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Summary

Isoprenoids are one of the largest families of metabolites and they have a huge interest
in the pharma, biofuel and agrofood industries. All isoprenoids derive from isopentenyl
diphosphate (IPP) and its highly electrophilic double-bond isomer dimethylallyl
diphosphate (DMAPP). IPP and DMAPP are derived from the mevalonic acid (MVA)
pathway in archaea and the cytosol of eukaryotic cells, whereas most bacteria and the
plastids of plant cells produce IPP and DMAPP by the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway. Compared with the MVA pathway, the MEP pathway has a
higher theoretical capacity to produce isoprenoid precursors, which has stimulated
extensive research on further improving MEP pathway flux for the biotechnological
production of isoprenoids of interest in microbial and plant biofactories. However,
feedback regulation of the MEP pathway flux by IPP and DMAPP slows down the
pathway flux as soon as IPP and DMAPP levels increase. IPP/DMAPP were reported to
decrease the levels and activity of the first enzyme of the MEP pathway, deoxy-D-
xylulose 5-phosphate (DXP) synthase (DXS), but the specific mechanism was unknown.
On the other hand, the possible inhibition of other MEP pathway enzymes by
IPP/DMAPP was unexplored. The main objective of this thesis was to address these
open questions using Escherichia coli and tomato (Solanum lycopersicum) as bacterial

and plant models, respectively.

Unlike E. coli, which only has a single DXS-encoding gene, three genes encode DXS-
like proteins in tomato. In the first part of the thesis we determined that isoforms SIDXS1
and SIDXS2 are true DXS enzymes that localize together in plastids and can form
heterodimers whereas SIDXS3 lacks DXS activity possibly due to impaired binding of
the cofactor thiamine diphosphate (TPP). In the second chapter of the thesis, we
demonstrate that IPP and DMAPP allosterically inhibit the activity of bacterial (E.coli)

and plant (tomato) DXS enzymes EcDXS and SIDXS1 by directly binding away from



the active site of the enzyme. IPP and DMAPP binding was found to promote
monomerization of the active DXS dimer. DXS monomers expose hydrophobic domains
that are otherwise hidden in the dimer and can cause their aggregation and eventual
degradation. We propose that DXS monomerization might be a relatively fast and
reversible response to high IPP/DMAPP levels, whereas monomer aggregation and
removal would represent a slow and irreversible response when excess IPP/DMAPP
persists. In the third and last chapter part of the thesis, we investigate the possible effect
of IPP and DMAPP on the activity of the next enzyme of the MEP pathway, DXS
reductoisomerase (DXR), and a DXR-like (DRL) enzyme that replaces DXR in some
bacteria. We found that IPP/DMAPP also feedback inhibit DXR activity (but not DRL).
Similar to that described for DXS, regulation of DXR activity by IPP/DMAPP might
have two phases. Competition of [IPP/DMAPP with the DXR cofactor NADPH cofactor
for binding to the active site of the enzyme would define the first phase, whereas the
observation that DMAPP may also allosterically inhibit DXR by monomerization of the
active dimer might represent a second (slow and non-reversible) phase. These results
help us to understand the complexity of the feedback regulation network that operates at
several steps of the MEP pathway and represent a solid foundation to eventually

improving MEP pathway flux.
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General Introduction

General Introduction

0.1 Sustainable development

The United Nations Sustainable Development Goals (SDGs) were released in 2015,
identifying 17 SDGs and 169 targets to drive progress towards a sustainable future for
humanity and the planet for the next 15 years (Conference & Goals, 2015). In 2019,
some achievements had been completed but others remain challenging, including the
lack of food security. In this regard, an ambitious action has to be carried out, starting
from 2020, to complete those goals in the rest decade (Fontana & Oldekop, 2020; Lalitha
& Radhakrishnamurty, 2020).

0.1.1 Food nutritional quality

SDG2 and SDG3 are, respectively, ‘Ending hunger, improving food security and
nutrition, promoting sustainable agriculture’ and ‘Ensuring healthy lives and promoting
life quality of well-being’ (Assembly & Goals, 2015). Apart from the lack of food supply,
a major problem is the issue of wide-scale malnutrition due to restricted access to healthy
food, e.g., by the explosion of population or by unhealthy food habits (Tripathi et al.,
2018). Food security is not only about the adequacy of food calories, but also about the
availability of a proper combination and balance of carbohydrates, proteins and fats. In
addition, diverse essential micronutrients, such as zinc, iron, iodine, vitamins, and
minerals are required for people’s health. Currently, 2 billion people in the world are
suffering from micronutrient deficiencies, which could even lead to fatality (Singh et al.,
2017; Godfray et al., 2010; Tripathi et al., 2018). Increased prevalence of overweight,

obesity, coronary heart disease, stroke and diabetes, due to poor diet quality, results in
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an even higher death rate than alcohol, drug and tobacco abuse combined (Willett et al.,

2019).

Plants can be used as ‘green’ biological factories to produce food, feed, medicines, and
biomaterials (Nogueira et al., 2018). Besides, micronutrients (vitamins, minerals), fibers
and a wide array of phytochemicals in fruits and vegetables play a significant positive
role in people’s health (Yahia et al., 2018). Indeed, epidemiological studies show that a
plant-based diet helps to reduce the risk of diabetes, chronic diseases and cancer. People
with high uptake of vegetables and fruits in their diet have only one-half of the cancer
risk than those who take lower (Singh et al., 2009; Singh et al., 2014). In this regard,
from the promotion of a healthy life’s point of view, enriching plant-derived food
products with micronutrients becomes a promising solution to alleviate the malnutrition

issue, and therefore reduce the risk of chronic diseases.

0.1.2 Sustainable and clean energy

With the fast development of society, the depleting natural resources and the degrading

environmental quality put our planet at risk. Based on the abovementioned situation,

SDG7 aims at * Ensuring access to affordable, reliable, sustainable and modern energy
for all people’. Building an economic world that is free of reliance on petroleum
derivatives and on hurtful arrangements and practices is an appealing topic (Haines,
2021). Bioethanol, the most utilized biofuel created by organisms, could be a promising
solution (Azhar et al., 2017). However, most of the currently commercialized bioethanol
is currently derived from corn or sugarcane feedstocks, which requires agrarian land and
therefore undermines food security. Biodiesel, as the predominant renewable fuel for
transportation in Europe, is derived from the transesterification of vegetable oils.
Nevertheless, the production of such biodiesel also requires farming land that could

somehow be utilized to develop food crops (Walls & Rios-Solis, 2020). In order to meet
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the goals of sustainable development, the development of new biofuels is a must. In this
context, growing research interests have been focused on the investigation of natural
isoprenoids with medium chain length and fatty acid-derived hydrocarbons as

alternative biofuels (Jiménez-Diaz et al., 2017).

0.2 Isoprenoid nutrients and chemicals

Isoprenoids (also called terpenoids) are a family with more than 50,000 identified
compounds, which makes them one of the largest and most structurally diverse groups
of natural products (Kemper et al., 2017). They are present in archaea, bacteria, plants,
animals and fungi, playing a wide diversity of biological functions. According to the
number of carbons of their biosynthetic precursor, isoprenoids can be classified as
hemiterpenoids (derived from precursors with 5 carbons), monoterpenoids (10 carbons),
sesquiterpenoids (15 carbons), diterpenoids (20 carbons), triterpenoids (30 carbons) and
tetraterpenoids (40 carbons). Lots of isoprenoids have a huge potential for practical
applications in pharmaceutical treatments (paclitaxel and artemisinin), food, feed and
cosmetics (carotenoids, tocopherols and coenzyme Q10), or biofuels (farnesene and

pinene), among others (Vickers et al., 2017).
0.2.1 Isoprenoids benefit health

Isoprenoids, as natural products, can have biological activities in the counteraction and
treatment of human diseases (Wang et al., 2005). They show biological activities such
as anti-inflammatory, anti-aggregatory, anti-oxidative, anti-tumor, anti-coagulative
effects, analgesic and sedative (Zhao et al., 2016). These compounds are able to balance
blood coagulation and hemostasis, immunostimulants, and boost antioxidant activity to
benefit human health by interacting with key molecular players in animal and human

physiology (Nuutinen, 2018; Wagner & Elmadfa, 2003). The diterpenoid drug Taxol
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(used as an anticancer drug) and artemisinin (used as an antimalarial) are two well-

known examples (Tetali, 2019).

