obligate fermentative bacterium that lacks
the EMP pathway and relies exclusively on the ED pathway to glucose degradatiorsdaiedc
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flux profiling of 25 bacteria strains of diverse Bacteroidetesgingim marine environmeaihere
nutriens arelimited revealed a general preference for the ED pathway as the sole or major catabolic
route, andhemajority even lacked a functional EMRIingner et al. 2015)The preference for the

ED pathway among certain prokaryotesbeen argued to reflect a metabolic tradiebetween

ATP yield and proteirosts(Flamholz et al. 2013Hence the lower protein costs associated with

the ED pathway can enhance growth efficiency, potentially making it a more advantageous

glycolytic route than the EMP pathway under specific environmental or physiological conditions.

The ED pathway hazcently beemproposedo be widespread inyanobacteriand eukaryotic
organisms including algaejoss, fern and higher plar{tShen et al. 2016Putative lomologs of

the pathwa§ s k e y , EDD and BRAhave beerfiound across these groufidhen et al.

2016) although their biochemical functions have not been verified thrisugkro characterization

to distinguish them from related enzyme classes such as dihydroxy acid dehydratases from the
branched chain amino acid pathwhycyanobacteria, the ED pathway was initially overlooked,

with the main glucose metabolism routes thought to be through EMP or OPP patknaytes

and Plaxton 2003However reports from Chen et al. (2016) hastgggestdthat the ED pathway

may be the dominant route for glucose metabolism in these organismputeitive homologs for

the pathway geneEDD andEDA, identified in principlein 92% of all sequenced cyanobacteria
(Chen et al. 2016)n addition,in vitro biochemical assays confirmed the functionality of EDA in
Synechocystisp. 6803. Genetic analyses usBynechocystiswutantssuggestdarole of the ED
pathway under photomixotrophic conditions. Mutants lacking the EDA enzyme experienced more
severe growth impairments compared to those lacking key enzymes of the EMP or OPP pathways
(Chen et al. 2016; Makowka et al. 202B)irthermore,hie ED pathwaynay play a significant role

in aquatic photomixotrophic environments where@gC operates concurrently with glycolysis
(Moore 2013) The EMP and OPP pathways, which share intermediates wiGBecancreate

futile cycles that potentially deplete intermediates necessary for efficienfix@@on. Gutekunst

and ceworkers have suggested thia¢ ED pathway serves an anaplerotic function, replenishing the
CBC and enhancing carbon fixation efficiency in these environn{&fdkowka et al. 2020;
Schulze etal. 2022Jh e ED pat hwayos role in eukaryotes s
plants like barleyordeum vulgarg has not yet been experimentally confirmed by the wider

research communitYthers have expressed skepticism over the allegedly wide distribution of the
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ED pathway, noting that tHeDD enzyme is rare, with fewer than 1% of cyanobacteria and no
eukaryotes possessingBachhar and Jablonsky 202R)stead, alihydroxy acid dehydratase
(DHAD), typically involved inthe synthesis diranched chain amino aci(BCAA), is thought to
perform functionskin toEDD in these organism&hen et al. 2016PHAD catalyzsthe
dehydration of 2,&lihydroxyisovalerate (/) and 2,3dihydroxymethyalerat(DMV) to 2-
ketoisovaleratéKIV) and 2ketomethyValerate (KMV) respectivelyFlint and Emptage 1988)

Both EDD and DHADbelongto thellvD/EDD supefamily and aresvolutionaily related due to
their high amino acid sequence similarity and chemically conseesgtliegBarnell et al. 1990;
Egan et al. 1992; Kim and Lee 200BLe to their evolutionarily and biochemical similarities,
studieshavesuggestdthat aside from its typical role, DHABayalso act on substrates relevant to
the ED pathway, potentially explaining the pathway's broader pre@éarcsten et al. 2015ence
the generaprevalencef the ED pathway icyanobacteria and eukaryoteay beattributedto the
assumed dual functionality 8fHAD, which is an essential enzyme in thesganismgChen et al.
2016; Bachhar and Jablonsky 2022pwever, the exact involvement of DHAD in the ED pathway,
its ability to catalyze the EDD reaction, and the potential of this metabolic shunt to provide the

necessary precursors pyruvate and GAP for the MEP paihvgdgntsremainunresolved.

