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Abstract 

The chloroplast 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway supplies precursors for 

plastidic terpenoid biosynthesis, making it a focal point for manipulating terpenoid production in 

plants. The MEP pathway generates the universal terpenoid intermediates isopentenyl and 

dimethylallyl diphosphate (IDP and DMADP) from central carbon intermediates D-glyceraldehyde 

3-phosphate (GAP) and pyruvate, and the availability of these substrates is a primary determinant of 

its metabolic throughput in chloroplasts. While GAP is supplied via the Calvin-Benson-Bassham 

cycle, the origin of pyruvate is less certain. Its cryptic transport and behavior in isotopic labeling 

experiments has been described as the ñpyruvate paradoxò. Pyruvate supply in photosynthetic 

tissues is currently thought to depend on reimport of glycolytically derived phosphoenolpyruvate 

(PEP) from the cytosol, which can then undergo rapid enzymatic degradation to pyruvate. 

Glycolysis does not produce pyruvate directly in the chloroplast due to its downregulation in the 

light. Other proposed sources include direct cytosolic pyruvate import, alternative glycolytic routes 

such as the Entner-Doudoroff (ED) pathway, and a largely overlooked, minor activity of Rubisco, 
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natureôs central carbon fixing enzyme. In this thesis, I demonstrate that Rubisco is in fact the 

primary source of pyruvate in illuminated chloroplasts. To do so, I employed a combination of 

biochemical, bioinformatic, physiological, and mass spectral analyses to elucidate the biogenesis 

and metabolism of pyruvate in chloroplasts of Arabidopsis. Using 13CO2 in vivo labeling and a low 

oxygen atmosphere to manipulate Rubisco activity, I confirmed its moonlighting function as the 

near exclusive source of pyruvate for terpenoid, fatty acid and branched-chain amino acid 

biosynthesis during photosynthesis. Mutant analysis and metabolic flux modeling further support 

this conclusion. Next, I explored the natural distribution of the ED pathway and found that, contrary 

to the currently accepted view, it is not a functional pathway in plants. I showed that this metabolic 

shunt is instead restricted to prokaryotes, most commonly proteobacteria. Crucially, it was not part 

of the central metabolism of the cyanobacterial ancestors of plastids, resulting in the absence of key 

ED pathway genes in endosymbiont genomes of plants. This conclusion partly rests on clarifying 

the distinct biochemical functions of two highly similar protein classes. One is present in both 

prokaryotes and plants (dihydroxy-acid dehydratase), while the other (ED dehydratase or EDD), is 

present only in prokaryotes. Their similarity led to the general assumption that the ED pathway was 

operational in plants. However, I show that these enzymes catalyze their respective reactions with 

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

to phylogenetic analysis, I demonstrate that the presumed last common ancestors of plastids did not 

possess EDD genes needed for this pathway. Overall, this thesis clarifies our understanding of 

pyruvate metabolism in plants, updates our understanding of the natural distribution of the ED 

pathway, and connects carbon assimilation directly to terpenoid biosynthesis. 
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1 Plant terpenoid biosynthesis and central carbon 

metabolism 

Terpenoids, also known as isoprenoids, stand as the most abundant and structurally diverse group of 

natural products found in nature. To date, over 80,000 distinct terpenoids have been identified, with 

the majority synthesized by plants (Christianson 2017; Buckingham 2023). In plants, some of these 

terpenoids play essential roles in respiration, maintaining membrane integrity, and regulation of 

growth and development (Rodríguez-Concepción 2010; Bergman et al. 2019; Gutensohn et al. 

2022; Liu et al. 2023). In primary metabolism, terpenoids also play numerous roles in 

photosynthesis. They serve as integral components of photosynthetic pigments, such as the phytol 

side chain of chlorophylls (Buchanan et al. 2015). The tetraterpene carotene and its oxygenated 

derivatives, such as xanthophylls function as accessory pigments for light harvesting while also 

offering protection against photooxidative stress (Rodríguez-Concepción 2010; Ramel et al. 2012). 

Moreover, the prenylated quinones such as plastoquinone and ubiquinone serve as electron carriers 

in both light-dependent reactions of photosynthesis and mitochondrial oxidative phosphorylation, 

while plant hormones like cytokinin, abscisic acid, gibberellins, brassinosteroids and strigolactones 

intricately regulate growth and development (Santner et al. 2009; Liu and Lu 2016).  

Despite the numerous roles of plant terpenoids in primary plant metabolism, the vast majority are 

classified as secondary or specialized metabolites with allelopathic functions, often exhibiting 

taxonomic restrictions and organ specific biosynthesis. Functionally, they take part in diverse 

ecological interactions, ranging from protecting against pathogens and herbivores, attracting 

pollinators and seed dispersers, and acting as allelochemicals to influence plant-plant interactions 

(Gershenzon and Dudareva 2007; Tholl 2015). These specialized terpenoids span a wide range of 

classes, including hemiterpenes (C5; isoprene), monoterpenes (C10; menthol, geraniol, limonene), 

sesquiterpenes (C15; farnesene, artemisinin, humulene), diterpenes (C20; cafestol, taxol, abietane), 

triterpenes (C30, saponins, squalene, sterol), tetraterpenes (C40; ɓ-carotene, curcumin, astaxanthin), 

and polyterpenes (>C45; dolichol, rubber) (Magedans and Phillips 2022; Saha et al. 2022; Bergman 

and Phillips 2021; Miranda et al. 2022). These terpenoids are also of great importance to humans 

because of their roles as essential vitamins (including vitamins A, E, and K). Primary terpenoid 

metabolites like ɓ-carotene and Ŭ-tocopherol are essential sources of the fat-soluble vitamin A and 
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E, respectively, in the human diet (Rodríguez-Concepción 2010; Mène-Saffrané 2017). Terpenoids 

also constitute a wide range of flavors, pigments, drugs, biofuels, fragrance, polymers, and 

phytosterols (Phillips et al. 2008b; Gutensohn et al. 2022). For example, monoterpenoids like 

limonene, geraniol, menthol, constitutes major components of essential oils, extensively used in 

food and cosmetic industries (Hausch et al. 2015). Many plant terpenoids notably have important 

roles as therapeutic compounds. Diterpenes like paclitaxel (taxol®) and sesquiterpenes such as 

artemisinin are highly effective chemotherapeutic and antimalaria drugs, respectively (Bergman et 

al. 2019). Owing to their importance in agriculture, medicine, and nutrition, there is considerable 

interest in understanding factors that control their biosynthesis in plants to boost accumulation of 

high value target compounds. 

1.1 Two Distinct Biosynthetic Pathways provide Precursors for 

Plant Terpenoid  

Despite their huge structural diversity, all terpenoids are synthesized from the universal five-carbon 

(C5) building blocks, isopentenyl diphosphate and its isomer dimethylallyl diphosphate (IDP and 

DMADP). These terpenoid precursors are synthesized via two independent pathways: the 

mevalonate (MVA)  pathway and the 2-C-methyl-D-erythritol-4-phosphate (MEP) (Phillips et al. 

2008b; Frank and Groll 2017; Bergman et al. 2019) (Figure 1.1). While the MVA pathway operates 

within the cytosol, peroxisome, and endoplasmic reticulum and is found across all eukaryotes, 

archaea and select eubacteria, the MEP pathway is localized within plastids and exclusively 

supplies IDP and DMADP in bacteria, cyanobacteria, algae, all members of the Archaeplastida 

(including plants and algae), and apicomplexan protozoa (Lombard and Moreira 2011; Lohr et al. 

2012). The condensation of IDP and DMADP, catalyzed by prenyltransferase enzymes (Liang et al. 

2002), leads to the formation of prenyl diphosphates such as geranyl diphosphate (GDP, C10), 

farnesyl diphosphate (FDP, C15), geranylgeranyl diphosphate (GGDP, C20), and less commonly, 

geranylfarnesyl diphosphate (GFDP, C25). These intermediates serve as metabolic branch points for 

downstream pathways leading to the numerous end products of primary and secondary terpenoid 

metabolism (Tholl 2015). The plastid-localized pathway generates GDP, GGDP, and GFDP crucial 

for the biosynthesis of monoterpenes (C10), diterpenes (C20), carotenoids (C40), tocopherols, 

gibberellins, and sesterterpenes (C25) (Li and Gustafson 2021). In contrast, cytosolic IDP/DMADP 
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via the MVA pathway produces FDP for sesquiterpenes (C15), triterpenes (C30), sterols, 

brassinosteroids, squalene, and dolichols synthesis  (Vranová et al. 2013; Karunanithi and Zerbe 

2019; Feng et al. 2023a). Although this compartmental separation holds true for most plants, 

exceptionally, some groups synthesize GDP for monoterpene biosynthesis in the cytosol (Bergman 

et al. 2021a; Conart et al. 2023), while others synthesize FDP in the plastid for sesquiterpene 

biosynthesis (Sallaud et al. 2009). Unlike most organisms that predominantly rely on one of the two 

terpenoid precursor pathways, higher plants encode functional enzymes of both MVA and MEP 

pathways, with each pathway compartmentalized within the cytosol and plastids, respectively, with 

little to no exchange of common intermediates between pathways, except in rare cases of secondary 

metabolism in specialized tissues. In these instances, limited metabolic crosstalk has been reported 

between metabolic pools of these pathways (Hemmerlin et al. 2003; Dudareva et al. 2005; Flügge 

and Gao 2005; Flores-Pérez et al. 2010; Pu et al. 2021). However, 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 research. This retention of both pathways in plants confers strategic advantages, 

allowing for compartment-specific regulation of terpenoids biosynthesis in response to 

developmental cues or environmental stimuli, as well as facilitating synthesis of a diverse array of 

terpenoid compounds, thus enhancing their ability to adapt to various changing environments 

(Lombard and Moreira 2011; Vranová et al. 2013).  
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Figure 1.1 Schematic of terpenoid biosynthetic pathways and their different terpene products 

in plants.  