In addition to its huge potential in the pharmaceutical industry, isoprenoids have great
benefits for human health as health-promoting phytonutrients. Carotenoids like -
carotene, lycopene, lutein, B-cryptoxanthin, and zeaxanthin are natural pigments
showing a color range from yellow to red, but they are also powerful natural antioxidants.
Carotenoids with unsubstituted B-rings are also precursors of an important micronutrient:
vitamin A. Moreover, dietary carotenoid products can also prevent diseases like type-2
diabetes, cancer, obesity and other age-related diseases, and help maintain
cardiovascular health (Rodriguez-Concepcion et al., 2018). Tocopherols (vitamin E) are
also a group of plant isoprenoids with antioxidant properties that are strongly
recommended in the human diet. Therefore, improving the production of the
abovementioned nutrients as well as other health-related isoprenoids in crop plants such
as rice, maize, and tomato should substantially contribute to improve our diet and hence

our life quality (Nogueira et al., 2018).

0.2.2 Isoprenoids as clean energy

Looking for advanced alternative biofuels is meaningful for sustainable development.
The compact cyclic structures of isoprenoids give them great potential as high-density
fuels (Walls & Rios-Solis, 2020). Being potential alternatives to petroleum-based fuels,
some monoterpenes and sesquiterpenes have attracted a huge interest (Peralta-Yahya et
al., 2012). However, the complex chemical structures of these compounds complicate
the use of conventional organic synthesis strategies for their production at commercial
scale with a competitive cost. On the other hand, the production of such compounds in
plants requires a long growth cycle and is susceptible to environmental influences

(Tippmann et al., 2013; Walls & Rios-Solis, 2020). Using microbial cell bio factories to
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produce heterologous isoprenoids with properties as renewable feedstocks can be a

promising strategy to provide a sustainable solution at a relatively low cost.

0.3 IPP and DMAPP

0.3.1 Prenyldiphosphates

Isopentenyl diphosphate (IPP, C5SH1207P2) and its highly electrophilic double-bond
isomer dimethylallyl diphosphate (DMAPP) (Figure 0.1) are the 5-carbon (C5) building
blocks of all isoprenoids. Addition of different number of IPP molecules to a DMAPP
core creates prenyldiphosphates of increasing size which are the starting points for the
biosynthesis of isoprenoids (Mcgarvey & Croteau’, 1995; Luthra et al., 1999; Wang et
al., 2019). Thus, one IPP and one DMAPP produce geranyl diphosphate (GPP), the
precursor for the formation of C10 monoterpenoids. Two IPP and one DMAPP
molecules form farnesyl diphosphate (FPP) and one more IPP results in geranylgeranyl
diphosphate (GGPP). FPP and GGPP are the precursors of C15 sesquiterpenoids and
C20 diterpenoids, respectively. Two FPP molecules condense head-to-head to form
squalene, a precursor of C30 triterpenoids (including sterols). Phytoene is a precursor of
C40 tetraterpenoids (carotenoids) formed by the head-to-head condensation of two

molecules of GGPP.

IPP

Figure 0. 1. Chemical structure model of IPP and DMAPP. The carbon atoms are shown as gray balls,
the phosphate atoms are shown as orange balls, the oxygen atoms are shown as red balls and the hydrogen

atoms are shown as white balls (PubChem).
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0.3.2 IPP and DMAPP biosynthetic pathway

In archaea and the cytosol of eukaryotic cells, IPP is derived from the mevalonic acid
(MVA) pathway, and then MV A-derived IPP is isomerized to DMAPP by isopentenyl
diphosphate isomerase (IDI). In most bacteria and the plastids of plant cells, IPP and
DMAPP are simultaneously produced by the 2-C-methyl-D-erythritol 4-phosphate
(MEP) pathway (Rodriguez-Concepcion & Boronat, 2002; Rohdich et al., 2003). While
archaea, fungi and animals normally use the MVA pathway to synthesize their
isoprenoid precursors, plants use the MV A pathway in the cytosol and the MEP pathway
in plastids (Figure 0.2) . Bacteria often use the MEP pathway, but there are many
exceptions. A few bacteria use the MV A pathway instead of the MEP pathway, whereas
others possess the two full pathways, and some parasitic strains lack both the MV A and
the MEP pathways (probably because they obtain their isoprenoids from host cells). The
astonishing metabolic plasticity of microorganisms has also led to shunt pathways and
alternative enzymes to the canonical reactions of the MVA and MEP pathways (Erb et

al., 2012; Pérez-Gil & Rodriguez-Concepcion, 2013).

The MVA pathway is a six-step reaction pathway starting from acetyl-CoA (Figure 0.2).
Acetyl-CoA acetyltransferase (AACT) is a class II thiolase that condenses two acetyl-
CoA molecules into acetoacetyl-CoA. Then acetoacetyl-CoA with another acetyl-CoA
molecule is converted into 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by HMG-
CoA synthase (HMGS). MVA is eventually produced via HMG-CoA in two reduction
steps catalyzed by the enzyme HMG-CoA reductase (HMGR) with the participation of
NADPH as the reductant. HMGR is considered the main rate-controlling enzyme of the
MVA pathway (Rodriguez-Concepcion & Boronat, 2015). Two different classes of
HMGR have been described: class I HMGR enzymes are found predominantly in
archaea and eukaryotes, whereas bacteria usually possess HMGR class I enzymes

(Pérez-Gil & Rodriguez-Concepcion, 2013). In the following steps of the pathway,
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MVA is then phosphorylated in two successive phosphorylation steps catalyzed by
MVA kinase (MVK) and 5-phospho-MVA (MVP) kinase (PMK). IPP is produced by
the ATP-dependent decarboxylation of 5-diphospho-MVA (MVPP) catalyzed by MVPP
decarboxylase (MVD). IPP which can be further isomerized to DMAPP by IDI. In some
organisms, these last steps of the MVA are different (Pérez-Gil & Rodriguez-
Concepcion, 2013). In particular, some archaea have an MVP decarboxylase (PMVD)
enzyme that catalyzes the transformation of MVP to isopentenyl phosphate (IP), which
then is converted into IPP by the enzyme IP kinase (IPK) (Grochowski et al., 2006).
Two types of IDI enzymes are found to interconvert IPP and DMAPP. Type I IDI is
present in bacteria and eukaryotic organisms (including plants) and it requires a divalent
metal cofactor for activity, while type II IDI is found in archaea and bacteria and it

requires reduced flavin and divalent metal cofactors for activity (Rohdich et al., 2004).

The MEP pathway involves seven enzyme-catalyzed steps (Figure 0.2). The Cl1
aldehyde group of glyceraldehyde-3-phosphate (GAP) and pyruvate are used to produce
deoxyxylulose 5-phosphate (DXP) by DXP synthase (DXS) with the release of CO»
(Lois et al., 1998; Lange et al., 1998; Sprenger et al., 1997). DXS is considered the main
rate-controlling enzyme of the MEP pathway (Rodriguez-Concepcion & Boronat,
2015b). In the following step of the pathway, DXP is intramolecularly rearranged and
reduced to MEP in a reaction catalyzed by DXP reductoisomerase (DXR) (Lange &
Croteau, 1999; Schwender et al., 1999; Takahashi et al., 1998). MEP is subsequently
converted to 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-ME) and
phosphorylated to 2-phospho-4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-
MEP) by the enzymes MEP cytidylyltransferase (MCT) and CDP-ME kinase (CMK),
respectively. CDP-MEP is subsequently converted to 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (MEcPP) by MEcPP synthase (MDS). MEcPP is further reduced to 4-
hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP) by HMBPP synthase (HDS). In
the last step of the MEP pathway, the enzyme HMBPP reductase (HDR) transform
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HMBPP into a mix of IPP and DMAPP with an approximate ratio of 5:1 (Rodriguez-
Concepcion & Boronat, 2002; Eisenreich et al., 2004; Bouvier et al., 2005;). Similar to
that described for the MV A pathway, shunt pathways and alternative enzymes have been
proposed for some steps of the MEP pathway (Pérez-Gil & Rodriguez-Concepcion,
2013).For example, DXP can be produced from S-adenosylmethionine in the
photosynthetic proteobacterium Rhodospirillum rubrum (Benjamin et al., 2012; Warlick
et al., 2012) whereas some bacteria lack a canonical DXR enzyme and utilize a different
protein named DXR-like (DRL) to catalyze the conversion of DXP into MEP (Sangari
et al., 2010).