1.6 Thesis Objectives and Overview

While effortshavebeen madéo understanthe control of substrates supply to the MEP pathway
fundamental questionmemainregarding thdiogenesis and metabolisvh pyruvate in the
chloroplastPrevious studieproposecytosolic PERandpyruvate as the source of pyruvate
chloroplasts. The ED pathway has been previously impliagegerational in plants and a

potential source dBAP andpyruvate. The overall goal of this thesis aims to elucidate the origin of
pyruvate available fathe biosynthesis afhloroplast terpenoid precursan the MEP pathwaylhe

first section Chapter 2 investigates the distribution and significance of the ED pathway in higher
plants. Through bioinformatic, phylogenetic and biochemical analyses, this thesis revealed that the
ED pathway is confinedxclusivelyto prokaryotes and is absent in eukaryotic lineages, including
plants, due to the lack of the EDD gene in endosymbiont genomes. Biochemical characterization
showed that DHADs, which were previously thought to participate in the ED pathway due to their
evolutionary relationship with EDDs, are only involved in the branetfein amino acid pathway
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and do not participate in the ED pathw@&phapter 3etails thedesignand optimization of an
improved dynamic flow cuvette for whole plad€O; isotopic labeling®*CQ; labeling kinetics
combinedwith mass spectrometryvere usedo measue carbon fluxes in plant3.he system
developedn this thesisallows forhigh-resolution kinetic labeling ahtactplants enablingshort
term labeling experiments to study early events in carbon assimilation and photosynthetic
metabolismBuilding on this foundationChapter 4nvestigateshe origin of pyruvate in
illuminatedchloroplasts for the MEP pathway and other pyrwdspendent biosynthetic pathways.
This chapterdemonstrates th&ubiscois the majorsource of pyruvate fderpenoidbiosynthesis in
photosynthesizing tissudsconducted timeeourse labeling experiments oract Arabidopsis
plantsandrevealedhattherate of pyruvatgroduction and MEP pathway intermediataseases
underelevatedRubiscocarboxylase activityBiochemical assays from purifigRlubiscoconfirmed
direct pyruvate formation, accounting for 0.71% of its carboxylation actwitych is sufficient to
meet the cel | 6FRurtherenetaboldme analysig of mwtamts a@efective in PEP or
pyruvatetransport along with biochemical assays frosolated chloroplasts, support the role of

Rubiscoin supplying pyruvate for chloroplast metabolism.
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Chapter 2

Plastid ancestors lacked a complete Entner-Doudoroff
pathway, limiting plants to glycolysis and the pentose
phosphate pathway

The work presented in this chapter is as published in the manuscript cited below, with only minor
formatting adjustments made specifically for this thesis.

Evans, Sonia E. Anya E. Franks, Matthew E. Bergman, Nasha S. Sethna, Mark A. Currie, and
Michael A. Phillips(2024) Plastid ancestors lacked a complete ErRD@udoroff pathway, limiting
plants to glycolysis and the pentose phosphate pathiveyre Communicationss, no. 1 (2024):
1102.https://doi.org/10.1038/s4146R2445384y

Data ontribuion statement| contributed to all aspects dfis manuscript anderformedall main

and supportingnalyss. Contributiors from co-authorsinclude Nasha Sethna and Mark Currie
conductedorotein structural modelingAnya Frankgperformedagroinfiltrationson N. Benthamiana
and assisted witbonfocalmicroscopy MatthewBergman assisted witBC-MS data analysis.
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2 Plastid ancestors lacked a complete Entner-Doudoroff
pathway, limiting plants to glycolysis and the pentose
phosphate pathway

2.1 Abstract

The EntneiDoudoroff (ED) pathway provides an alternative to glycolyisisonverts 6
phosphogluconate {BG) to glyceraldehyd&phosphate and pyruvate in two steps consisting of a
dehydratase (EDD) and an aldolase (ECHgre, we investigate its distribution and significance in
higher plants and determined the ED pathway is restricted to prokaryotes due to the absence of
EDD genes in eukaryotes. EDDs share a common origin with dihy@@gydehydratases