Abbreviations: GAP, glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 

2C-methyl-D-erythritol 4-phosphate; IDP, isopentenyl diphosphate; DMADP, dimethylallyl 

diphosphate; GDP, geranyl diphosphate; GGDP, geranylgeranyl diphosphate; FDP, farnesyl 

diphosphate.  

1.1.1 The Mevalonate (MVA) pathway 

The MVA pathway is the singular source of the universal terpenoid intermediates in animals, fungi, 

archaea, and some bacteria. In plants, the pathway is generally thought to be distributed between the 

cytosol, the surface of the endoplasmic reticulum, and peroxisomes (Leivar et al. 2005; Simkin et 

al. 2011; Vranová et al. 2013; Pu et al. 2021), although details about their translocation are currently 

unknown. The MVA pathway consists of six enzymatic steps and begins with the condensation of 

two molecules of acetyl-CoA to form acetoacetyl-CoA, a reaction catalyzed by the enzyme 

acetoacetyl-CoA thiolase (AACT) (Figure 1.2). Acetoacetyl-CoA is further condensed with another 

molecule of acetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the enzyme 

HMG-CoA synthase (HMGS). HMG-CoA is then reduced to mevalonate by HMG-CoA reductase 

Transport of IDP, prenyl-DP?
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(HMGR) at the ER surface (Leivar et al. 2005). This reduction reaction requires 2 NADPH 

molecules and is highly regulated. HMGR, as the rate-limiting enzyme in the pathway, is subject to 

feedback inhibition by downstream products such as sterols (Ram et al. 2010; Rodríguez-

Concepción and Boronat 2015; Pu et al. 2021; Bergman et al. 2021b). To generate IDP, mevalonate 

finally undergoes two consecutive phosphorylations and a decarboxylation catalyzed by the 

enzymes, mevalonate kinase (MVK), phosphomevalonate kinase (PMK) and mevalonate 

diphosphate decarboxylase (MVD) respectively. IDP can further be reversibly isomerized to 

DMADP by IDP isomerase (IDI), an enzyme that functions to maintain optimal IDP/DMADP ratios 

in multiple compartments of the plant cell (Phillips 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 mono- and diphosphates forms 

(Figure 1.2). The natural distribution of this alternative route and its physiological significance in 

plants are not yet clear. It alternate pathway resembles the ancestral MVA pathway in archaea, 

where mevalonate-5-phosphate is first decarboxylated by phosphomevalonate decarboxylase 

(MPD) to isopentenyl phosphate (IP), and then further phosphorylated to IDP by an ATP-dependent 

IP kinase (IPK) (Dellas et al. 2013; Lombard and Moreira 2011). In plants, IDP and DMADP can 

be interconverted with their monophosphate (IP and DMAP) forms by Nudix hydrolase (Henry et 

al. 2018) and IPK (Dellas et al. 2013; Henry et al. 2015; Zhang et al. 2023) (Figure 1.2). IPK 

facilitates the phosphorylation of IP and DMAP to generate IDP and DMADP, while Nudix 

hydrolase catalyzes the dephosphorylation of IDP and DMADP to their respective monophosphates. 

Both IPK and Nudix hydrolase are cytosol-localized and play key regulatory roles by modulating 

the availability of IDP and DMADP for terpenoid biosynthesis (Henry et al. 2015). Analysis of IPK 

knockout in Arabidopsis resulted in decreased levels of MVA -mediated terpenoids (Henry et al. 

2015). Conversely, overexpression of Arabidopsis IPK was found to enhance the production of 

sterols and sesquiterpenes derived from the MVA pathway, as well as monoterpenoids derived from 

the MEP pathway (Henry et al. 2015). Furthermore, recent research has implicated Nudix hydrolase 

in the regulation of monoterpenoid volatile production by facilitating the dephosphorylation of GDP 

to its monophosphate form, promoting geraniol production in the cytosol (Bergman et al. 2021a; 

Conart et al. 2023). A specific clade of terpene modifying Nudix hydrolases was identified by 

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

 

Figure 1.2 Enzymatic steps of the MVA pathway and the MEP pathway leading to the 

formation of the universal terpenoid precursors, IDP and DMADP.  

Enzymes and intermediates abbreviations for the MEP pathway are: DXS, 1-deoxy-D-xylulose-5-

phosphate synthase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl-

D-erythritol 4-phosphate cytidyltransferase; CMK, 4-(cytidine 5ô-diphospho)-2-C-methyl-D-

erythritol kinase; MDS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; HDS, 1-hydroxy-

2-methyl-2-(E)-butenyl-4-diphosphate synthase; HDR, 1-hydroxy-2-methyl-2-(E)-butenyl-4-

diphosphate reductase; GAP, glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; 

MEP, 2-C-methyl-D-erythritol 4-phosphate; CDP-ME, 4-(cytidine 5ô-diphospho)-2-C-methyl-D-

erythritol; CDP-MEP, 2-Phospho-4-(cytidine 5ô-diphospho)-2-C-methyl-D-erythritol; MEcDP, 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate; HMBDP, 1-hydroxy-2-methyl-2-(E)-butenyl-4-

MVA 

pathway
MEP

pathway
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diphosphate; IDP, isopentenyl diphosphate; DMADP, dimethylallyl diphosphate. Enzymes and 

intermediates abbreviations for the MVA pathway are: AACT, acetoacetyl-CoA thiolase; HMGS, 

3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, hydroxy-3-methylglutaryl-coenzyme A 

reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate 

diphosphate decarboxylase; IDI, isopentenyl diphosphate isomerase; PMD, phosphomevalonate 

decarboxylase; Nudix, Nudix hydrolase; IPK, isopentenyl phosphate kinase; HMG-CoA, 3-

hydroxy-3-methylglutaryl-CoA; IP, isopentenyl phosphate; OP signifies a phosphate group and 

OPP a pyrophosphate.  

1.1.2 The MEP Pathway 

Until a few decades ago, the MVA pathway was thought to be the sole route for the synthesis of 

IDP and DMADP in all organisms including plants (McGarvey and Croteau 1995). However, early 

investigations hinted at discrepancies between labeling 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 into plastid-derived 

terpenoids (e.g., ɓ-carotene, xanthophyll and plastoquinone), contrasting with rapid incorporation 

into cytosolic sterols, suggesting an alternative non-mevalonate pathway for IDP biosynthesis 

(Goodwin 1958). Further evidence supporting this alternative pathway came from experiments with 

lovastatin, an HMG-CoA reductase inhibitor, which reduced sterol accumulation without affecting 

plastidic terpenoids (Bach and Lichtenthaler 1983). Rapid labeling incorporation into plastidic 

terpenoids following the introduction of labeled pyruvate, 3-phosphoglycerate (3-PGA), or CO2 

further confirmed the existence of an alternative pathway (Goodwin 1958; Schulze-Siebert et al. 

1984; Schulze-Siebert and Schultz 1987). Additionally, the absence of MVA pathway enzymes in 

purified fractions of spinach chloroplasts or daffodil chromoplasts provided further evidence for an 

alternative pathway (Kreuz and Kleinig 1981; Rohmer 1999). Groundbreaking studies conducted by 

Rohmer and colleagues in the early 1990s ultimately led to the discovery of the now known 2-C-

methyl-D-erythritol 4-phosphate (MEP) pathway in bacteria (Rohmer et al. 1993) and subsequently 

in algae and higher plants (Lichtenthaler et al. 1995; Schwender et al. 1995; Rohmer 1999; 

Rodríguez-Concepción and Boronat 2002).  

The MEP pathway synthesizes IDP and DMADP in seven sequential enzymatic steps, beginning 

with the condensation of two central carbon intermediates, glyceraldehyde-3-phosphate (GAP) and 

pyruvate to form 1-deoxy-D-xylulose-5-phosphate (DXP) (Frank and Groll 2017) (Figure 1.2). This 
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initial reaction is catalyzed by the thiamin diphosphate (ThDP)-dependent enzyme DXP synthase 

(DXS), the first committed enzyme in the pathway in plants. The DXS gene family usually exists as 

multiple isoforms within a given plant genome, falling into 3 distinct classes in 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. 2014). The phylogenetic analysis of these genes reveal that DXS isoforms from a 

given species cluster with other members of their enzyme classes, rather than with paralogs from 

the same species, indicating the split of ancestral DXS sequences pre-dates the division of the major 

angiosperm and gymnosperm families (Walter et al. 2002; Saladié et al. 2014). Arabidopsis 

thaliana is the exception, as it lacks a type II DXS. Its DXS gene complement instead clusters into 

two groups (a single Type I and two type III  genes) (Phillips et al. 2007; Tian et al. 2022). The Type 

I DXS, localized to the plastid along with the other steps of the MEP pathway, are typically 

expressed in photosynthetic tissues where they provide precursors for primary terpenoids (e.g., 

chlorophyll and carotenoids) (Kim et al. 2005). Type II DXS are localized in non-photosynthetic 

plastids of glandular trichomes or roots and are involved in synthesis of specialized terpenoids 

involved in various ecological interactions (Kim SangMin et al. 2006; Yu et al. 2021). Additionally, 

a third DXS-like gene (Type III DXS) has been identified in some species, like rice, showing light-

inducible, tissue-specific expression, suggesting a unique role that warrants further investigation 

(Cordoba et al. 2011; Tian et al. 2022). No biochemical function is currently known for Type III 

DXS. A recent study in Arabidopsis reported that Type III DXS maybe involved in post-embryonic 

development and reproduction, with a function unrelated to terpenoid synthesis (de Luna-Valdez et 

al. 2021; Tian et al. 2022). Several studies have highlighted the role of genuine Type I DXS in 

controlling flux through the MEP pathway in chloroplasts (Wright et al. 2014; Di et al. 2023), 

emphasizing the significance of its role controlling substrate supply in the MEP pathway for terpene 

biosynthesis. 

The next step, catalyzed by DXP reductoisomerase (DXR), involves an intramolecular 

rearrangement of DXP, followed by a NADPH-dependent reduction to MEP (Kuzuyama et al. 