Compared with the MVA pathway, the MEP pathway has a higher theoretical capacity
for the production of isoprenoid precursors, which has stimulated extensive research on
further improving MEP pathway flux in microbial and plant systems (Rude & Schirmer,
2009; Vickers et al., 2015). However, the most successful approaches for the production
of isoprenoid end-products have been achieved by improving the supply of IPP and
DMAPP by using the MVA pathway whereas engineering the MEP pathway has
provided only partial success. The production of industrially relevant compounds from

MEP-derived precursors is still far from the predicted maximum yields of the pathway.
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Figure 0. 2. Schematic representation of the main pathways that lead to the synthesis of isoprenoid
precursors. Abbreviations are spelled out in the text.

0.4 Key enzymes in the MEP pathway

0.4.1 DXS

As the first enzyme in the MEP pathway, a variety of research indicates that DXS
catalyzes the main rate limiting step of the pathway. Metabolic control analyses have
shown that no other MEP pathway enzyme has a higher flux control coefficient in
bacteria or plant systems (Volke et al., 2019; Wright & Phillips, 2014). In agreement
with this central role in the regulation of the MEP pathway flux, the level of plastidial
isoprenoid end-products can be changed by overexpression or reduction of DXS levels
(Enfissi et al., 2005; Estévez et al., 2001; Morris et al., 2006). Endogenous DXS activity
is regulated at multiple levels, including transcriptional, and post-translational

(Rodriguez-Concepcion & Boronat, 2015). When high MEP-derived IPP and DMAPP
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synthesis is demanded, e.g., for a peak production of carotenoids, the transcripts
encoding DXS accumulate in deetiolating seedlings of Arabidopsis thaliana (Estevez et
al., 2000), and ripening fruit of pepper and tomato (Bouvier et al., 1998; Enfissi et al.,
2005). DXS activity is also tightly regulated at the post-translational level (Banerjee &
Sharkey, 2014; Hemmerlin, 2013). The activity of the DXS enzyme is inhibited by IPP
and DMAPP (Banerjee et al., 2013; Ghirardo et al., 2014). and the level of DXS protein
increases when the levels of IPP and DMAPP decrease, e.g., after blocking of the MEP
pathway (Guevara-Garcia et al., 2005; Han et al., 2013) or consumption by downstream
pathways (Ghirardo et al., 2014; Rodriguez-Villalon et al., 2009). In Arabidopsis, the J-
protein J20 was found to bind to inactive forms of DXS and deliver them to degradation
by the stromal Clp protease (Flores-Pérez et al., 2008; Pulido et al., 2013; Zybailov et
al., 2009). However, whether the post-translational feedback inhibition by IPP and
DMAPP influence DXS protein stability is still unknown (Rodriguez-Concepcion &
Boronat, 2015).

While bacteria typically contain a single DXS-encoding gene, plants usually have small
gene families that produce several DXS proteins which can be grouped in three distinct
classes: class 1, 2 and 3 (Cordoba et al., 2011; Saladié et al., 2014; Walter et al., 2002).
However, not all plants have DXS isoforms from these three clases. For example,
Arabidopsis thaliana contains three DXS-encoding genes (two of class 1 and one of
class 3) but only the class 1 DXS/CLAI gene has been shown to encode an active DXS
(Phillips et al., 2008). The tomato genome includes one gene per class (Walter et al.,
2015). Enzymes belonging to class 1 are mostly classified as housekeeping. They
include Arabidopsis DXS/CLA1 and tomato DXS1. Consistently, loss of these enzymes
in Arabidopsis and in tomato cause a lethal albino phenotype (Garcia-Alcazar et al.,
2017; Mandel et al., 1996). In contrast, class 2 proteins are typically involved in the
synthesis of specific (or secondary) isoprenoids involved in defense responses and

signaling (Walter et al., 2002). Arabidopsis lacks a class 2 DXS enzyme, whereas the

10
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tomato DXS2 is mostly found in trichomes of leaves and petals (Paetzold et al., 2010).
Class 3 proteins are considered to lack functional DXS activity because they miss critical
amino acids required to bind thiamine diphosphate (TPP), a cofactor required for DXS
activity. Phylogenetic studies suggest that class 3 DXS isoforms emerged later than class
1 and class 2, whereas co-expression analysis of the Arabidopsis DXS3 gene showed
association to genes involved in post-embryonic development and reproduction instead

of metabolism or isoprenoid synthesis (Luna-Valdez et al., 2021).

DXS is a highly conserved dimeric protein in bacteria and plants. DXS protein
monomers contains three domains (I, II, and III), which are homologous to the
equivalent domains in related TPP-dependent enzymes such as transketolase and the E1
subunit of pyruvate dehydrogenase. However, DXS has a unique arrangement among
these three domains, as its active site is located at the interface of domains I and II in the
same monomer. The enzymatically active protein is a dimer in which domain I of one
monomer is directly located above domains II and III of the same monomer and two
monomers with the same structure are arranged side by side (Figure 0.3). In the dimer,
the TPP cofactor is buried in the active site with the C-2 atom of its thiazolium ring

exposed to a pocket that is the substrate-binding site (Xiang et al., 2007).

11
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Figure 0. 3. Crystal structure of DXS from E.coli. The two monomers that form the active dimer are
distinguished by color (green and blue). Image generated from structural data available at protein data
bank.

0.4.2 DXR

DXR is the second enzyme in the MEP pathway, converting DXP into MEP (Figure 0.2).
Because DXP is a precursor for the production of TPP and pyridoxal phosphate in
bacteria (Julliard & Douce, 1991), DXR is actually considered the first committed step
of the MEP pathway. However, the degree of DXR control over the metabolic flux of
the MEP the pathway is still unclear. DXR acts as a rate-limiting enzyme in some plants
and tissues but not in others. For instance, in Arabidopsis thaliana, overexpression of
DXR increases the levels of plastidial isoprenoids (chlorophylls, carotenoids and
taxadiene) (Carretero-Paulet et al., 2006). In peppermint, overexpression of DXR also
increases essential oil isoprenoids (Mahmoud & Croteau, 2001). However, in tomato
fruits, neither the transcription level nor the protein level of DXR is affected during

carotenoid accumulation (Rodriguez-Concepcion et al., 2001).

DXR protein is classified as a class B dehydrogenase that uses NADPH as a cofactor

and contains three domains: (i) a large N-terminal NADPH-binding domain which

12
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exhibits an o/ topology with a seven-stranded parallel B-sheet and seven a-helices, (ii)
a connective or linker domain which comprises five helices and a four-stranded p-sheet
with one parallel and two antiparallel alignments, and (iii) a smaller C- terminal alpha-
helical domain which is a four-helix bundle and is joined to the connective domain by

an extended loop. The active enzyme is a dimer with crystal symmetry (Sweeney et al.,

2005) (Figure 0.4).
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Figure 0. 4. Crystal structure of DXR from E.coli. The monomers in the active dimer molecule are
distinguished by color (blue and purple). Image generated from structural data available at (Yajima et al.,
2002).

A few bacteria (such as some Brucella and Bartonella strains) lack a canonical DXR
enzyme and utilize a different protein named DXR-like (DRL)to catalyze the conversion
of DXP into MEP (Sangari et al., 2010). The presence of DRL enzymes in bacteria
lacking the MEP pathway suggests that their initial activity is independent of isoprenoid
metabolism (Sangari et al., 2010). DRL belongs to an uncharacterized protein family
predicted to have oxidoreductase features with sequence similarity to DXR only in the
NADPH-binding domain. Furthermore, the active sites arrangement is different between

DXR and DRL. As a consequence, the compound fosmidomycin (FSM) inhibits DXR
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but has little effect on DRL activity in vitro (Pérez-Gil et al., 2012; Pérez-Gil &

Rodriguez-Concepcion, 2013).

0.5 The research and industry value of tomato and E.coli

Tomato (Solanum lycopersicum L.) has a huge importance for the food industry because
of its fruits, which contain several health-promoting compounds (including vitamins,
carotenoids, and phenolics) (Marti et al., 2016) and can be commercialized in a variety
of forms (e.g., as soups, juices, ketchup or in fresh) (Krauss et al., 2005; Y. Li et al.,
2018). Besides, tomato is widely used as a model plant system due to features like fleshy
fruit, compound leaves and sympodial shoots, which distinguishes it from other model
plants (Arabidopsis or rice) (Kimura & Sinha, 2008). Furthermore, research in tomato
can easily be applied to other Solanaceae plants (including potato, pepper, tobacco and

eggplant) because they are closely related.