(DHADSs) of the brancidchain amino acid pathwaBCAA). Each dehydratase features strict
substrate specificitye. coliEDD dehydrates®G to 2keto-3-deoxy-6-phosphogluconate, while
DHAD only dehydrates substrates from the BCAA pathway. Structural modeling idetvtifie
divergent domains which account for their rmrerlapping substrate affinities. Coupled enzyme
assays confirmed only EDD patrticipates in the ED pathway. Plastid ancestors lacked EDD but
transferred metabolically promiscuous EDA, which explains theretesof the ED pathway from

the Viridiplantae and sporadic persistenc&DfA genes across the plant kingdom.

2.2 Introduction

Multiple catabolic pathways exist in living cells for extracting energy from glucose. Although most
organisms rely principally on the ExtenMeyerhofParnas (EMP) pathway (i.e. glycolysis) and

the pentose phosphate pathway (PPPbifmenergetic metabolism, alternative routes such as the
EntnerDoudoroff pathway (ED pathwaylEntner and Doudoroff 1952)egrade glucose to

pyruvate with fewer enzymes, a property favored by some soedjied prokaryotes living under
conditions of nitrogen limitatiofConway 1992)The ED pathway acts as a shunt which converts
PPRderived 6phosphogluconate {BG) to pyruvate and glyceraldehy@8ghosphate (GAP) in two
enzymatic stepg~gure2.1a). This shunt begins with the dehydration e?6 to 2keto-3-deoxy-6-
phosphogluconate (KDPG) catalyzed bi?6 dehydratase (EDD). KDPG is then cleaved to
pyruvate and glyceraldehy<ephosphate (GAP) by KDPG aldolase (EDA). Glycolysis and its

major shunthave different ATP/protein efficienci€blg et al. 2019)and the optimal route for a
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given organism may reflect its environmental conditions, such as carbon and nitrogen availability.
The ED pathway yields half as much ATP per mole of glucose as EMP glycolysis. Organisms
which can produce ATP through photosynthesis or aerobic respira¢idesa subject to this

constraint and may favor the ED pathway. Indeed, aerobic bacteria capable of photosynthesis or
oxidative PPP tend to rely more heavily on the ED pathway than glycolysis, whereas strict and
facultative anaerobes use glycolysis almoatiusively; a limited number of prokaryotes use both
(Flamholz et al. 2013)n aquatic, photomixotrophic environments where the Cad@nson

Bassham cycle (CBC) runs in parallel to glycolysis and the PPP in cyanobacteria, the ED pathway
may play roles in maintaining CBC intermediates through anaplerotic rea@lakewka et al.

2020)

The committing step of the ED pathway is the EBddalyzed dehydration ofBG to KDPG, the
only metabolic intermediate unique to this pathway. EDDs (EC 4.2.1.12) belong to the dehydratase
subfamily known as hydrtyases which includes dihydroxy acid dehgtases (DHADs; EC

4.2.1.9). The latter dehydrates 2lBydroxymethylvalerate (DMV) and 2@hydroxyisovalerate
(DIV) to 2-ketomethylvalerate (KMV) and-Retoisovalerate (KIV), respectively, in theanched
chain amino acigBCAA) pathway. Both catalyzéhe dehydration of vicinal diol acids to an enol
intermediate, followed by tautomerization to their correspondiket@ acids Figure2.2a-b)

(Pirrung et al. 1991; Flint et al. 1993; Meloche and Wood 1%6#) both are oxygesensitive
iron-sulfur proteingKuo et al. 1987; Flint et al. 1993Jhis stands in contrast to the mechanism of
unrelated dehydratases such as the sti@in dehydrogenase/reductase superfamily (SDR). For
instance, dTDFD-glucose 4,&lehydratase (EC 4.2.1.46) relies on NAd3 a cofactor and first
oxidizes the substrate to a ketone intermediate, followed by dehydration and reduction of the
resulting double bon(Allard et al. 2002) The shared mechanisms of EDD and DHAD and high
degree of amino acid similarity suggest they are paralogs derived from a common evolutionary
precursor. The potential of EDDs and DHADs to recognize multiple substrates has not been

evaluated.