1998) (Figure 1.2). This reaction is considered the first committed step in some bacteria as DXS is 

also involved in the biosynthesis of vitamin pyridoxine (B6) and thiamine (B1) in these microbes 

(Laber et al. 1999). However, plants and other bacteria produce vitamin B6 through a DXS-

independent route (Tambasco-Studart et al. 2005), making DXP the first committed intermediate of 
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the MEP pathway in plants. DXR does not exert the same degree of metabolic control over flux 

through in the MEP pathway of chloroplasts, although like all structural enzymes, it forms a 

bottleneck when its activity is reduced by mutation or pharmacological inhibition (Carretero-Paulet 

et al. 2006; Tholl and Lee 2011; Bergman et al. 2021b). However, it has a limiting role in glandular 

trichomes in the context of secondary metabolism (Mahmoud and Croteau 2001). 

In the subsequent step, MEP is converted to 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-

ME) in a CTP-dependent reaction catalyzed by 2-C-methyl-D-erythritol 4-phosphate 

cytidyltransferase (MCT) (Kuzuyama et al. 2000) (Figure 1.2). CDP-ME is then converted to 2-

phospho-4-(cytidine 5ô-diphospho)-2-C-methyl-D-erythritol (CDP-MEP) and subsequently to the 

cyclic intermediate, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcDP) following an ATP-

dependent phosphorylation and cyclization catalyzed by the enzymes 4-(cytidine 5ǋ-diphospho)-2 

C-methyl-D-erythritol kinase (CMK) and 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase 

(MDS), respectively (Herz et al. 2000; Calisto et al. 2007). MEcDP is next reduced to 1-hydroxy-2-

methyl-2-(E)-butenyl-4-diphosphate (HMBDP) by HMBDP synthase (HDS), and finally to both 

IDP and DMADP by HMBDP reductase (HDR) in a roughly 5:1 ratio. As in the MVA pathway, 

IDP and DMADP can also be reversibly isomerized by IDI which plays a role in modulating 

IDP/DMADP ratio in plant cell (Phillips et al. 2008a; Krause et al. 2023).  

1.2 Metabolic crosstalk between MVA and MEP pathways in 

Plants 

The unique ability of plants to maintain the MVA and MEP pathways in parallel in separate 

compartments has 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 reported (Hemmerlin et al. 2003; Laule et al. 2003; Dudareva et al. 2005; 

Mendoza-Poudereux et al. 2015; Pu et al. 2021). However, these usually involve highly specialized 

tissue in the context of secondary metabolism or non-physiological conditions such as cell 

suspension cultures. Some researchers have rationalized the existence of this metabolic crosstalk, 

arguing it may be beneficial for plant growth, development, and enhancing plant adaptability to 

biotic and abiotic stresses (Hemmerlin et al. 2003; Laule et al. 2003; Hemmerlin et al. 2012). 

However, mutant and inhibitor studies have confirmed that in green tissues, this crosstalk is not 
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sufficient for one pathway to rescue the other when either is blocked (Rodríguez-Concepción et al. 

2004; Suzuki et al. 2009; Xing et al. 2010). 

Although crosstalk between the MVA and the MEP pathways is not physiologically significant 

under normal growth conditions, a few experimental studies have detected some degree of crosstalk 

using chemical inhibitors, isotopic labeling, and genetic analyses (Lichtenthaler 1999; Hemmerlin 

et al. 2003; Dudareva et al. 2005; Paetzold et al. 2010; Tholl 2015). For instance, isotopic feeding of 

hydroponically grown intact cotton plants reported a significant flux of 2-13C-MVA  into MEP end-

products such as prenyl side chains and carotenoids (Opitz et al. 2014). Similarly, inhibition of the 

MVA pathway has been found to stimulate the MEP pathway, resulting in increased chlorophyll 

and carotenoid contents (Mendoza-Poudereux et al. 2015; Lipko et al. 2023). The extent of this 

exchange is influenced by various factors such as plant species, tissue-type, developmental or 

environmental cues (Hemmerlin et al. 2003; Rodríguez-Concepción et al. 2004; Opitz et al. 2014). 

Transporters responsible for this trafficking are yet to be identified. A decrease in concentration of 

MVA -derived terpenoids when Arabidopsis seedlings was treated with fosmidomycin, an inhibitor 

of the MEP pathway, suggests a unidirectional transport from the plastid to the cytosol (Laule et al. 

2003). Indeed, transport of prenyl diphosphates (IDP, DMADP, GDP and FDP) has been proposed 

(Bick and Lange 2003; Flügge and Gao 2005). However, the impact of MEP pathway inhibitors on 

photosynthesis may inadvertently create the appearance of crosstalk by reducing carbon pools 

available for cytosolic terpenoid biosynthesis(Bergman et al. 2021b), potentially confounding the 

interpretation of precursor-products relationships. 

1.3 Metabolic Control and Regulation of the MEP pathway 

Impressive progress has been made towards understanding metabolic flux control through the MEP 

pathway to supply of IDP and DMADP for increased terpenoid production. Metabolic control 

analysis (MCA) studies have shown that multiple enzymes in the MEP pathway share control over 

metabolic flux, with different enzymes exerting varying degrees of control (Volke et al. 2019). 

Several studies have identified DXS as the main rate-limiting enzyme of the pathway, having the 

highest flux control coefficient in the pathway (Wright et al. 2014; Simpson et al. 2016; Mendoza-

Poudereux et al. 2015). Generally, overexpression of DXS has been reported to be closely linked to 

the accumulation of downstream MEP intermediates and various terpene end products in many 
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plant species (Paetzold 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. 2020). Interestingly, the expression of DXS was strongly 

correlated with carotenoid accumulation in tomato (Paetzold et al. 2010) and melon (Saladié et al. 

2014). Analysis of transgenic carrot overexpressing DXS resulted in increased carotenoids and 

chlorophyll contents (Simpson et al. 2016). Also, overexpression of Arabidopsis DXS significantly 

increased the production of essential oils and abietane diterpenes in Lavandula latifolia (Munoz-

Bertomeu et al. 2006) and Salvia sclarea hairy roots (Vaccaro et al. 2014). Moreover, inhibition of 

DXS activity was found to be correlated with a decrease in flux through the pathway (Paetzold et al. 

2010; Estévez et al. 2001). 

Aside from DXS, metabolic control has also been attributed to other enzymatic steps in the MEP 

pathway. For example, multiple experimental studies have reported DXR as a rate-limiting enzyme 

of the MEP pathway, although its control differs among plants species (Mendoza-Poudereux et al. 

2014; Simpson et al. 2016; Zhang et al. 2015b). Overexpression of DXR gene showed a positive 

correlation with monoterpenoid indole alkaloid (MIA)  accumulation in Catharanthus roseus (Han 

et al. 2013). Similarly, increased levels of DXR in transgenic Arabidopsis led to enhanced 

accumulation of terpene end products such as chlorophylls, carotenoids and tocopherols, and in 

taxadiene, and such changes were not indirect consequence of altering DXS activity (Carretero-

Paulet et al. 2006).  

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

penultimate and the last step of the pathway catalyzed by HDS and HDR, respectively, may also 

create bottlenecks of the MEP pathway under certain conditions (Botella Pav²a et al. 2004; He et al. 

2017; Page et al. 2004; Flores-Pérez et al. 2008). HDS and HDR catalyze 2e- reductions and require 

a [4Fe-4S] cluster which is sensitive to oxidative stress (Perez-Gil et al. 2024), and as such catalytic 

activity of these enzymes decline when NADPH becomes limiting, causing a buildup of the 

upstream substrate, MEcDP (Ward et al. 2011; Xiao et al. 2012; Gonz§lez Cabanelas et al. 2015; 

Krause et al. 2023). Compromised availability of reducing power under low light conditions or high 

light stress (photoinhibition) may therefore shift control of the MEP pathway from DXS to HDS 

and HDR when pyruvate and GAP cease to limit throughput. This may explain why mutation and 

partial loss of function in the HDS gene results in accumulation of MEcDP. Its hyperaccumulation 
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in the chloroplast appears to be accompanied by its export out into the cytosol (Xiao et al. 2012). 

Long-term accumulation of extraplastidic MEcDP in HDS mutant plant lines is associated with 

perturbations in calcium signaling, auxin signaling, and plant growth and defense signaling 

inducing the expression of nuclear-encoded stress genes (Xiao et al. 2012; de Souza et al. 2017; 

Jiang et al. 2020; Jiang and Dehesh 2021). However, it remains unclear whether MEcDP acts as an 

actual signal or simply triggers stress responsive pathway when it accumulates ectopically (Gil et al. 

2005). Indeed, mutants defective in HDS and plants subject to high light stress (Rivasseau et al. 

2009) accumulate high levels of MEcDP outside the plastid (Xiao et al. 2012; Wright et al. 2014; 

Banerjee and Sharkey 2014a; Wang et al. 2020; Bergman et al. 2023), but MEcDP export has not 

yet been shown to occur as a physiological response to other forms of stress despite its purported 

role as a retrograde signal. Accumulation of MEcDP is also seen in DXS overexpression lines 

(Wright et al. 2014; Banerjee and Sharkey 2014a), consistent with the proposition above that 

upregulation of the major controlling step of the MEP pathway (DXS) shifts the metabolic 

bottleneck of this pathway downstream to the NADPH-requiring steps (HDS and HDR), which 

results in MEcDP accumulation when reducing equivalent availability falls below that of GAP and 

pyruvate. 

Owing to its pivotal role in controlling flux, DXS is tightly regulated at multiple levels, 

encompassing post-transcriptional/post-translational, and feedback mechanisms that responds to 

internal and external cues. Studies have demonstrated posttranscriptional regulation of DXS activity 

(Cordoba et al. 2009; Pokhilko et al. 2015). In these studies, application of the DXR inhibitor, 

fosmidomycin in Arabidopsis (Sauret-Gueto et al. 2006), maize (Cordoba et al. 2011), 

Catharanthus roseus (Han et al. 2013) led to the accumulation of DXS protein but not its transcript. 