Escherichia coli (E.coli) is universally used as a model organism in molecular biology
and biochemistry. Because of its rapid growth, easy genetic manipulation, and its
relative metabolic simplicity, it is also popular as microbiological bio factory to produce
isoprenoids of interest such as carotenoids or biofuels. Unfortunately, the supply of IPP
and DMAPP via its native MEP pathway is typically insufficient for commercially-
relevant applications because of the tight regulation of this pathway (Walls & Rios-Solis,
2020). Significantly improved isoprenoid synthesis has been achieved by using
heterologous MV A pathway to supply IPP and DMAPP (Rodriguez-Villalon et al., 2008;
Ward et al., 2018). However, the metabolic burden resulting from multigene expression
needs to be considered (Liu et al., 2019). Hence, mechanisms such as the feedback
regulation of the MEP pathway should be better understood to use the endogenous
bacterial (and plant) pathway to overproduce isoprenoids meeting the industry

requirements.
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IPP and DMAPP are the C5 building blocks required for the biosynthesis of all isoprenoids, a
family of metabolites with high commercial value and health-related properties. In most bacteria
and the plastids of plants, IPP and DMAPP are simultaneously produced by the MEP pathway.
Biotechnological approaches directed towards increasing the production of isoprenoids of
interest by up-regulating the MEP pathway to supply more IPP and DMAPP precursors have
obtained results that are still far from the predicted maximum yields of the pathway. One of the
main drawbacks to successfully increase MEP-derived supply of IPP and DMAPP is the self-
repression of the pathway due to feedback regulation by its products, [IPP’/DMAPP. At the start
of this PhD, it was known that this feedback regulation occurred at the level of DXS, the first
and main flux-controlling enzyme of the MEP pathway. Specifically, it was reported that
increased IPP/DMAPP levels were able to inhibit DXS enzyme activity and lead to reduced
DXS protein levels. However, the specific mechanism connecting changes in IPP/DMAPP
levels with altered DXS levels and activity was unknown. On the other hand, the possible
inhibition of other MEP pathway enzymes by IPP/DMAPP had not been tested. The main
objective of this thesis was to address these open questions using Escherichia coli and tomato
(Solanum lycopersicum) as bacterial and plant models, respectively. To achieve this goal, we

proposed two main objectives:

Objective 1: To reveal the molecular mechanism behind the feedback regulation of DXS
by IPP/DMAPP. DXS is encoded by a single gene in E. coli but three genes in tomato. We
proposed to systematically characterize the tomato DXS family and select the best candidate for
subsequent studies with this protein and the bacterial enzyme to analyze the possible binding of
IPP/DMAPP and the consequences eventually causing a reduced DXS activity in vivo and in

vitro.
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Objective 2: To investigate the feedback regulation of other MEP pathway enzymes by
IPP/DMAPP. Because DXR can be considered as the first enzyme completely exclusive of the
MEP pathway, we used the E. coli and tomato DXR enzymes and the DXR-like protein from
Brucella abortus to test their possible inhibition by IPP/DMAPP and eventually the underlying

mechanism.
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Chapter 1. Exploring the function of the three tomato DXS isoforms

1.1 Introduction

The enzyme 1-deoxy-D-xylulose-5-phosphate synthase (DXS) is the first enzyme of the
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, which produces IPP and DMAPP
precursors for plastidial isoprenoids such as monoterpenes, carotenoids, chlorophylls,
tocopherols, phylloquinone and plastoquinone. In tomato, DXS is encoded by 3 different
genes encoding isoforms SIDXS1 (Solyc01g067890), SIDXS2 (Solyc11g010850), and
SIDXS3 (Solyc08g066950) with 719, 714 and 709 amino acid residues, respectively.
They belong to DXS class 1 (SIDXS1), class 2 (SIDXS2) and class 3 (SIDXS3). Class
1 and 2 are thought to be true DXS enzymes. Class 1 are considered housekeeping
isoforms required to produce essential isoprenoids such as photosynthetic pigments,
whereas class 2 isoforms are also expressed in tissues harboring non-photosynthetic
plastids and induced in response to environmental (biotic and abiotic) cues, being
required for the synthesis of specific isoprenoids involved in defense responses and
stress signaling (Walter et al., 2002). Class 3 proteins are considered to lack DXS

function.

The primary structures of class 1 and 2 DXS enzyme are highly conserved between
species and there is no biochemical difference in the function of the two isoforms
(Walter et al., 2002). Complementation of Escherichia coli mutants defective in DXS
activity demonstrated that both SIDXS1 and SIDXS2 are enzymatically active (Paetzold
et al., 2010). However, they play very different physiological roles. Mutants defective
in SIDXS1 exhibit albinism and are unable to develop, indicating a non-redundant role

of SIDXS2 and SIDXS3 and supporting a major role for SIDXS1 in the production of
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essential, photosynthesis-related isoprenoids (Garcia-Alcéazar et al., 2017). SIDXS1 also
supports the production of carotenoids that takes place during fruit ripening (Lois et al.,
2000). SIDXS2 transcripts show a much more restricted distribution than those encoding
SIDXS1 as they are mainly found in trichome-rich organs, especially in leaves and fully
open flowers (Paetzold et al., 2010). Mutants defective in SIDXS2 are not available yet,
but the partial silencing of SIDXS2 expression in tomato by RNAI resulted in decreased
levels of the monoterpene B-phellandrene and increased level of two sesquiterpenes in
trichomes (Paetzold et al., 2010). Because monoterpenes derive from the plastidial MEP
pathway but sesquiterpenes usually derive from the cytosolic mevalonic acid (MVA)
pathway, it was proposed that SIDXS2 might somehow alter ratios of MEP to MVA

pathway allocation. No experimental data are available for SIDXS3.

Here we aimed at systematically characterizing the three tomato DXS isoforms, SIDXSI1,
SIDXS2 and SIDXS3, in the same set of experiments to better understand their function.
In particular, we carried out a unified and complete analysis of their expression profiles,
DXS activity and subcellular localization. In addition, we explored possible interactions

between isoforms by forming heterodimers.

1.2 Results

1.2.1 Genes for tomato DXS isoforms are differentially expressed

To investigate the expression patterns of SIDXS1, SIDXS2 and SIDXS3 in tomato, the
gene expression profiles of the three genes were obtained from the eFP browser

(http://bar.utoronto.ca/efp _tomato/cgi-bin/efpWeb.cgi) (Fig. 1.1). SIDXS! is highly

expressed in all tomato organs and tissues, including roots, leaves, flowers and fruits
(particularly at the later stages of ripening). In contrast, SIDXS2 is mainly expressed in

flowers and leaves. SIDXS?2 transcripts are also present in fruit but only during the early
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stage of their development. SIDXS3 maintains low expression level in all organs and

tissues (Fig. 1.1a).

In order to further investigate the spatial expression of the three tomato DXS-encoding
genes in fruit, data from different fruit tissues were obtained from the tomato expression

atlas (http://tea.solgenomics.net/). The expression level of SIDXS! is similar to that of

SIDXS?2 during early stages of fruit ripening, while the expression level of SIDXS3 is
much lower (Fig.1.1). The transcript level of SIDXS! increases in most fruit tissues but
not in seeds during ripening (Fig.1.1b), whereas SIDXS?2 transcripts decrease in most
fruit tissues but increase in seeds during ripening (Fig.1.1c). Unlike the other two
isoforms, SIDXS3 is expressed at similar level in seeds and other tissues during fruit
ripening (Fig.1.1d). These results suggest isoform-specific roles of these isoforms in

different tissues and particularly during fruit ripening and seed development.
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Figure 1. 1. Expression profiles of SIDXS1, SIDXS2 and SIDXS3 genes. (a) Transcript levels of the
three SIDXS isoforms in different organs of the tomato cultivar M82. (b) to (¢) Transcript levels of

SIDXS1 (b), SIDXS2 (c) and SIDXS3 (d) in different fruit tissues of the tomato cultivar M82.

1.2.2 SIDXS1 and SIDXS2 are true DXS enzymes

SIDXS1, SIDXS2 and SIDXS3 protein sequences were analyzed with Target P

(https://services.healthtech.dtu.dk/service.php?TargetP-2.0), a predictor of subcellular

localization, to estimate the length of their putative plastid-targeting sequence.