Due to their common evolutionary origin and high degree of amino acid similarity, DHADs and
EDDs have been treated collectively in phylogenetic analyses aimed at understanding the natural

distribution of the ED pathwafChen et al. 2016)'he assumption that they have overlapping
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substrate specificities and biochemical functi@achhar and Jablonsky 20223s led to the
conclusion that a functional ED pathway operates in flowering plants, mossegClieenset al.

2016) and diatomgFabris et al. 2012n addition to prokaryoted=lamholz et al. 2013Bacteria
possess both types of dehydratase, but in plants a definitive physiological role has thus far only
been establishefdr DHAD (Zhang et al. 2015a)

The potential existence of the ED pathway in plant cells would have major implications for our
understanding of the regulation of central carbon metabolism. For instance, in the cyanobacterium
Synechocystisp. PCC 6803, the ED pathway is thought to play a role in anaplerosis to replenish
the CBC(Makowka et al. 2020)The impact of a functional ED pathway in nudimpartmental

plant cells would be unclear. Parallel versions of glycolysis and the PPP function in chloroplasts
and the cytosol, but expression of plastidic isoforms catalyzing irreversible steps islg¢nszdl

to avoid futile cycling with th&€€BC (Andriotis et al. 2010)Diversion of hexose phosphate through

an ED pathway in the cytosol would therefore have different implications than a similar shunt in the
chloroplast. A transcript identified as BDD in the diatomPhaeodactylum tricornuturncodes a
protein predicted to localize to the mitochondria based on bioinformatic an@sgbiss et al.

2012) but this has not yet been confirmed by direct localization or functional characterization

The existence of a functional ED pathway in plants would have major implications for engineering
native metabolic pathways in the chloroplast that depend on a supply of pyruvate and GAP, such as
the Z2-methylD-erythritol4-phosphate (MEP) pathwdhillips et al. 2008b)ndeed,

upregulation of ED pathway geneskncoliincreased flux through the MEP pathwayu et al.

2013) The effects of the ED pathway in plants would depend heavily on subcellular localization.

Although a characterization of plant EDA proteins has conclusively demonstrated their activity
vitro (Chen et al. 2016}he functional characterization of an EDD from a eukaryotic source has not
yet been reported. Thus, the distribution of the ED pathway in the Viridiplantaet(eerd

eukaryotes) is currently uncertain. Here we show that the ED pathway does not naturally occur in
plants or in any biological lineage outside of prokaryotes. Furthermore, we show that its absence
from the green eukaryotic lineages is likely a consequenite alisence from the ancestral
cyanobacterial endosymbionts which evolved into plastigting early eukaryote evolution. In

contrastEDA genes, which were uniformly present in the presumed last common ancestors of
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plastids, persist sporadically across the plant kingdom, likely due to their ability to complement

other aldolase reactions of central metabolism through their broad substrate specificity.

2.3 Results

2.3.1 6-phosphogluconate dehydratase (EDD) genes are absent from
eukaryotic genomes

An amino acid alignment of plant and microbial dehydratase sequences from the BCAA pathway
(DHADs; EC 4.2.1.9) and the ED pathwayR& dehydratases or EDDs; EC 4.2.1.12) identified
several mutually exclusive, conserved motifs that were specific to eagtrdtase grouggure