Similar results were obtained from Arabidopsis mutants blocked in HDR expression (Guevara-

Garc²a et al. 2005; Phillips et al. 2008b; Pokhilko et al. 2015), which suggest that MEP 

intermediates downstream of DXP may be involved in a feedback response involving 

posttranscriptional regulation of DXS activity. Indeed, feedback regulation of DXS has been 

extensively reported to play a critical role in modulating DXS activity, ensuring balance of 

terpenoid intermediates and end products. In vitro and in vivo studies have confirmed allosteric 

inhibition of DXS by MEP intermediates, IDP and DMADP (Wolfertz et al. 2004; Banerjee et al. 

2013; Wright et al. 2014; Pokhilko et al. 2015). The inhibition mechanism of DXS by IDP/DMADP 
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involves the direct competition with thiamine diphosphate (ThDP) for active site binding (Banerjee 

et al. 2013; Banerjee et al. 2016). Moreover, this inhibition could be rescued by ThDP in in vitro 

kinetic studies (Banerjee et al. 2013). Site-directed mutation of Alanine-147 or 352 to glycine in 

recombinant of Populus trichocarpa DXS reduce DXS inhibition by IDP/DMADP whereas both 

mutations increase it (Banerjee et al. 2016). In a recent study, IDP and DMADP levels were shown 

to modulate DXS activity in vitro by shifting between its inactive-monomeric and active-dimeric 

form (Di et al. 2023). Feedback regulation may also exist downstream of IDP and DMADP. In 

Arabidopsis, herbivory-induced ɓ-cyclocitral negatively regulates the MEP pathway by inhibiting 

DXS activity (Mitra et al. 2021). Indeed, DXS is subjected to proteolytic degradation by molecular 

chaperones involving heat shock proteins (Hsp) and the stromal casein lytic proteinase (Clp) 

complex which facilitates proper folding or degradation of inactive forms of DXS (Pulido et al. 

2012; Pulido et al. 2016; DôAndrea et al. 2018). Together, the feedback regulation of DXS is vital 

to maintaining metabolic homeostasis, ensuring MEP pathway flux is tuned to cellular need.  

The MEP pathway is highly sensitive to environmental and developmental signals which are 

regulated at transcriptional and posttranscriptional levels. One of the signals influencing the MEP 

pathway genes is its response to light. MEP pathway genes are upregulated in light in the 

chloroplast, correlating with the increased demand for terpenoids during photosynthesis 

(Rodríguez-Concepción 2006; Cordoba et al. 2009; Pokhilko et al. 2015). Transcription of MEP 

pathway genes by light is also known to be intertwined with the circadian clock which modulates 

the expression of MEP pathway genes to follow daily light-dark cycles, thus synchronizing 

terpenoid production with photosynthetic activity (Covington et al. 2008; Hemmerlin et al. 2012; 

Vranová et al. 2013; Jin et al. 2021). The regulatory mechanism of light-dependent response is 

complex and multifaceted, involving several transcription factors (TFs). For example, the 

phytochrome interacting factors (PIFs) are strong transcriptional regulators of the MEP pathway 

that negatively regulating expression of MEP pathway genes in the dark (Leivar et al. 2009; 

Mannen et al. 2014; Li et al. 2022). On the other-hand, light activation by phytochrome 

photoreceptors inhibits PIFs repression and promotes induction of terpenoid biosynthesis by 

interacting with the HY5 (elongated hypocotyl 5) transcription factor (Chenge Espinosa et al. 

2018). Transcript expression of DXS and DXR but not HDR was significantly lower in the hy5 

mutant. Other transcription factors like APETALA2/ethylene response factors (AP2/ERF), basic 
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zipper (bZIP), basic helix-loop-helix (bHLH), NAC (NAM, ATAF1/2, CUC2), and WRKY are also 

involved in the regulation of MEP pathway genes in response to environmental stress, indicating a 

complex network of transcriptional control (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 pathway depends on supply of pyruvate and GAP for terpenoid biosynthesis in the 

chloroplast. Despite efforts to understand the control of flux to the MEP pathway, the sources of 

pyruvate and GAP entering the MEP pathway have not been studied in detail. Various central 

metabolic pathways provide precursors for the MEP pathway, but this supply varies based on tissue 

type, developmental stage and plastid type. While GAP and pyruvate are made from glycolysis in 

non-photosynthetic tissues, the source of these substrates in chloroplasts is quite complex (Figure 

1.3). GAP is directly obtained from the Calvin-Benson-Bassham cycle (CBC) during CO2 fixation 

(Stitt et al. 2010; Buchanan et al. 2015), whereas multiple sources may supply pyruvate in plastids, 

depending on cell type and function. Identifying the origin of pyruvate in chloroplasts has been 

especially challenging. Most plastids of non-photosynthetic tissues such as roots, trichomes, 

flowers, or developing embryos contain a complete glycolytic pathway in both cytosol and plastids 

(Trimming and Emes 1993; Andriotis et al. 2010). In contrast, glycolysis is non-functional in the 

chloroplast of photosynthetic tissues due to the absence of phosphoglycerate mutase (PGM), which 

catalyzes the isomerization of 3-phosphoglycerate (3-PGA) to 2-phosphoglycerate (2-PGA), and 

enolase (ENO), which converts 2-PGA to phosphoenolpyruvate (PEP) (Figure 1.3) (Stitt and Ap 

Rees 1979; Schulze-Siebert et al. 1984; Andriotis et al. 2010; Prabhakar et al. 2010). This block in 

chloroplast glycolysis is thought necessary to prevent depletion of the CBC, which depends on 3-

PGA for the reduction phase. Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) 

produces 3-PGA from CO2 and RuBP, which is subsequently reduced to GAP. Hence, a block in 

glycolysis in these photosynthesizing cells has been described as necessary to prevent diversion of 

3-PGA to pyruvate and depletion of CBC intermediates needed to regenerate RuBP (Prabhakar et 

al. 2010), a restriction which does not exist in non-green plastids (Blakeley and Dennis 1993; 

Fukayama et al. 2015; Makowka et al. 2020). The prevailing hypotheses regarding the origin of 

pyruvate in the chloroplast suggest that it 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 (PPT) (Fischer et al. 1997; Flügge et al. 2011) 

(Figure 1.3). Following reimport, PEP can directly enter the shikimate pathway for aromatic amino 

acids biosynthesis or be converted into pyruvate by plastidic pyruvate kinase (PKp) for branched-

chain amino acid (BCAA), fatty acid and terpenoid biosynthesis (Schulze-Siebert et al. 1984; 

Lichtenthaler 1999; Maeda and Dudareva 2012; Ohlrogge et al. 2018). Many studies have proposed 

a dependency of stromal pyruvate on the PEP import into the chloroplast (Stitt and Ap Rees 1979; 

Voll et al. 2003; Andriotis et al. 2010). Disruption of PKp in Arabidopsis mutant plants led to a 

significant decrease in seed oil contents suggesting PEP import as the major source of pyruvate in 

heterotrophic tissue (Andre et al. 2007; Baud et al. 2007). However, in photosynthetic tissues,  

previous studies have suggested PKp activity to be inactive in the light (Scheible et al. 2000; Baud 

et al. 2007). An Arabidopsis mutant of PPT1, chlorophyll a/b binding protein underexpressed1 

(cue1) mutant is defective in PEP import and features a severe reticulated leaf phenotype due to 

PEP shortage and reduced levels of aromatic amino acid (Streatfield et al. 1999; Voll et al. 2003; 

Prabhakar et al. 2010). However, the same mutant was reported to have normal levels of fatty acids 

in photosynthetic tissues, suggesting PEP may not in fact be the main source of pyruvate in such 

tissues (Streatfield et al. 1999). The cue1 phenotype could be rescued by aromatic amino acids 

feeding or by constitutive overexpression of a heterologous PPT1 but not PPT2, an isoform of PPT1 

(Voll et al. 2003). Interestingly, a complementation could also be achieved by overexpression of a 

C4-type pyruvate orthophosphate dikinase (PPDK) which catalyzes the ATP-dependent conversion 

of pyruvate to PEP (Voll et al. 2003). This suggests that in photosynthetic tissues, pyruvate is 

present at a sufficient level to rescue the cue1 mutants when PPDK is overexpressed.  
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Figure 1.3 Possible routes of GAP and pyruvate for  the MEP pathway in the chloroplast.  

While GAP is made from the Calvin-Benson-Bassham cycle (CBC), proposed sources of pyruvate 

(in purple) for the MEP pathway (in yellow) includes chloroplast glycolysis, import of cytosolic 

glycolytic PEP or pyruvate, minor amount from ɓ-elimination of a ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) intermediate, and anthranilate production from chorismate. 