Sequences lacking the predicted plastid-targeting peptides were amplified from a tomato
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ripe fruit cDNA library using gene-specific oligonucleotides. Then the amplified
SIDXS1, SIDXS2, SIDXS3 cDNAs were cloned in a pBluescript vector under the control
of the T7 promoter to test the enzymatic activity of the three isoforms by complementing
the dxs-deficient E.coli strain ECAB4-2 (Sauret-Giieto et al., 2006). The genome of this
strain harbors a synthetic mevalonate (MVA) operon that allows bypassing the lethal
disruption of the DXS gene by producing IPP and DMAPP when MVA is supplied to
the growth medium (Fig. 1.2). The transformed strains were grown in LB media with
and without MV A. All transformed strains can grow when MVA is supplied because the
MVA operon converts it into IPP and DMAPP, hence allowing the survival and growth
of the cells. However, when MV A is not provided, the dxs-deficient strain can only grow
when a functional DXS enzyme is present in the supplied construct (Fig. 1.2a). The
EcABA4-2 strain transformed with the E. coli gene encoding DXS (EcDXS), SIDXS1 and
SIDXS2 can survive when MVA is not supplied, while the strain transformed with
SIDX3 and empty vector cannot survive without MVA (Fig. 1.2b). These results show
that EcDXS, SIDXS1 and SIDXS2 have DXS activity, but SIDXS3 doesn’t.

39



a MVA

f |

N

GAP + Piruvat
MVA *
l DXP
MVP J
l MEP
MVPP
\ N
IPP «—DMA

~

i

pBSK-
empty
SK-

IDXS1, SIDXS2, SIDXS3

SIDXS1

_ Chapter 1

-

-

GAP + Piruvat

J DXS
MVA
l DXP
MVP J
MVPP MEEP
& PN
|IPP «—>DMA

-

SIDXS2

SIDXS3

Figure 1. 2. DXS complementation analysis. (a) Model of complementation of the DXS deficient E.coli
strain ECAB4-2. (b) Growth of EcAB4-2 cells transformed with the indicated constructs on LB plates
supplemented either with or without MVA.

1.2.3 Modeling of SIDXS1, SIDXS2 and SIDXS3 protein structures

The class 3 DXS proteins are thought to lack functional DXS activity because key amino

acid positions are not conserved in the thiamine pyrophosphate (TPP) binding pocket

( Luna-Valdez et al., 2021). However, no experimental proof is available because it is

difficult to obtain DXS protein crystals. Conformational changes during the catalytic

cycle (Decolli et al., 2019; Zhou et al., 2017) and proteolytic degradation (Altincicek et
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al., 2000; Gierse et al., 2021; Song et al., 2007) led to a low number of available DXS
crystal structures. We decided to exploit the available structural information for
comparative protein structure modeling (Eswar et al., 2008; Pieper et al., 2006). We used
the cryo-electron microscopy structure of the 4. thaliana DXS protein (7bzx.1.A) (Yu
et al., 2021) as a template to compare the 3-dimensional structures of SIDXS1, SIDXS2

and SIDXS3 using SWISS-MODEL (https://swissmodel.expasy.org/) based on the

target-template alignment using ProMod3 (Table 1.1 and Fig 1.3). Similar coverage to
the target sequence was observed for three SIDXS proteins: 0.92 (72-706) for SIDXSI,
0.91 (68-702) for SIDXS2 and 0.92 (69-696) for SIDXS3 (Fig 1.3a). However, the
sequence identity of SIDXS1, SIDXS2 and SIDXS3 with the template is 88.75%, 73.93%
and 58.24%, respectively, illustrating their diversity. The Ramachandran plot, which
represents the energetically favored regions for backbone dihedral angles against of
amino acid residues in protein structure, showed values of 88.63%, 87.28% and 86.18%
for SIDXS1, SIDX2 and SIDXS3, respectively (Table 1.1 and Fig 1.3b). The Global
Model Quality Estimate (GMQE), which evaluates the combined properties from the
target-template alignment and the template structure, was 0.72, 0.70 and 0.65 for
SIDXS1, SIDXS2 and SIDXS3, respectively, showing a good reliability of the
prediction (Table 1.1).

Table 1. 1 Results of protein modeling by Swiss-model

Sequence Ramachandran QMEANDIsCo
Gene Template Coverage  Range QMEAN
Identity Favoured Global
SIDXS1  7bzx.1. A 88.75% 0.92 72-706 88.13% 0.72 0.73£0.05
SIDXS2  7bzx.1. A 73.93% 0.91 68-702 87.28% 0.70 0.72+0.05
SIDXS3  7bzx.1. A 58.24% 0.92 69-696 86.18% 0.65 0.68+0.05
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Figure 1. 3. Modeling of tomato DXS protein structures. (a) SIDXSI, SIDXS2 and SIDXS3 protein
structures modeled by Swiss-Model. The three domains in the monomers are distinguished by colors: pink
for domain I, orange for domain II and purple for domain III. (b) The Ramachandran plots of SIDXSI,
SIDXS?2 and SIDXS3.

Interaction of DXS proteins with their ligands (such as substrates or cofactors) is
necessary for their enzymatic activity. In order to identify ligand-binding sites in

SIDXS1, SIDXS2 and SIDXS3, the three protein models were uploaded to the 3D

Ligand Site (https://www.wass-michaelislab.org/3dlig/index.html) web server, which is

one of the top-performing for the prediction of ligand-binding sites according to the
Critical Assessment of techniques for protein Structure Prediction (CASPS) (Wass &
Sternberg, 2009). Based on the prediction, SIDXS1 and SIDXS2 have three binding sites
which involve the thiamine diphosphate (TPP) cofactor, pyruvate (PYR) substrate and
ion ligands (Fig. 1.4). However, SIDXS3 has four binding sites, which involve flavin-
adenine dinucleotide (FAD), PYR and ion ligands. In particular, sodium (Na*) and
potassium (K*) are predicted ligands at the first binding site of all three DXS proteins,

whereas magnesium (Mg?"), calcium (Ca**) and manganese (II) (Mn?*) are ion ligands
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at the second binding site of SIDXS1. Only Mg?* and Ca** binding was predicted with
SIDXS?2 at the second binding sites and SIDXS3 at the third binding sites, respectively.
In contrast, FAD and PYR are ligands at the second binding site of SIDXS3 with Glu253,
Pro249, Asn241, Tyrl145, Vall18, Thr117, Prol11 residues. Highly conserved residues
participate in TPP binding (His, Asp, Ile, Glu, and Phe) in the active site of DXS
enzymes from E. coli, D. radiodurans, and A. thaliana (Xiang et al., 2007). The same
conserved residues are found in SIDXS1 (His145, Asp245, [le447, Glu449 and Phe474)
and SIDXS2 (His141, Asp241, Ile443, Glu445 and Phe470) at the third binding site,
with TPP, PYR and sulfate (SO4*) as ligands (Fig. 1.4). However, neither conserved
residues nor predicted TPP binding site could be found in the SIDXS3 protein. Chloride
(Cl)) and PYR, rather than TPP, are the predicted ligands at the fourth binding site of
SIDXS3 with Glu252, Arg549, Val251, Glu253, Glu420 and Lys250 residues. Based on
the prediction of binding sites, the active site of SIDXS3 is not conserved and cannot
bind the TPP ligand. This might be the main reason to explain SIDXS3 lacking DXS
activity. Based on these results, we focused on SIDXS1 and SIDXS2 for the rest of

experiments.
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Figure 1. 4. Ligand binding sites predicted for DXS protein. (a) The binding sites are represented in
different colors. The blue ball indicates the second cluster; The orange ball indicates the third cluster (TPP,
PYR, SO4* binding); The green ball indicates the first cluster (Na*, K* binding); The purple and yellow
ball from SIDXS3 indicates the second and fourth clusters (FAD and PYR binding). (b) The conserved
residues at the TPP binding site of SIDXS1 and SIDXS2 and the residues at the PYR binding site of
SIDXS3.