2.1b andSupplementary Figure Y. The most prominent were two domains in théeNninal half
which differed significantly between these two grougigire2.1b). In the first domain, sequences
annotated as bacterial EDDs encoded a conserv&d t€sidue motif corresponding to amino acids
42-57 in theE. coliprotein and containing the consensus sequence LAHGFAAX4(D/E)KX3
(Figure2.1b, domain 1). This motif is absent in the corresponding DHAD sequences from those
same bacterial species and in representative DHAD sequences of plants. A seconéierg®n (
2.1b, domain 2), corresponding to amino acids-288 inE. coli, is enriched in basic residues and

is highly conserved among EDDs. It includes the consensus motif KXK(V/)RQLYAXXK. The
corresponding region in DHADs, corresponding to residuesl®22of theE. colisequence, is-8
residues longer, rich in hydrophobic residues, and highly variable with no conserved consensus
motif. In addition to these insertions and deletions, our comparison also identified more than a
dozen short (& residues) motifs absolutelprserved in EDDs with highly variable sequences in
the corresponding positions of DHAD proteirSupplementary Figure D. None of the

representative plant dehydratase sequences encoded the domains associated with the group that
included confirmed bacterial EDDs. These diagnostic motifs suggested that EDDs and DHADs
could be differentiated by their primary sequences, athgses we tested further below.
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Figure 2.1 Phylogenetic analysis of dihydroxy acid dehydratases (DHAD) andghosphoD-
gluconate (6PG) dehydratase (EDD).

a, Schematic of the main routes of glucose catabolism. The EDtmeatoroff (ED) pathway is

shown in blueb, Selected domains from a multiple sequence alignment of representative dihydroxy
acid dehydratases (DHAD) anepBospheD-gluconate (6PG) dehydratase (EDD) amino acid
sequences highlighting the defining motifs of each class. Residues in dark and liglepgesent

80% and 60% similarity cutoffs, respectively. The yellow box signifies domains unique to EDDs
while the blue box is unique to DHADs. &pes names are as follows: EEscherichia coli Sen,
Salmonella enterigaAba, Acinetobacter baumannil ma, Thermotoga maritimaSel,

Synechococcus elongaiidos,Nostoc sp Ath, Arabidopsis thalianaGma,Glycine maxSmo,
Synechococcus moorigangaiVar, Candidatus Woesearchaeaechaeon Zmo, Zymomonas

mobilis Atu, Agrobacterium tumefacien$he full sequence alignment can be found in
Supplementarfigure2.2. Asterisks indicate residues conserved among EDD involvedP{a 6
substrate binding:, Phylogenetic analysis of DHAD and EDD proteins generated using maximum
likelihood method from MEGA X with bootstraps values shown as a percentage from 1000
replicates. The outer, curved orange and blue lines display EDD and DHAD sequences,
respectively. Potein accession numbers are liste Supplementary Tabl2.1.

Using these diagnostic motifs as predictors of function, a phylogenetic analysis of 155 EDD and
DHAD protein sequences with high similarityEo coliEDD suggested that EDD is restricted to
prokaryotesKigure2.1c andSupplementary Tabl2.1). EDD homologs were common in archaea

and proteobacteria, infrequent in cyanobacteria, purple bacteria and rhizobia, and overrepresented in
aerobes, consistent with the distribution reported by Flamholz andid@rs(Flamholz et al.

2013). EDD amino acid sequences formed a distinct clade separate from DHADs, suggesting early
divergence of EDD genes from an ancestral DHAD sequence, possibly through a gene duplication.
DHADs, in contrast, are broadly distributed acrpsskaryotes, fungi, and streptophyt&gg(re

2.1¢), and our DHAD single gene phylogeny matched the broad features of their species
phylogenies, including the lateanching Zygematophyceae, recently identified as the descendant

of the most recent common ancestor between land plants andaégaet al. 2020; Feng et al.

2023b; de Vries and Archibald 201Qur search ultimately failed to identify EDD homologs in
genomes of animals, protists, fungi, or any member of the ViridiplaBtgg(ementary Tabl2.1).

Several apparent exceptions to this rule were observed in draft genome or transcript sequences of
plants, fungi, and anima(Supplementary Data.1). However, an analysis of their codon usage,
phylogenetic grouping, and the observed lack of transit peptides and introns suggest they are

bacterial sequencing artefa¢®upplementary Data.1). Furthermore, the absence of similar EDD
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homologs in basal angiosperms, fungi, or animals makes-#raeegence of aBDD gene in these
species unlikely. The absencekidD genes from genomes of eukaryotes suggests that the ED

pathway does not play a role in glucose metabolism outside of prokaryotic lineages.