Pentose phosphates in form of ribulose 5-phosphate/xylulose 5-phosphate (Xu5P) formed via 

the glucose 6-phosphate shunt (in orange) in the cytosol is transported to the chloroplast for entry 

into the CBC. Abbreviations: PGM, phosphoglycerate mutase; ENO, enolase; RUBP, ribulose-1,5-

bisphosphate; GAP, glyceraldehyde 3-phosphate; 3-PGA, 3-phosphoglycerate; 2-PGA, 2-

phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate; E4P, erythrose 4-phosphate; G6P, 

glucose 6-phosphate; F6P,fructose 6-phosphate; Sedoheptulose 7-phosphate; 6-PG, 6-

phosphogluconate; 6PGL, 6-phosphogluconolactone; BPG, 1,3-bisphosphoglycerate; Hex-P, hexose 

phosphates, AcCoA, acetylCoA; DXP, 1-deoxy-D-xylulose-5-phosphate; MEcDP, 2-C-methyl-D-

erythritol 2,4-cyclodiphosphate; IDP, isopentenyl diphosphate; DMADP, dimethylallyl 

diphosphate; XPT, Xu5P/phosphate translocator (PT); PPT, Phosphoenolpyruvate/PT; TPT, Triose 

phosphate/PT; BASS2, bile acid:sodium symporter family protein 2; DXP, 1-deoxy-D-xylulose-5-

phosphate; DXS, DXP synthase; IDP, isopentenyl diphosphate; DMADP, dimethylallyl 

diphosphate.  
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Another proposed source of stromal pyruvate for the MEP pathway and other pyruvate-dependent 

biosynthetic pathways is direct import from the cytosol. Uptake of pyruvate into chloroplasts of 

mesophyll cells was first noted in the C4 plant Digitaria sanguinalis (Huber and Edwards 1977). An 

increased influx of pyruvate with concomitant accumulation of fatty acid could be seen in 

developing embryo of oilseed rape, indicating an importance of pyruvate import in embryo 

development (Eastmond and Rawsthorne 2000). In fact, this pyruvate uptake is also reported to be 

important in BCAA synthesis of leucine, valine and isoleucine in spinach chloroplasts (Schulze-

Siebert et al. 1984). A pyruvate/Na+ symporter (BILE ACID:SODIUM SYMPORTER FAMILY 

PROTEIN 2; BASS2) characterized in plants (Furumoto et al. 2011) was shown to be localized to 

the plastid membrane and function in sodium-dependent pyruvate transport from cytosol to plastids 

(Furumoto et al. 2011; Zhao et al. 2016) (Figure 1.3). This protein is highly expressed in C4 plants 

where it is most likely to be involved C4 carbon fixation pathway (Furumoto et al. 2011). The role 

of BASS2 in lipid metabolism during seed development has been reported in A. thaliana, B. napus, 

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

2022). Overexpression of BASS2 in Arabidopsis seeds caused increase in seed oil content, seed 

biomass and total seed yield (Lee EunJung et al. 2017). Knockout of BASS2 in B. napus led to a 

significant reduction in lipid content whereas its overexpression promoted oil accumulation during 

seed development (Tang et al. 2022). Pyruvate transport via BASS2 has also been suggested to be 

involved in pyruvate supply for terpenoid biosynthesis in chloroplasts of developing leaves as 

Arabidopsis bass2 mutants deficient in pyruvate transport showed a severe growth retardation due 

to increased sensitivity to mevastatin, an inhibitor of the MVA pathway (Furumoto et al. 2011). 

Certain aspects of this report have generated questions. For instance, based on publicly available 

microarray data, BASS2 is only abundantly expressed in developing leaves in Arabidopsis, but low 

in mature leaves (https://bar.utoronto.ca/eplant) (Sullivan et al. 2019). Furthermore, the MVA 

pathway requires pyruvate-derived acetyl-CoA in the cytosol, making the authorsô assertion that 

BASS2 imports pyruvate into the chloroplast, rather than exporting it to join the MVA pathway, a 

tenuous argument. Hence, it is still unclear whether supply of stromal pyruvate via BASS2 

pyruvate/Na+ transport is needed for terpenoid or other pyruvate-dependent biosynthetic pathways 

in photosynthetic tissues. Indeed, pyruvate can also be obtained as a by-product of the Rubisco 

carboxylation reaction (Andrews and Kane 1991). In vitro experiments by Andrew and Kane (1991) 

https://bar.utoronto.ca/eplant
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showed formation of pyruvate from ɓ-elimination of phosphate from the aci-carbanion 

intermediate. This suggests that pyruvate obtained from the Rubisco side reaction may contribute to 

stromal pyruvate pool in planta. Besides the Rubisco side reaction and plastidial pyruvate kinase, 

several other minor sources of pyruvate may also play a role in provision of this intermediate in the 

chloroplast, including anthranilate synthase (Li et al. 2023), alanine transaminase (Xu et al. 2017), 

cystathionine ɓ-lyase (Frankard et al. 2002), and potentially the Entner-Doudoroff pathway (Chen 

et al. 2016).  

The provision of pyruvate in plastids varies depending on developmental cues, cell type and 

specific cellular functions. In non-green tissues such as glandular trichomes and developing 

embryos, plastidic glycolysis, along with cytosolic import via PPT1 or BASS2, are considered 

major sources of pyruvate for fatty acid, amino acid biosynthesis as well as terpenoid production 

(Schulze-Siebert et al. 1984; Andre et al. 2007; Prabhakar et al. 2010; Lee EunJung et al. 2017). 

During cellular differentiation, metabolic needs change, allowing reallocation of carbon flux to 

prioritize metabolic pathways that meet specific cellular functions. The supply and demand for C3 

metabolic intermediates needed for biosynthesis vary substantially among cell types, reflecting this 

cellular specialization. For instance, in vascular tissues undergoing lignification, the shikimate 

pathway may be the dominant sink for carbon to support the increased demand for phenylalanine 

required for lignin biosynthesis (Amthor 2003; Dixon and Barros 2019). This metabolic program 

likely favors availability of PEP while demand for pyruvate for terpenoid and fatty acids 

biosynthesis is comparatively reduced in these cells. In contrast, in developing embryo or oil seeds, 

metabolic flux through pyruvate and conversion into acetyl-CoA for fatty acid biosynthesis might 

constitute the dominant fate for C3 intermediates (Andre et al. 2007; Prabhakar et al. 2010). 

Similarly, in chromoplasts, non-photosynthetic plastids which accumulate large amounts of 

carotenoid pigments (Li and Yuan 2013), pyruvate supply is preferentially used towards MEP 

pathway for carotenoid biosynthesis. Thus, both production of PEP/pyruvate and downstream 

biosynthetic demand vary considerably to meet the particular needs of the cell, depending on its 

metabolic function. Future investigations to understand the transcriptional regulation of the 

associated transporters that facilitate these diverse metabolic modes will likely clarify how a 

common set of biosynthetic enzymes and translocators accommodate such a wide range of 

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

Isotopic tracing has played a crucial role in uncovering metabolic pathways and understanding 

central metabolism in plants. By 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 pathways (Hutchinson et al. 1976a; 

Tcherkez et al. 2011). For instance, 70 years ago, the application of ĭ CO  labeling was crucial in 

discovering the carbon pathway in photosynthesis (Calvin 1956). These advanced methods are now 

applied to a wide range of biological systems, including bacterial cells (Sauer et al. 1999), plants 

(Schwender 2008), and animals (Wall et al. 2015). Isotope labeling has also shed light on the 

sources of carbon supply to the MEP pathway (de Souza et al. 2018; Sharkey 2024). A longstanding 

puzzle that has lingered is the reason for incomplete labeling of MEP pathway intermediates 

(Delwiche and Sharkey 1993; Loreto et al. 1996; Karl et al. 2002). When plants are exposed to 

13CO2, 
13C is rapidly incorporated into MEP intermediates like DXP, with labeling reaching up to 

60%, while about 40% of the carbon remains unlabeled even after several hours of exposure. This 

suggests dilution by an alternative source of unlabeled carbon (Wright et al. 2014). It is 

hypothesized that this unlabeled carbon pool in the MEP pathway primarily originates from 

cytosolic PEP or pyruvate, which is imported into the chloroplast from glycolysis of old carbon 

sources, or starch breakdown (Karl et al. 2002; Loreto et al. 2004; Schnitzler et al. 2004). Wright 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 carbons, thought at that time to be 

contributed by cytosolic pyruvate, remain unlabeled (Wright et al. 2014). Isotopic labeling analysis 

in poplar and oak has further supported the contribution of cytosolic PEP as the source of carbon in 

isoprene, a hemiterpene end-product 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; Yáñez-

Serrano et al. 2019). Interestingly, incomplete labeling is also observed in GAP and other CBC 

intermediates, with pyruvate showing only up to 20% labeling in short term labeling experiments 

(Hasunuma et al. 2010; Szecowka et al. 2013; Ma et al. 2014). Previous experiments indicated 

direct linkage between the MEP pathway intermediates and photosynthesis, with MEP 

intermediates following the same labeling patterns as CBC intermediates (Delwiche and Sharkey 

1993). A recent hypothesis challenged the idea of cytosolic PEP as the source of unlabeled carbon, 
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instead suggested that glucose 6-phosphate (G6P) shunt of OPP pathway, forms a shunt around the 

CBC, and supplies unlabeled carbon to the CBC and subsequently to the MEP pathway  (Sharkey et 

al. 2020). The G6P shunt occurs both in the stromal and cytosolic compartments (Sharkey 2021), 

however the stroma G6P shunt appears to be inactive during the day under normal conditions due to 

redox regulation of G6P dehydrogenase (G6PDH) by thioredoxin (Née et al. 2014; Cardi et al. 

2016) and low availability of stroma G6P (Preiser et al. 2019; Sharkey 2024). In contrast, the 

cytosolic G6P shunt, which is not subject to redox regulation, imports unlabeled carbon in form of 

pentose phosphates, ribulose and xylulose 5-phosphate via the Xu5P/phosphate translocator (XPT), 

diluting the 13C labeling of the CBC and MEP pathway intermediates (Eicks 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 NADPH (Plaxton 1996). Different organisms have evolved diverse 

glycolytic routes to fit their specific environmental and physiological needs (Flamholz et al. 2013; 

Kim and Gadd 2019). The most common among these is the Embden-Meyerhof-Parnas (EMP) 

pathway, often simply called glycolysis (Fothergill-Gilmore and Michels 1993; Plaxton 1996). Due 

to its prevalent nature and high ATP yield, the EMP pathway is generally considered the most 

efficient glycolytic route. Nevertheless, studies, particularly in prokaryotes, have identified several 

variants and alternatives to the EMP pathway (Kim and Geoffrey 2008; Flamholz et al. 2013; 

Bräsen et al. 2014). Among these is the Entner-Doudoroff (ED) pathway which acts as an 

alternative glycolytic shunt to the EMP pathway, producing GAP and pyruvate in two enzymatic 

steps from 6-phosphogluconate (Figure 1.4). It is therefore a potential source of MEP pathway 

substrates in plants, based on its reported natural distribution (Chen et al. 2016). The pathway is 

widespread among prokaryotes and has been proposed to play a role in the metabolism of 

cyanobacteria, diatoms, plants and other eukaryotes (Conway 1992; Fabris et al. 2012; Flamholz et 

al. 2013; Chen et al. 2016). In certain prokaryotes, like Zymomonas and Pseudomonas, which lack a 

complete EMP pathway, the ED pathway serves as the primary route for glucose catabolism 

(Conway 1992). For instance, in Zymomonas mobilis, a key microbe in industrial ethanol 
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production, the ED pathway results in a high glycolytic flux (Fuhrer et al. 2005). In Escherichia 

coli, the ED pathway supports growth on gluconate and plays a crucial role in the bacteriaôs 

survival and proliferation within the mammalian intestine.  