1.2.4 SIDXS1 and SIDXS2 can form heterodimers

To investigate the subcellular localization of SIDXS1 and SIDXS2, the full-length
tomato DXS proteins fused to a RFP (35S5:SIDXS1-RFP) or GFP (35S:SIDXS2-GFP) at
the C-terminus were transiently expressed by agroinfiltration in Nicotiana benthamiana
leaves (Fig. 1.5). Agroinfiltrated leaves were used for direct observation under a
confocal microscope to identify the fusion proteins based on their fluorescence. Both
fusion proteins were localized in chloroplasts and showed a spotted distribution similar
to that of the GFP-tagged Arabidopsis DXS protein, DXS-GFP (Pulido et al., 2013,
2016). Furthermore, the fluorescence signals from SIDXS1-RFP and SIDXS2-GFP
fusion proteins were observed to overlap (Fig. 1.5a), suggesting that they might be

forming heterodimers.

To confirm whether SIDXS1 and SIDXS2 could physically interact, co-
immunoprecipitation assays were next performed (Fig. 1.5b). Instead of fluorescent
proteins that are known to dimerize themselves, for this experiment we fused the tomato
isoforms to smaller tags that could be recognized using commercial antibodies.
Constructs with SIDXS1 harboring a Myc tag (SIDXS1-Myc) and SIDXS2 with a
hemagglutinin (HA) tag (SIDXS2-HA) at their C-terminal ends were co-expressed in V.
benthamiana leaves. As a control, we used a Myc-tagged version of Arabidopsis
phosphoribulokinase, a stromal enzyme of the Calvin cycle (PRK-Myc) (Barja et al.,
2021). After immunoprecipitation with an anti-Myc antibody, samples were analyzed
by immunoblot analysis using anti-Myc and anti-HA antibodies. The results

conclusively showed that SIDXS2-HA could be co-immunoprecipitated using SIDXS1-
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Myc but not with PRK-Myec, suggesting that SIDXS1 and SIDXS2 can form complexes
in vivo (Figl.5b)

a b
Input Co-IP
DXS1-Myc  PRK-Myc DXS1-Myc PRK-Myc
DXS2-HA  Dxs2-HA DXSZHA A DXs2.HA DXS2-HA
@<y { | —
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Figure 1. 5. Interaction of SIDXS1 and SIDXS2. (a) Representative confocal microscopy images of a
N. benthamiana leaf cell transiently co-expressing SIDXS1-RFP and SIDXS2-GFP fusion proteins. Red
autofluorescence from RFP, green fluorescence from GFP, blue autofluorescence from chlorophyll and
merged channels are shown. (b) Co-immunoprecipitation of SIDXS1-Myc and SIDXS2-HA. N.
benthamiana leaves were co-agroinfiltrated with the indicated proteins. A fraction of the protein extracts
(Input) was used to test protein production using immunoblot analyses with antibodies against Myc or
HA. After immunoprecipitation (Co-IP) of the remaining protein extracts using anti-Myc, samples were
used for immunoblot analyses with anti-Myc (to confirm successful immunoprecipitation) and anti-HA

(to detect the presence of co-immunoprecipitated HA-tagged proteins).
In order to confirm whether SIDXS1 and SIDXS2 might form enzymatically active
heterodimers, the corresponding monomers were first computationally separated from

their dimer structure by pymol and then they were used to create a virtual heterodimer

with ZDOCK SERVER (https://zdock.umassmed.edu/). The interaction structure model

with the highest docking score (2619.573) was selected and then further analyzed with
Pymol 2.3.0 and LIGPLOT 2.2.4. According to the Zdock result, the monomers of
SIDXS1 and SIDXS2 are arranged side by side to form a heterodimer that shows the
same structure than SIDXS1 or SIDXS2 homodimers (Fig.1.6). The residues around the
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protein-protein interaction interface can form numerous hydrophobic interactions and

hydrogen bonds that help stabilize the protein-protein complex (Fig.1.6).
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Figure 1. 6. SIDXS1 and SIDXS2 heterodimer model. SIDXS1 monomer is shown in pink and SIDXS2
monomer in blue. Strong hydrogen bonds forming at the interface of the two monomers are shown in the

magnification.

1.3 Discussion

SIDXS1, SIDXS2 and SIDXS3 genes in tomato encode two DXS isoforms with specific
features (SIDXS1 and SIDXS2) and another protein with unknown function (SIDXS3).
SIDXS1 appears to act as a housekeeping isoform to contribute to phytohormone and
photosynthetic pigment synthesis and hence it is expressed at higher levels than the other
two genes in most tissues of the tomato plant (Fig. 1.1). Its strong upregulation in the
pericarp and other fruit tissues besides seeds during ripening is consistent with a
predominant participation of this isoform in the massive production of carotenoids that
changes the fruit color from green to red (Lois et al., 2000). By contrast, the more
restricted distribution of transcripts for SIDXS2 suggests more specialized roles for this
isoform. Indeed, SIDXS2 was found to be required for the synthesis of specific
isoprenoids involved in defense responses and signaling (Paetzold et al., 2010)(Walter
et al., 2002). The increasing expression of SIDXS?2 in seeds as they mature (a process

occurring concomitantly with fruit ripening) suggests that this isoform might also
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provide precursors for isoprenoid production in seed or/and embryonic tissues. SIDXS3
expresses at very low-level during tomato plant growing and ripening (Fig. 1.1).
Consistent with our conclusion that SIDXS3 is not a true DXS (Fig. 1.2), DXS3 proteins
from Arabidopsis, maize, and rice have also been found to lack functional DXS activity

in complementation assays like the one used in our work (Luna-Valdez et al., 2021).

DXS enzymes convert glyceraldehyde-3-phosphate (GAP) and PYR to DXP with a loss
of CO; in a reaction that requires a divalent cation (Mg?" or Mn?") and uses TPP as the
cofactor at the active site (Lois et al., 1998; Lange et al., 1998; Sprenger et al., 1997).
The residues in the active site are strictly conserved in E. coli/ D. radiodurans and A.
thaliana DXS sequences (His80/82/146, Aspl152/154/208, 11e368/371/448,
Glu370/373/450/418, and Phe395/398/475, respectively). We found that loss of TPP
binding might explain the lack of DXS activity in SIDXS3 (Fig. 1.4), as previously
suggested ( Luna-Valdez et al., 2021). According to the 3D Ligand Site prediction, the
TPP ligand binding site can be found only in SIDXS1 and SIDXS2 with the conserved
residues of His 145/141, Asp 245/241, 11e447/443, Glu449/445, and Phe 474/470,
respectively. Both SIDXS1 and SIDXS2 were confirmed to be located in chloroplasts,
where the MEP pathway takes place (Fig. 1.5a). Moreover, the subplastidial localization
of SIDXS1 and SIDXS2 was found to be the same as the fluorescence from fusion
proteins to RFP and GFP showed a clear overlapping (Fig. 1.5a). Co-
immunoprecipitation assays further showed that SIDXS1 and SIDXS2 can form
complexes in vivo (Fig. 1.5b), whereas structure modeling confirmed that SIDXS1 and
SIDXS2 monomers could form heterodimers similar to DXS homodimers hence
catalytically active (Fig. 1.6). The potential biological function of such heterodimers is
difficult to predict. In the tomato plant, SIDXS1 and SIDXS2 transcripts are found in
many tissues, but sometimes they show opposite accumulation profiles (e.g. during fruit
ripening and seed development). Interestingly, they are expressed at similar levels in

young (1-2cm) fruit (Fig. 1.1), suggesting that SIDXS1-SIDXS2 heterodimers might be
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preferentially formed at phases of rapid growth. It is also possible that SIDXS3 may
interact with SIDXSI1 or SIDXS2 to form SIDXS1-SIDXS3 or SIDXS2-SIDXS3
heterodimers that might contribute to decrease the DXS activity of SIDXS1 and SIDXS2
isoforms. However, the virtually constitutive profile and low expression level of SIDXS3

argues against a major regulatory role for this protein.
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Chapter 2. Allosteric feedback inhibition of DXS involves

monomerization of the active dimer

2.1 Introduction

Isoprenoids (also known as terpenoids or terpenes) are a vast family of natural
compounds produced in all free-living forms of life. Despite their astonishing variety
both at the structural and functional levels, all isoprenoids derive from the universal
building blocks isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP). In nature, two different pathways are responsible for the synthesis of IPP and
DMAPP (Rodriguez-Concepcion & Boronat, 2015). The mevalonate (MVA) pathway
is present mainly in eukaryotes and archaea and uses acetyl-CoA as an initial substrate
whereas the methylerythritol 4-phosphate (MEP) pathway is found in most bacteria and
produces IPP and DMAPP from pyruvate and glyceraldehyde 3-phosphate (GAP). In
plants both pathways coexist but in different subcellular compartments. The MVA
pathway produces IPP and DMAPP in the cytosol to synthesize sterols and
sesquiterpenes, whereas the MEP pathway is located in plastids and produces the
precursors of plastidial isoprenoids such as monoterpenes, carotenoids, and the side

chains of chlorophylls, tocopherols, phylloquinones and plastoquinone.