About a quarter of heterotrophic bacteria use the ED patfiasnholz et al. 2013)ut its
distribution in autotrophs such as cyanobacteria has not been well defined. We considered whether
absence oEDD genes from eukaryotes was better explained by gene loss from prokaryotic
genomes during endosymbiosis or mere absence in the plastid ancestor. A review of sequence
databases failed to identiDD genes among the likely cyanobacterial descendants of plastid
ancestors. Although the true sister group to plastids is uncertain, recently proposed descendants
sharing the most recent commortestor to plastids and fréi®ing cyanobacteria coalesce around
Gleomargarita lithosporand several closely related taxa which incledeudanabaena sp
Synechococcus sfgynechocystis spgRrochlorococcus marinygrichodesmium spOscillatoria

sp, andArthrospirasp. (Ochoa de Alda et al. 2014; Moore et al. 2019; Péraledo et al. 2017)
Previous analyses viewed nitrogiing members of the Nostocales and Stigonematales as the
closest descendan(®agan et al. 2012and early or late divergence of plastids within
cyanobacterial phylogeny remains a contentious i@sm&rence et al. 2019; de Vries and
Archibald 2017) Currently available sequence data indicate that few members of these groups
encode afeDD gene, while all posseS&HAD andEDA (Supplementary Table 2). We identified
only four examples of EDD homologs among all cyanobact8yiaechococcus moorigangaii
Nostoc sp3335mG, andleptolyngbya spl5MV, andLeptolyngbya valderianBDU 20041
(Supplementary Table2. EDD genes are notably absent from the modern descendants of
cyanobacteria proposed to have diverged just before or after pla&tilith¢spora Pseudanabaena
PCC6802 and PCC7367, aBginechococcus spA-2-3B a 213). These rare examples of
cyanobacterial EDD sequences in the genomic record do not form a single clade but rather are
interspersed among proteobacterial and archaeal sequEigpeg2.1c). When overlaid onto

recent cyanobacterial species phyloge(iiésore et al. 2019; Pon€Boledo et al. 2017 their
distribution is suggestive of acquisition through lateral gene transfer (L&ipp({ementary Figure
2.2).
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2.3.2 Dihydroxy acid dehydratases and 6-phosphogluconate dehydratases
are structurally similar but differ in substrate binding motifs

To understand how differences in EDD and DHAD primary sequence impact protein structure and
function, we next carried out protein modeling and substrate docking experiments with
representative structures of each dehydratase class. We used the crytiad sifilceA. thaliana

DHAD (PDB ID: 5ZE4) Figure2.2c) and an AlphaFol@umper et al. 2021) model of tke coli

EDD (Figure2.2d) as our representative structures to compare DHAD and EDD active site
architecturesRigure2.2e-f). Both of these enzymes have highly simddp folds that pack into a

single globular structure. The domain 1 consensus sequence that we observed exclusively in EDD
enzymes encompass®3, the first four amino acids af4, and the connectirg3-a4 loop inE.

coli EDD (Figure2.2d). Together witra2, domain 1 forms a threleelix bundle that sits at one end

of the globular EDD fold. The second EDD domain consensus sequence we identified is located at
the distal end of the molecule and forms a lid over the catalytic center of the enzyme, which
includes a 2Fe2S cluster and magnesium idfigure2.2f). Domain 2 is comprised @9, al0,the

a9-al0 loop, the last three amino acids of tidea9 loop, and the first five amino acids of th&0-

all loop.
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Figure 2.2 Structural models of dihydroxy acid dehydratase (DHAD) andé-phosphogluconate

dehydratase (EDD).

a, Dehydration of 2,3lihydroxyisovalerate by DHAD in theranched chain amino aqidthway.

b, Dehydration of hosphogluconate by EDD in the ED pathway. OP signifies a phosphate group.