 

Figure 1.4 Overview of glycolytic routes via the EMP and the ED pathways. 

The EMP pathway (glycolysis) (highlighted in blue) consists 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 of 6-phosphogluconate of the pentose phosphate 
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pathway (highlighted in green) to glyceraldehyde 3-phosphate (GAP) or dihydroxyacetone 

phosphate (DHAP) and pyruvate in two enzymatic steps involving 6-phosphogluconate dehydratase 

(EDD) and 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase (EDA). Abbreviations are: GK, 

glucose kinase; PGI, phosphoglucose isomerase; PFK, 6-phosphofructokinase; FBA, fructose 

biphosphate aldolase; GAPDH, GAP dehydrogenase; PGK, phosphoglycerate kinase; PGM, 

phosphoglycerate mutase; ENO, enolase; PyK, pyruvate kinase; TIM, triosephosphate isomerase; 

ZWF, glucose 6-phosphate dehydrogenase; GND, 6-phosphogluconate dehydrogenase.  

1.5.1 Biochemical overview and energetics of the ED pathway 

The ED pathway was first identified in the bacterium Pseudomonas saccharophila by Entner and 

Doudoroff in 1952 (Entner and Doudoroff 1952). The pathway begins with the phosphorylation and 

oxidation of glucose to 6-phosphogluconate (6-PG), reactions catalyzed by enzymes of the 

oxidative pentose phosphate (OPP) pathway, glucose 6-phosphate (G6P) dehydrogenase (ZWF) and 

6-phosphogluconate dehydrogenase (GND) (Figure 1.4). The key step in the ED pathway involves 

the dehydration of 6-PG by 6-PG dehydratase (EDD), to 2-keto-3-deoxy-6-phosphogluconate 

(KDPG), which is an intermediate unique to this metabolic shunt. KDPG 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 pathway. It involves one phosphorylation reaction of 

glucose to G6P which is later oxidized to 6-PG and dehydrated to KDPG. In contrast, glucose 

undergoes two phosphorylation reactions through the EMP pathway to form triose phosphates 

(GAP and DHAP) but 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 

net yield of two ATP and two NADH per molecule of glucose, whereas the ED pathway produces 

only one ATP, one NADH, and one NADPH per glucose molecule. The lower ATP yield in the ED 

pathway suggests more exergonic reactions compared to the EMP pathway (Flamholz et al. 2013; 

Noor et al. 2014). Conversely, the EMP pathway involves more thermodynamically constrained 

reactions, such as those catalyzed by fructose 1,6-bisphosphate (FBP) aldolase (FBA) and triose 

phosphate isomerase (TIM) (Flamholz et al. 2013). These constraints often result in higher substrate 

accumulations, as evidenced by the high concentration of FBP (~10 mM in E. coli) and the high 
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catalytic efficiency of TIM (~9000 s-1) (Beard and Qian 2007; Bennett et al. 2009). Kinetic 

analyses have shown that the EMP pathway requires three to five times more enzymatic protein to 

achieve the same rate of glycolytic flux as the ED pathway (Flamholz et al. 2013). This increased 

protein cost impacts cellular economy, influencing growth rates and metabolic efficiency (Scott et 

al. 2010; Eames and Kortemme 2012; Kafri et al. 2016). Notably, Z. mobilis which exclusively 

utilizes the ED pathway for glucose metabolism, demonstrates higher flux rates and ethanol yields 

compared to Saccharomyces cerevisiae, which relies on the EMP pathway (Benisch and Boles 

2014). The direct correlation between protein investment and growth suggests that excessive protein 

production may limit growth due to energy demands (Scott et al. 2010; Eames and Kortemme 2012; 

Kafri et al. 2016).  

1.5.2 Natural distribution of the ED pathway  

The prevalence of the ED pathway among prokaryotes has been documented (Entner and Doudoroff 

1952; Conway 1992; Peekhaus and Conway 1998). Initially, the pathway was believed to be 

restricted to a select group of bacteria; however, subsequent research has led to speculation that it is 

present in all domains of life; bacteria, archaea and eukarya. The occurrence of the ED pathway in 

archaea suggests its ancient evolutionary origin. A previous study examining the occurrence of the 

ED pathway involved the analysis of 150 bacterial species across various genera, revealed a 

predominance of the pathway in gram-negative bacteria, and rarer in gram-positive species 

(Kersters and De Ley 1968). Moreover, flux analyses in seven phylogenetically diverse bacterial 

species showed a reliance on the ED pathway for glucose metabolism. More recently, 

comprehensive genomic analyses have further explored the distribution of the ED and EMP 

pathway across prokaryotes (Flamholz et al. 2013). This study found that over 27% of prokaryotes 

possess the ED pathway, as indicated by the presence of key pathway-specific genes, EDD and 

EDA (Flamholz et al. 2013). Among these organisms featuring the ED pathway, Flamholz and co-

workers suggested that aerobes and facultative anaerobes, which have alternative non-glycolytic 

ATP sources such as the tricarboxylic citric acid (TCA) cycle, oxidative phosphorylation or 

oxygenic photosynthesis, tend to favor the ED pathway, whereas fermentative anaerobes typically 

rely on the EMP pathway. An exception is Z. mobilis, an obligate fermentative bacterium that lacks 

the EMP pathway and relies exclusively on the ED pathway to glucose degradation. Large-scale 13C 
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flux profiling of 25 bacteria strains of diverse Bacteroidetes phyla from marine environments where 

nutrients are limited revealed a general preference for the ED pathway as the sole or major catabolic 

route, and the majority even lacked a functional EMP (Klingner et al. 2015). The preference for the 

ED pathway among certain prokaryotes has been argued to reflect a metabolic trade-off between 

ATP yield and protein costs (Flamholz et al. 2013). Hence, 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 has recently been proposed to be widespread in cyanobacteria and eukaryotic 

organisms including algae, moss, fern and higher plants (Chen et al. 2016). Putative homologs of 

the pathwayôs key enzymes, EDD and EDA, have been found across these groups (Chen et al. 

2016), although their biochemical functions have not been verified through in vitro characterization 

to distinguish them from related enzyme classes such as dihydroxy acid dehydratases from the 

branched chain amino acid pathway. In cyanobacteria, the ED pathway was initially overlooked, 

with the main glucose metabolism routes thought to be through EMP or OPP pathways (Knowles 

and Plaxton 2003). However, reports from Chen et al. (2016) have suggested that the ED pathway 

may be the dominant route for glucose metabolism in these organisms, with putative homologs for 

the pathway genes, EDD and EDA, identified in principle in 92% of all sequenced cyanobacteria 

(Chen et al. 2016). In addition, in vitro biochemical assays confirmed the functionality of EDA in 

Synechocystis sp. 6803. Genetic analyses using Synechocystis mutants suggested a role 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. 2020). Furthermore, the ED pathway may play a significant role 

in aquatic photomixotrophic environments where the CBC operates concurrently with glycolysis 

(Moore 2013). The EMP and OPP pathways, which share intermediates with the CBC, can create 

futile cycles that potentially deplete intermediates necessary for efficient CO2 fixation. Gutekunst 

and co-workers have suggested that the ED pathway serves an anaplerotic function, replenishing the 

CBC and enhancing carbon fixation efficiency in these environments (Makowka et al. 2020; 

Schulze et al. 2022). The ED pathwayôs role in eukaryotes such as algae, moss, ferns, and higher 

plants like barley (Hordeum vulgare), has not yet been experimentally confirmed by the wider 

research community. Others have expressed skepticism over the allegedly wide distribution of the 
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ED pathway, noting that the EDD enzyme is rare, with fewer than 1% of cyanobacteria and no 

eukaryotes possessing it (Bachhar and Jablonsky 2022). Instead, a dihydroxy acid dehydratase 

(DHAD), typically involved in the synthesis of branched chain amino acids (BCAA), is thought to 

perform functions akin to EDD in these organisms (Chen et al. 2016). DHAD catalyzes the 

dehydration of 2,3-dihydroxyisovalerate (DIV) and 2,3-dihydroxymethylvalerate (DMV) to 2-

ketoisovalerate (KIV)  and 2-ketomethylvalerate (KMV), respectively (Flint and Emptage 1988). 

Both EDD and DHAD belong to the IlvD/EDD superfamily and are evolutionarily related due to 

their high amino acid sequence similarity and chemically conserved residues (Barnell et al. 1990; 

Egan et al. 1992; Kim and Lee 2006). Due to their evolutionarily and biochemical similarities, 

studies have suggested that aside from its typical role, DHAD may also act on substrates relevant to 

the ED pathway, potentially explaining the pathway's broader presence (Carsten et al. 2015). Hence, 

the general prevalence of the ED pathway in cyanobacteria and eukaryotes may be attributed to the 

assumed dual functionality of DHAD, which is an essential enzyme in these organisms (Chen et al. 

2016; Bachhar and Jablonsky 2022). However, 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 pathway in plants remain unresolved. 

1.6 Thesis Objectives and Overview 

While efforts have been made to understand the control of substrates supply to the MEP pathway, 

fundamental questions remain regarding the biogenesis and metabolism of pyruvate in the 

chloroplast. Previous studies propose cytosolic PEP and pyruvate as the source of pyruvate in 

chloroplasts. The ED pathway has been previously implicated as operational in plants and a 

potential source of GAP and pyruvate. The overall goal of this thesis aims to elucidate the origin of 

pyruvate available for the biosynthesis of chloroplast terpenoid precursors in the MEP pathway. The 

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 confined exclusively to 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 branched-chain amino acid pathway 



27 

 

 

and do not participate in the ED pathway. Chapter 3 details the design and optimization of an 

improved dynamic flow cuvette for whole plant 13CO2 isotopic labeling. 13CO2 labeling kinetics, 

combined with mass spectrometry, were used to measure carbon fluxes in plants. The system 

developed in this thesis allows for high-resolution kinetic labeling of intact plants, enabling short-

term labeling experiments to study early events in carbon assimilation and photosynthetic 

metabolism. Building on this foundation, Chapter 4 investigates the origin of pyruvate in 

illuminated chloroplasts for the MEP pathway and other pyruvate-dependent biosynthetic pathways. 