The first step of the MEP pathway is catalyzed by the enzyme deoxyxylulose 5-
phosphate (DXP) synthase (DXS), which uses pyruvate and GAP to generate DXP. DXP
is converted into MEP by the next enzyme of the pathway, DXP reductoisomerase
(DXR). Metabolic control analyses showed that DXS is the enzyme with the highest flux
control coefficient of the MEP pathway and consequently the primary rate-limiting step

of the pathway both in bacteria and plants (Volke et al., 2019; Wright et al., 2014).
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Consistent with this central role in the regulation of pathway flux, DXS activity is
regulated at multiple levels including transcriptional, post-transcriptional and post-
translational (Pokhilko et al., 2015; Pulido et al., 2013, 2016; Rodriguez-Concepcion et
al., 2019; Yu et al., 2021). Several reports have highlighted the importance of the
metabolic regulation of the MEP pathway (Banerjee & Sharkey, 2014; Pokhilko et al.,
2015; Rodriguez-Concepcion & Boronat, 2015). Labeling experiments suggested a
negative feedback regulation of plant DXS activity by MEP pathway products, IPP and
DMAPP (Wolfertz et al., 2004), which was later confirmed both in vitro and in
vivo (Aparajita Banerjee et al., 2013, 2016; Wright et al., 2014). Interestingly, MEP
pathway flux has been observed to also modulate DXS protein levels in plants (Ghirardo
et al., 2014; Han et al., 2013; Pokhilko et al., 2015). The feedback regulation of DXS
levels and activity was shown to stabilize the plant pathway flux against changes in
substrate supply and adjust it according to product demand under normal growth
conditions (Pokhilko et al., 2015). More recently, in vitro assays have shown a similar
feedback regulation for several bacterial DXS enzymes (Kudoh et al., 2017), but in

vivo confirmation is still missing.

The initial crystallization of a truncated Escherichia coli DXS (Song et al., 2007) was
recently followed by reported structures of DXS enzymes from another
bacterium, Deinococcus radiodurans (Chen et al., 2019), and from the model
plant Arabidopsis thaliana (Yu et al., 2021). From these studies it was concluded that
the active enzyme is a dimer and that a highly hydrophobic surface is present in the
interface of the two monomers. Computational analysis of the monomer structure
suggested that these hydrophobic domains increase the aggregation propensity of the
protein (Pulido et al., 2016). Arabidopsis DXS was actually found to easily aggregate,
leading to subsequent degradation by the plastidial Clp protease complex. When stress
conditions compromise the proteolytic capacity of the plastid, however, disaggregation

rather than degradation is promoted for spontaneous refolding and reactivation of DXS
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(Pulido et al., 2013, 2016). The high aggregation propensity of DXS was also confirmed
in cyanobacteria (Kudoh et al., 2017) and E. coli (Kudoh et al., 2017), whereas the
involvement of the Clp protease in DXS degradation has also been described in
tobacco (Nicotiana tabacum) leaves (Moreno et al., 2018), tomato (Solanum
lycopersicum) fruit (D’Andrea et al., 2018), the malaria parasite Plasmodium

falciparum (Florentin et al., 2017) and E. coli (Ninnis et al., 2009).

Considering (a) that reduced IPP and DMAPP levels result in higher DXS activity and
protein levels, (b) that DXS activity requires dimerization, (c) that monomers expose
aggregation-prone hydrophobic domains, and (d) that aggregation normally leads to
DXS degradation, we hypothesized that high IPP or DMAPP levels might displace the
equilibrium towards the monomeric (i.e., inactive) conformation of the enzyme. If
sustained, high IPP and DMAPP would lead to DXS monomer aggregation and eventual
degradation. Here we tested this hypothesis using bacterial (E. coli) and plant (tomato)

DXS enzymes.

2.2 Results

2.2.1 IPP/DMAPP inhibit EcDXS activity in vivo

Feedback regulation of DXS by MEP pathway products (IPP/DMAPP) has been
described both in vitro and in vivo in plants (Banerjee et al., 2013; Wolfertz et al., 2004;
Wright et al., 2014), but only in vitro in bacteria (Kudoh et al., 2017). To validate the
effect of IPP and DMAPP on the activity of E. coli DXS (EcDXS) in vivo, we used
engineered strains harboring a synthetic MV A operon that allows the production of IPP
and DMAPP when MVA is supplied to the growth medium (Sauret-Giieto et al., 2006).
To accurately detect changes in DXS activity, we used the ECAB4-10 strain, which lacks
DXR and hence it is unable to convert DXP into MEP and downstream IPP and DMAPP
(Sangari et al., 2010; Sauret-Giieto et al., 2006). Survival of ECAB4-10 cells was allowed
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by supplementing the growth medium with MV A, which was converted into IPP and
DMAPP by the synthetic MV A operon (Sauret-Giieto et al., 2006). ECAB4-10 cells were
grown at 37°C in LB medium in the presence of 0.5 or 10 mM MVA and collected
during the exponential phase to ensure steady-state conditions. Intracellular metabolites
were then extracted and measured by LC-MS. IPP and DMAPP were quantified together
due to the technical difficulty of separating these double-bond isomers. As expected,
increasing amounts of intracellular MVA were measured in MVA-supplemented
cultures, demonstrating the uptake of the molecule from the medium (Fig. 2.1). Also as
expected, IPP/DMAPP levels were much increased in cells growing with 10 mM MVA
compared to those growing with 0.5 mM MVA (Fig. 2.1). By contrast, DXP levels were
much lower with 10 mM MVA, which is consistent with the conclusion that enhanced
IPP/DMAPP levels cause a reduction of EcDXS activity in living cells (Fig. 2.1). It is
important to note that ECAB4-10 cells growing with 10 mM MVA did not show any
growth impairment compared to those growing with 0.5 mM MVA (Fig. 2.1), suggesting
that the amounts of MV A-derived IPP/DMAPP were not reaching the very high levels
previously reported to trigger toxicity (Bongers et al., 2020; George et al., 2018). Taken
together, these results confirm that the negative feedback mechanism reported to control
the activity of DXS also operates in vivo to decrease the activity of the bacterial EcDXS

enzyme when IPP/DMAPP levels are increased.
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Figure 2. 1. Metabolite levels in MVA-supplemented EcAB4-10 cells. E. coli cells of the EcAB4-10
strain were grown in the presence of 0.5 or 10 mM MVA and collected during exponential phase (steady-
state) for metabolite extraction and quantification by LC-MS. Bar plots represent relative values of cell
growth measured by its optical density at 600 nm (OD600) and intracellular levels of MVA, DXP and
IPP/DMAPP. Dots represent individual values. Mean and standard deviation of the n=4 replicates are

shown. The p values of Student t-test analyses are also indicated.

2.2.2 IPP/DMAPP directly interact with DXS

Based on kinetic analyses and structural modeling, it was suggested that IPP and
DMAPP might inhibit the activity of DXS by competing with its cofactor, thiamine
diphosphate (TPP), for its binding site (Banerjee et al., 2013, 2016). However, direct
evidence is missing. In order to experimentally confirm this model, the interaction of
DXS with IPP and DMAPP was assessed by isothermal titration calorimetry (ITC).
Specifically, we tested purified 6xHis tagged versions of the full-length EcDXS protein
or a truncated version of the tomato SIDXS1 isoform lacking the N-terminal plastid
targeting peptide. However, the purified EcDXS protein was found to rapidly aggregate

in solution and therefore we decided to only use the plant SIDXS1 enzyme for the ITC
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experiments together with TPP, IPP or/and DMAPP as ligands. Based on the
thermograms obtained and the corresponding binding isotherms using 20 pM SIDXSI1
in the sample cell solution and 200 uM of the ligand in the syringe solution, we
confirmed the interaction with TPP, as expected, with a dissociation constant (Kd) of
4.2 uM (Table 2.1 and Fig. 2. 2). IPP and DMAPP were also found to interact with the
plant enzyme, showing similar dissociation constants (Kd of 2.2 uM for IPP and 1.7 pM
for DMAPP). Similar Kd values were also found when the SIDXS1 protein was
preincubated with 100 uM TPP in the sample cell (Kd of 1.2 uM for IPP and 4.3 uM for
DMAPP), suggesting the absence of competition for the TPP binding (i.e. active) site
and consequently the existence of an unrelated binding site for [IPP/DMAPP (Table 2.1
and Fig. 2. 2).
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Figure 2. 2. Analysis of SIDXS1 interaction with metabolite ligands. ITC plots were obtained from the
titration of 20 uM SIDXS1 (either alone or with 100 uM TPP) with 200 uM TPP, IPP or DMAPP as
indicated. Assays were performed at 25 °C in 50 mM HEPES, 150 mM NaCl buffer. The plots in the
upper panel show the thermogram (raw thermal power as a function of time), and the plots in the lower
panel show the binding isotherm (heat released per injection normalized per mole of ligand injected as a
function of the molar ratio, [ligand]/[protein], in the calorimetric cell). The solid lines represent the best

fits of the experimental data after non-linear lest-squares analysis using a single-site binding model.
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Table 2. 1 Dissociation constant of SIDXS1 interaction with metabolite ligands.