¢, The crystal structure of thrabidopsis thaliandHAD (PDB ID: 5ZE4)depicting a

crystallographic dimer in green and yellawdd, our modelof the Escherichia coli EDD
(ACA77431) dimeiin cyan and purple with domains 1 (D1) and 2 (D2) shown in orange and pink,

respectivelye, Predicted substrate binding of 2jlhydroxyisovalerate in the active site of DHAD.
f, The analogous binding ofghosphogluconate itné¢ EDD active site. The reciprocal docking

experiments did not support binding when the substrates were switched. The magnesium ion and
2Fe2S clusters of each protein are shown in blue and red, respectively. Dotted black lines in e and f

denote predictegdolar contacts between substrate and surrounding residdesns

Both EDD and DHAD dehydratases form dimers in solution that interact in atbwaitl fashion,

which places domain 1 from one EDD protomer next to the catalytic site and domain 2 of the second
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protomer within the dimer. Domain 1 from protomer 1 contactbih&5 loop,a6, a6-a7 loop, and

domain 2 of protomer 2. The conserved histidine of the domain 1 consensus sequence along with the
conserved lysine and arginine from the EDD domain 2 consensus sequence point into the substrate
binding pocket. The equivalent side chains in AhahalianaDHAD are all hydrophobicKigure

2.2e). Therefore, EDD domains 1 and 2, and the equivalent structural elements in &t2jines

form a large portion of the catalytic pocket and contribute significantly to the selection of substrate
size, shape, and electrostatic characteristioevaluate how these changes might impact substrate
specificity in our representative EDD and DHAD enzymes, we performesilico docking
experiments with both substrates. In our substrate docked model cufli EDD, the conserved
residues H47, K190, and R194 from domain 1 and 2 consensus sequences make polar contacts with
the carboxyl and hydroxynoieties of our docked-BG Figure2.2f). All of these bonds are absent

in DHAD enzymes. However, our docking experiments withhalianaDHAD indicate that it can
accommodate its preferred substr&i&;dihydroxyisovaleratel§lV), which is much smaller thanr 6

PG and has two hydrophobic methyl groupigire2.2e). When the substrates were switcheB G

docking into DHAD fails to meet the AutoDock significance threshdd2j, and DIV is positioned

at a distance that is too far to interact with the catalytic site of EDD. Together, these observations
suggest dierences in domains 1 and 2 between EDD and DHAD account for their preferred substrate
specificities, and that overlap in substrate recognition is unlikely based on our substrate docking
experiments. We next proceeded to test this notion with biocherhimalaterization of members of

both groups using DIV andBG as substrates.

2.3.3 6-phosphogluconate dehydratase and dihydroxy acid dehydratase
genes encode high fidelity enzymes with no overlapping substrate recognition

Purified, recombinanE. coliDHAD (AAA67574), E. coliEDD (ACX39449), ands. maxDHAD
(KAH1217623) Supplementary Figure®.were assayed using a substrate from the BCAA pathway
(DIV) or the ED pathway @ G).E. coli EDD catalyzed the expected dehydration-f® to KDPG
(Figure 2.3a) but had no detectable reactivity towards the BCAA pathway intermediate DIV under
similar reaction condition@~igure2.3b), even after 24 h of incubation. Conversely, the soybean and
E. coli DHAD both converted DIV to its corresponding dehydration pro2iketoisovalerateIV )

but displayed no detectable product formation when supplied W@ Gor 24 h(Figure2.3a-b). A
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total protein extract of soybean leaves readily converted DIV to (kigure 2.3c) but failed to
dehydrate @G to KDPG under similar reaction conditiofisigure 2.3c). These observations
demonstrate that DHADs and EDDs catalyze similar dehydrations but have no overlap between their
respective substrates. It further suggests that in soybean leaves, flux through the ED pathway is

insignificant.