This chapter demonstrates that Rubisco is the major source of pyruvate for terpenoid biosynthesis in 

photosynthesizing tissues. I conducted time-course labeling experiments on intact Arabidopsis 

plants and revealed that the rate of pyruvate production and MEP pathway intermediates increases 

under elevated Rubisco carboxylase activity. Biochemical assays from purified Rubisco confirmed 

direct pyruvate formation, accounting for 0.71% of its carboxylation activity, which is sufficient to 

meet the cellôs need for pyruvate. Further metabolome analysis of mutants defective in PEP or 

pyruvate transport, along with biochemical assays from isolated chloroplasts, support the role of 

Rubisco in 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 Entner-Doudoroff pathway, limiting 

plants to glycolysis and the pentose phosphate pathway. Nature Communications 15, no. 1 (2024): 

1102. https://doi.org/10.1038/s41467-024-45384-y 

Data contribution statement: I contributed to all aspects of this manuscript and performed all main 

and supporting analyses. Contributions from co-authors include: Nasha Sethna and Mark Currie 

conducted protein structural modeling; Anya Franks performed agroinfiltrations on N. Benthamiana 

and assisted with confocal microscopy; Matthew Bergman assisted with GC-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 Entner-Doudoroff (ED) pathway provides an alternative to glycolysis. It converts 6-

phosphogluconate (6-PG) to glyceraldehyde 3-phosphate and pyruvate in two steps consisting of a 

dehydratase (EDD) and an aldolase (EDA). Here, 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 dihydroxy-acid dehydratases 

(DHADs) of the branched chain amino acid pathway (BCAA). Each dehydratase features strict 

substrate specificity. E. coli EDD dehydrates 6-PG to 2-keto-3-deoxy-6-phosphogluconate, while 

DHAD only dehydrates substrates from the BCAA pathway. Structural modeling identifies two 

divergent domains which account for their non-overlapping substrate affinities. Coupled enzyme 

assays confirmed only EDD participates in the ED pathway. Plastid ancestors lacked EDD but 

transferred metabolically promiscuous EDA, which explains the absence of the ED pathway from 

the Viridiplantae and sporadic persistence of EDA 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 Embden-Meyerhof-Parnas (EMP) pathway (i.e. glycolysis) and 

the pentose phosphate pathway (PPP) for bioenergetic metabolism, alternative routes such as the 

Entner-Doudoroff pathway (ED pathway) (Entner and Doudoroff 1952) degrade glucose to 

pyruvate with fewer enzymes, a property favored by some single-celled prokaryotes living under 

conditions of nitrogen limitation (Conway 1992). The ED pathway acts as a shunt which converts 

PPP-derived 6-phosphogluconate (6-PG) to pyruvate and glyceraldehyde-3-phosphate (GAP) in two 

enzymatic steps (Figure 2.1a). This shunt begins with the dehydration of 6-PG to 2-keto-3-deoxy-6-

phosphogluconate (KDPG) catalyzed by 6-PG dehydratase (EDD). KDPG is then cleaved to 

pyruvate and glyceraldehyde-3-phosphate (GAP) by KDPG aldolase (EDA). Glycolysis and its 

major shunts have different ATP/protein efficiencies (Ng 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 respiration are less 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 almost exclusively; a limited number of prokaryotes use both 

(Flamholz et al. 2013). In aquatic, photomixotrophic environments where the Calvin-Benson-

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 reactions (Makowka et al. 

2020).  

The committing step of the ED pathway is the EDD-catalyzed dehydration of 6-PG to KDPG, the 

only metabolic intermediate unique to this pathway. EDDs (EC 4.2.1.12) belong to the dehydratase 

subfamily known as hydro-lyases which includes dihydroxy acid dehydratases (DHADs; EC 

4.2.1.9). The latter dehydrates 2,3-dihydroxymethylvalerate (DMV) and 2,3-dihydroxyisovalerate 

(DIV) to 2-ketomethylvalerate (KMV) and 2-ketoisovalerate (KIV), respectively, in the branched 

chain amino acid (BCAA) pathway. Both catalyze the dehydration of vicinal diol acids to an enol 

intermediate, followed by tautomerization to their corresponding 2-keto acids (Figure 2.2a-b) 

(Pirrung et al. 1991; Flint et al. 1993; Meloche and Wood 1964), and both are oxygen-sensitive 

iron-sulfur proteins (Kuo et al. 1987; Flint et al. 1993). This stands in contrast to the mechanism of 

unrelated dehydratases such as the short-chain dehydrogenase/reductase superfamily (SDR). For 

instance, dTDP-D-glucose 4,6-dehydratase (EC 4.2.1.46) relies on NAD+ as a cofactor and first 

oxidizes the substrate to a ketone intermediate, followed by dehydration and reduction of the 

resulting double bond (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 pathway (Chen et al. 2016). The assumption that they have overlapping 
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substrate specificities and biochemical functions (Bachhar and Jablonsky 2022) has led to the 

conclusion that a functional ED pathway operates in flowering plants, mosses, ferns (Chen et al. 

2016), and diatoms (Fabris et al. 2012) in addition to prokaryotes (Flamholz et al. 2013). Bacteria 

possess both types of dehydratase, but in plants a definitive physiological role has thus far only 

been established for 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 

Synechocystis sp. 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 multi-compartmental 

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 is generally timed 

to avoid futile cycling with the CBC (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 an EDD in the diatom Phaeodactylum tricornutum encodes a 

protein predicted to localize to the mitochondria based on bioinformatic analysis (Fabris 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 2C-methyl-D-erythritol-4-phosphate (MEP) pathway (Phillips et al. 2008b). Indeed, 

upregulation of ED pathway genes in E. coli increased flux through the MEP pathway (Liu 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 in 

vitro (Chen et al. 2016), the functional characterization of an EDD from a eukaryotic source has not 

yet been reported. Thus, the distribution of the ED pathway in the Viridiplantae (and other 

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 consequence of its absence from the ancestral 

cyanobacterial endosymbionts which evolved into plastids during early eukaryote evolution. In 

contrast, EDA 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 pathway (6-PG dehydratases or EDDs; EC 4.2.1.12) identified 

several mutually exclusive, conserved motifs that were specific to each dehydratase group (Figure 

2.1b and Supplementary Figure 2.1). The most prominent were two domains in the N-terminal half 

which differed significantly between these two groups (Figure 2.1b). In the first domain, sequences 

annotated as bacterial EDDs encoded a conserved 16-17 residue motif corresponding to amino acids 

42-57 in the E. coli protein and containing the consensus sequence LAHGFAAX4(D/E)KX3 

(Figure 2.1b, domain 1). This motif is absent in the corresponding DHAD sequences from those 

same bacterial species and in representative DHAD sequences of plants. A second region (Figure 

2.1b, domain 2), corresponding to amino acids 185-218 in E. coli, is enriched in basic residues and 

is highly conserved among EDDs. It includes the consensus motif KXK(V/I)RQLYAXXK. The 

corresponding region in DHADs, corresponding to residues 152-192 of the E. coli sequence, is 6-7 

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 (2-4 residues) motifs absolutely conserved in EDDs with highly variable sequences in 

the corresponding positions of DHAD proteins (Supplementary Figure 2.1). 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, a hypothesis we tested further below.  
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Figure 2.1 Phylogenetic analysis of dihydroxy acid dehydratases (DHAD) and 6-phospho-D-

gluconate (6-PG) dehydratase (EDD).  

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

shown in blue. b, Selected domains from a multiple sequence alignment of representative dihydroxy 

acid dehydratases (DHAD) and 6-phospho-D-gluconate (6-PG) dehydratase (EDD) amino acid 

sequences highlighting the defining motifs of each class. Residues in dark and light gray represent 

80% and 60% similarity cutoffs, respectively. The yellow box signifies domains unique to EDDs 

while the blue box is unique to DHADs. Species names are as follows: Eco, Escherichia coli; Sen, 

Salmonella enterica; Aba, Acinetobacter baumannii; Tma, Thermotoga maritima; Sel, 

Synechococcus elongatus; Nos, Nostoc sp.; Ath, Arabidopsis thaliana; Gma, Glycine max; Smo, 

Synechococcus moorigangaii; War, Candidatus Woesearchaeota archaeon; Zmo, Zymomonas 

mobilis; Atu, Agrobacterium tumefaciens. The full sequence alignment can be found in 

Supplementary Figure 2.2. Asterisks indicate residues conserved among EDD involved in 6-PG 

substrate binding. c, 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. Protein accession numbers are listed in Supplementary Table 2.1. 

Using these diagnostic motifs as predictors of function, a phylogenetic analysis of 155 EDD and 

DHAD protein sequences with high similarity to E. coli EDD suggested that EDD is restricted to 

prokaryotes (Figure 2.1c and Supplementary Table 2.1). 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 and co-workers (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 across prokaryotes, fungi, and streptophytes (Figure 

2.1c), and our DHAD single gene phylogeny matched the broad features of their species 

phylogenies, including the late-branching Zygnematophyceae, recently identified as the descendant 

of the most recent common ancestor between land plants and algae (Jiao et al. 2020; Feng et al. 

2023b; de Vries and Archibald 2017). Our search ultimately failed to identify EDD homologs in 

genomes of animals, protists, fungi, or any member of the Viridiplantae (Supplementary Table 2.1). 

Several apparent exceptions to this rule were observed in draft genome or transcript sequences of 

plants, fungi, and animals (Supplementary Data 2.1). However, an analysis of their codon usage, 

phylogenetic grouping, and the observed lack of transit peptides and introns suggest they are 

bacterial sequencing artefacts (Supplementary Data 2.1). Furthermore, the absence of similar EDD 
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homologs in basal angiosperms, fungi, or animals makes the re-emergence of an EDD gene in these 

species unlikely. The absence of EDD 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 pathway (Flamholz et al. 2013), but its 

distribution in autotrophs such as cyanobacteria has not been well defined. We considered whether 

absence of EDD 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 identify EDD 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 common ancestor to plastids and free-living cyanobacteria coalesce around 

Gleomargarita lithospora and several closely related taxa which include Pseudanabaena sp., 

Synechococcus sp., Synechocystis sp., Prochlorococcus marinus, Trichodesmium sp., Oscillatoria 

sp., and Arthrospira sp. (Ochoa de Alda et al. 2014; Moore et al. 2019; Ponce-Toledo et al. 2017). 

Previous analyses viewed nitrogen-fixing members of the Nostocales and Stigonematales as the 

closest descendants (Dagan et al. 2012), and early or late divergence of plastids within 

cyanobacterial phylogeny remains a contentious issue (Lawrence et al. 2019; de Vries and 

Archibald 2017). Currently available sequence data indicate that few members of these groups 

encode an EDD gene, while all possess DHAD and EDA (Supplementary Table 2.2). We identified 

only four examples of EDD homologs among all cyanobacteria: Synechococcus moorigangaii, 

Nostoc sp. 3335mG, and Leptolyngbya sp. 15MV, and Leptolyngbya valderiana BDU 20041 

(Supplementary Table 2.2). EDD genes are notably absent from the modern descendants of 

cyanobacteria proposed to have diverged just before or after plastids (G. lithospora, Pseudanabaena 

PCC6802 and PCC7367, and Synechococcus sp. JA-2-3B a 2-13). 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 sequences (Figure 2.1c). When overlaid onto 

recent cyanobacterial species phylogenies (Moore et al. 2019; Ponce-Toledo et al. 2017), their 

distribution is suggestive of acquisition through lateral gene transfer (LGT) (Supplementary 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 crystal structure of the A. thaliana 

DHAD (PDB ID: 5ZE4) (Figure 2.2c) and an AlphaFold (Jumper et al. 2021) model of the E. coli 

EDD (Figure 2.2d) as our representative structures to compare DHAD and EDD active site 

architectures (Figure 2.2e-f). Both of these enzymes have highly similar a/b folds that pack into a 

single globular structure. The domain 1 consensus sequence that we observed exclusively in EDD 

enzymes encompasses a3, the first four amino acids of a4, and the connecting a3-a4 loop in E. 

coli EDD (Figure 2.2d). Together with a2, domain 1 forms a three-helix 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 2Fe-2S cluster and magnesium ion (Figure 2.2f). Domain 2 is comprised of a9, a10, the 

a9-a10 loop, the last three amino acids of the b4-a9 loop, and the first five amino acids of the a10-

a11 loop.  

 

EDD

2,3-dihydroxy-isovalerate

DHAD

2-ketoisovalerate

6-phosphogluconate 2-keto-3-deoxy-6-

phosphogluconate

H2O
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Figure 2.2 Structural models of dihydroxy acid dehydratase (DHAD) and 6-phosphogluconate 

dehydratase (EDD).  

a, Dehydration of 2,3-dihydroxyisovalerate by DHAD in the branched chain amino acid pathway. 

b, Dehydration of 6-phosphogluconate by EDD in the ED pathway. OP signifies a phosphate group. 

c, The crystal structure of the Arabidopsis thaliana DHAD (PDB ID: 5ZE4) depicting a 

crystallographic dimer in green and yellow and d, our model of the Escherichia coli EDD 

(ACA77431) dimer in cyan and purple with domains 1 (D1) and 2 (D2) shown in orange and pink, 

respectively. e, Predicted substrate binding of 2,3-dihydroxyisovalerate in the active site of DHAD. 

f, The analogous binding of 6-phosphogluconate in the EDD active site. The reciprocal docking 

experiments did not support binding when the substrates were switched. The magnesium ion and 

2Fe-2S clusters of each protein are shown in blue and red, respectively. Dotted black lines in e and f 

denote predicted polar contacts between substrate and surrounding residues and ions.  

Both EDD and DHAD dehydratases form dimers in solution that interact in a head-to-tail fashion, 

which places domain 1 from one EDD protomer next to the catalytic site and domain 2 of the second 

c d

e f
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protomer within the dimer. Domain 1 from protomer 1 contacts the b1-a5 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 the A. thaliana DHAD are all hydrophobic (Figure 

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

form a large portion of the catalytic pocket and contribute significantly to the selection of substrate 

size, shape, and electrostatic characteristics. To evaluate how these changes might impact substrate 

specificity in our representative EDD and DHAD enzymes, we performed in silico docking 

experiments with both substrates. In our substrate docked model of E. coli EDD, the conserved 

residues H47, K190, and R194 from domain 1 and 2 consensus sequences make polar contacts with 

the carboxyl and hydroxyl moieties of our docked 6-PG (Figure 2.2f). All of these bonds are absent 

in DHAD enzymes. However, our docking experiments with A. thaliana DHAD indicate that it can 

accommodate its preferred substrate, 2,3-dihydroxyisovalerate (DIV), which is much smaller than 6-

PG and has two hydrophobic methyl groups (Figure 2.2e). When the substrates were switched, 6-PG 

docking into DHAD fails to meet the AutoDock significance threshold (-0.2), and DIV is positioned 

at a distance that is too far to interact with the catalytic site of EDD. Together, these observations 

suggest differences 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 biochemical characterization of members of 

both groups using DIV and 6-PG as substrates. 

2.3.3 6-phosphogluconate dehydratase and dihydroxy acid dehydratase 

genes encode high fidelity enzymes with no overlapping substrate recognition 

Purified, recombinant E. coli DHAD (AAA67574), E. coli EDD (ACX39449), and G. max DHAD 

(KAH1217623) (Supplementary Figure 2.3) were assayed using a substrate from the BCAA pathway 

(DIV) or the ED pathway (6-PG). E. coli EDD catalyzed the expected dehydration of 6-PG to KDPG 

(Figure 2.3a) but had no detectable reactivity towards the BCAA pathway intermediate DIV under 

similar reaction conditions (Figure 2.3b), even after 24 h of incubation. Conversely, the soybean and 

E. coli DHAD both converted DIV to its corresponding dehydration product 2-ketoisovalerate (KIV ) 

but displayed no detectable product formation when supplied with 6-PG for 24 h (Figure 2.3a-b). A 
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total protein extract of soybean leaves readily converted DIV to KIV (Figure 2.3c) but failed to 

dehydrate 6-PG to KDPG under similar reaction conditions (Figure 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 pathway sequence (Figure 2.3a) to screen 

the ability of various combinations of purified EDD, EDA, and DHAD proteins to support flux 

through an in vitro ED pathway. When E. coli EDD and EDA were supplied with 6-PG, the 6-PG 

was completely consumed while GAP accumulated as the end product with a low level of KDPG still 

detectable (Figure 2.3a), confirming that these in vitro assays condition could monitor the complete 

catalytic conversion of 6-PG to GAP by EDD and EDA. Complete conversion to GAP and pyruvate 

was also observed when purified EDA from soybean was used. However, when the E. coli EDD was 

exchanged for the E. coli DHAD or the DHAD from soybean, formation of KDPG was not detected 

(Figure 2.3a). Together, these results demonstrate DHADs cannot replace genuine EDDs in the two 

step ED pathway metabolic sequence from 6-PG to GAP and pyruvate. 
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Figure 2.3 Enzyme assays of 6-phosphogluconate dehydratase (EDD) and dihydroxyacid 

dehydratase (DHAD).  

Glycine max (Gm) DHAD and Escherichia coli (Ec) EDD and DHAD were expressed in E. coli, 

and purified proteins were used individually or in combination to evaluate respective activity of 

EDD and DHAD. a, Coupled ED assays using 6-phosphogluconate 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 chromatograms 

are shown in brown; plants in green. b, DHAD assay using 2,3-dihydroxyisovalerate (DIV) to 

produce 2-ketoisovalerate (KIV). Both E. 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 extracts. d, The same 

soybean crude protein extract supplied with 6-phosphogluconate did not yield the expected EDD 

dehydration product, 2-keto-3-deoxy-6-phosphogluconate (KDPG). Each reaction was repeated at 

least once with identical results. The vertical axis represents the detector response for the following 

transitions: 6-PG (m/z 275 Ÿ 97), KDPG (m/z 257 Ÿ 79), GAP (m/z 169Ÿ 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 hypothesized that 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 eukaryotes. Liquid chromatography - mass spectrometry 

(LCMS/MS) analysis of KDPG in polar metabolite extracts of proteobacteria (E. coli and A. 

tumefaciens), whose genomes encode both EDD and EDA, demonstrated the presence of KDPG 

(Figure 2.4), while KDPG was absent from extracts prepared from eukaryotic sources including S. 

cerevisiae (fungi), C. reinhardtii (Chlorophyceae), C. vulgaris (Charophyceae), or the leaves or 

roots from various embryophytes (soybean, tobacco, and Arabidopsis). Extracts of Synechococcus 

leopoliensis cells, whose genome lacks an EDD, similarly contained no KDPG (Figure 2.4). 

Standard addition with authentic KDPG confirmed the observed peak in prokaryotic samples to be 

KDPG and indicated concentrations in E. coli and A. tumefaciens of 4.7 ± 0.82 and 2.8 ± 0.75 

ÕmolĀg-1 cells fresh weight, respectively. An isobaric background peak in the C. vulgaris extract 

was similarly ruled out as KDPG by the same method, and here addition of KDPG led to two 

separate peaks (Figure 2.4). 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 in Supplementary Figure 2.4. In summary, KDPG could be detected in 

prokaryotic cells whose genome included a genuine EDD gene (Flamholz et al. 2013) but not in 

eukaryotic cells, consistent with our phylogenetic (Figure 2.1) and structural modeling analysis 

(Figure 2.2). 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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