We next conducted coupled enzyme assays of the full ED pategayenceRigure2.3a)to screen

the ability of various combinations of purified EDD, EDA, and DHAD proteins to support flux
through ann vitro ED pathway. Whete. coli EDD and EDA were supplied with-BG, the 6PG

was completely consumed while GAP accumulated as the end product with a low level of KDPG still
detectablgFigure 2.3a), confirming that thesm vitro assays condition could monitor the complete
catalytic conversion of-8G to GAP by EDD and EDA. Complete conversion to GAP and pyruvate
was also observed when purified EDA from soybean was used. However, wiertdhé&EDD was
exchanged for thE. coliDHAD or the DHAD from soybean, formation of KDPG was not detected
(Figure2.3a). Together, these results demonstrate DHADs cannot replace genuine EDDs in the two

step ED pathway metabolic sequence freP@®to GAP and pyruvate.
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Figure 2.3 Enzyme assays of-@hosphogluconate dehydratase (EDD) and dihydroxyacid
dehydratase (DHAD).

Glycine maxXGm) DHAD andEscherichiacoli (Ec) EDD and DHAD were expressedHn coli,

and purified proteins were used individually or in combination to evaluate respective activity of
EDD and DHAD.a, Coupled ED assays usingpBosphogluconate as the substrate demonstrate
that EDD, but not DHAD, provides KDPG which can be further converted to GAP and pyruvate by
KDPG aldolase (EDA) of plant or bacterial origin. Bacterial proteins and product chroaratogr
are shown in brown; plants in greénDHAD assay using 2;8ihydroxyisovalerate (DIV) to

prodwce 2ketoisovalerate (KIV). Botl. coli(Ec) and soybean DHAD converted DIV to KIV

while E. coli EDD did not.c, DHAD assay using crude protein (CP) extract from soybean and DIV
supplied as substrate displaying detectable DHAD activity in soybean leaf exdradie.same
soybean crude protein extract supplied wiph®sphogluconate did not yield the expected EDD
dehydration product,-Reto-3-deoxy-6-phosphogluconate (KDPG). Each reaction was repeated at
least once with identical resultBhevertical xis represents the detector respadiosehe following
transitions6-PG(m/iz 275Y 97), KDPG(m/iz 2 5 7 , GAP(M& 169Y 97), DHIV (m/z 133

and KIV (m/z 115).
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2.3.4 Prokaryotic but not eukaryotic cells contain 2-keto-3-deoxy-6-
phosphogluconate, the metabolite unique to the ED pathway

To further test the notion that the presence or absence of a functional EDD sequence in the genome
was a predictor of a functional ED pathway, we searched for KDPG in metabolite extracts of
representative prokaryotic and eukaryotic organisms. We hypatkdasiat KDPG, the metabolic
intermediate unique to the ED pathway, would be detected in prokaryotic cells containing a genuine
EDD in their genome but not in eukaryoteguid chromatography mass spectrometry

(LCMS/MS) analysis of KDPG in polar metabtiextracts of proteobacteri.(coliandA.

tumefaciens whose genomes encode both EDD and EDA, demonstrated the presence of KDPG
(Figure2.4), while KDPG was absent from extracts prepared from eukaryotic sources incuding
cerevisiag(fungi), C. reinhardtii (Chlorophyceae)C. vulgaris(Charophyceae), or the leaves or

roots from various embryophytes (soybean, tobaccoAasgidopsi3. Extracts ofSynechococcus
leopoliensiscells, whose genome lacks an EDD, similarly contained no KDHR§bire2.4).

Standard addition with authentic KDPG confirmed the observed peak in prokaryotic samples to be
KDPG and indicated concentrationsincoliandA. tumefaciensf 4.7 £ 0.82 and 2.8 + 0.75

O mo 1 c&lly fresh weight, respectively. An isobaric background peak i€ thalgarisextract

was similarly ruled out as KDPG by the same method, and here addition of KDPG led to two
separate peak§igure2.4). We calculated limits of detection and quantification of 2.5 and 8.3 pmol
per assay, respectively. Complete details on the chromatographic separation and analytical detection
of KDPG are provided iSupplementary Figure£2.In summary, KDPG could be detected in
prokaryotic cells whose genome included a genuine EDD @gamholz et al. 2013)ut not in

eukaryotic cells, consistent with our phylogenefiig(re2.1) and structural modeling analysis
(Figure2.2). These metabolite profiling data support the notion that the presence of genuine EDD
and EDA genes in the genome is an effective predictor for the presence of a functional ED pathway

in an organism.
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