Protein Ligands K M) Ka (uM)
TPP 2.3-10° 4.23
SIDXS1 IPP 4.5-10° 2.23
DMAPP 5.8-10° 1.71
IPP 8.1 10° 1.22
SIDXS1+TPP
DMAPP 2.3-10° 4.32

To explore whether binding of IPP and DMAPP had any effect on SIDXS1 structure,
the protein was mixed with 50 uM TPP in the absence or presence of 50 uM IPP or
DMAPP and then analyzed by dynamic light scattering (DLS). In the absence of
IPP/DMAPP the estimated radius of the protein (5.8 nm) correlates with the dimeric
form of the enzyme, of about 150 kDa. By contrast, in the presence of either IPP or
DMAPP the peak shifted to a smaller radius while the range of particle sizes increased
(Fig. 2.3). From these data we speculated that IPP and DMAPP binding might somehow
interfere with the dimerization of SIDXS1, displacing the monomer-dimer equilibrium
to the monomeric forms that might eventually aggregate forming the high molecular

weight particles detected by DLS (Fig. 2.3).
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Figure 2. 3. DLS analysis of purified SIDXS1 with ligands. Recombinant SIDXS1 (20 pM) was
premixed with 50 pM TPP and analyzed in the absence (black line) or presence of 50 uM IPP (blue line)

or 50 uM DMAPP (orange line). For each measurement, 5 acquisitions of 5 seconds were taken.
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2.2.3 IPP/DMAPP promote monomerization of bacterial and plant DXS enzymes

To further validate our interpretation of DLS experiments, we analyzed whether the
oligomeric state of DXS enzymes from E. coli (EcDXS) and tomato (SIDXS1) changed
in the presence of high levels of IPP/DMAPP in vivo. We initially expressed constructs
encoding 6xHis-tagged versions of the full length EcDXS protein or the truncated
SIDXS1 protein lacking the N-terminal plastid targeting peptide in the E. coli strain
EcAMS, which harbors the MVA operon in a BL21(DE3) background (Rodriguez-
Villalén et al., 2008). Transformed cells were grown at 37°C until exponential phase
and then arabinose and IPTG were added to induce the expression of the MV A operon
and the recombinant DXS enzyme, respectively. Cultures were also supplemented with
0, 1 or 10 mM MVA and then incubated for 3 additional hours at 26°C. The quaternary
structure of recombinant DXS proteins in the cultures was analyzed by PAGE-SDS
followed by immunoblot analysis with an anti-6xHis antibody after incubating total
protein extracts with the crosslinker dimethyl suberimidate (DMS). In the presence of
increasing concentrations of MVA, i.e., as IPP/DMAPP levels increased, the proportion
of dimers decreased whereas monomeric forms of both EcDXS and SIDXS1 increased
(Fig. 2.4). The structural change was even clearer when representing the dimer to
monomer ratio (Fig. 2.4). These results demonstrate that high [PP and DMAPP levels
decrease the proportion of active DXS dimers and increase the amounts of monomeric

(inactive) forms of both bacterial and plant enzymes when expressed in E. coli cells.
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Figure 2. 4. Increasing IPP/DMAPP levels promote monomerization of bacteria and plant DXS
enzymes in E. coli. EcAMS5-1 cells were transformed with constructs to express 6xHis-tagged versions
of bacterial (EcDXS) and plant (SIDXS1) enzymes and positive transformants were grown in media
supplemented with the indicated amounts of MVA. Upper panels show representative images of
immunoblot analyses with anti-6xHis antibodies. The position of dimers (D) and monomers (M) is
indicated. Quantification of D and M abundance from immunoblot analyses of n>3 independent
experiments is represented in the plots. Individual data points as well as mean and standard deviation are
represented. Numbers in the lower plots indicate p values (one-way ANOVA with Dunnett’s multiple

comparisons test).

In order to validate the results obtained with the tomato SIDXS]1 protein using a plant
system, we agroinfiltrated constructs encoding the full-length protein in
tobacco (Nicotiana benthamiana) leaves. The amount of IPP/DMAPP in leaf cells was

modulated using the MEP pathway inhibitor fosmidomycin (FSM) and the carotenoid

biosynthesis inhibitor norflurazon (NF). While both inhibitors cause a bleaching
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phenotype due to the photooxidative damage associated to the loss of carotenoids (Fig.
2.5a), FSM causes a drop in IPP/DMAPP levels whereas NF is expected to increase the
amount of these isoprenoid precursors by preventing their consumption by the
carotenoid pathway. Leaf bleaching associated to the activity of these inhibitors, which
were added to the agroinfiltration mixture, was clearly observed at 5 dpi (days post-
inoculation) (Fig. 2.5a). This time point was selected to take samples for LC-MS
analysis of MEP pathway intermediates as well as for protein extraction and immunoblot
analysis using an anti-DXS serum (Pulido et al., 2013). Our LC-MS method was not
sensitive enough to detect IPP/DMAPP in agroinfiltrated tobacco leaves but we could
successfully quantify the levels of DXP, MEP and the downstream intermediate
methylerythritol-cyclodiphosphate (ME-cPP). FSM treatment caused an accumulation
of DXP and a drop in MEP and MEcPP levels compared to untreated controls. By
contrast, NF treatment reduced the levels of DXP, MEP and MEcPP, as expected
considering that increased IPP/DMAPP levels should result in lower DXS activity.
Consistent with our interpretation, the dimer to monomer ratio of SIDXS1 decreased in
plant leaves treated with NF (Fig. 2.5b). Also, in agreement with the results previously
obtained in E. coli, reduced IPP/DMAPP levels in FSM-treated samples led to an
increased dimer to monomer ratio compared to mock-treated controls (Fig. 2.5b). This
negative correlation between dimer to monomer ratio and IPP/DMAPP levels strongly
supports our conclusion that IPP and DMAPP are able to modulate DXS activity in
vivo by interfering with the formation of the active dimeric form of the enzyme in both

bacterial and plant systems.
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Figure 2. 5. Changing IPP/DMAPP levels modulate monomerization of SIDXS1 in N. benthamiana.
Leaves from N. benthamiana plants were infiltrated with constructs to produce SIDXS1 together with

either water (control) or inhibitors, and samples were collected 5 days later. (A) Representative images of
the leaves. (B) Immunoblot analyses of protein extracts with anti-DXS antibodies. The position of dimers
(D) and monomers (M) is indicated in the upper panel, which shows the result of a representative
experiment. Quantification of D and M abundance from immunoblot analyses of n>3 independent
experiments is represented in the plots. Individual data points as well as mean and standard deviation are
represented. Numbers in the lower plots indicate p values (one-way ANOVA with Dunnett’s multiple

comparisons test).

2.2.4 IPP/DMAPP promote DXS aggregation in bacteria and plant cells

DXS monomers expose highly hydrophobic domains that make them prone to
aggregation (Pulido et al., 2016). To test whether [PP/DMAPP-induced monomerization
of EcDXS and SIDXS1 proteins favored their aggregation, we expressed 6xHis-tagged
versions of both proteins in ECAMS cells, induced IPP/DMAPP accumulation in vivo by

supplementing the growth medium with 1 or 10 mM MVA, and then isolated proteins
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from soluble and insoluble fractions for immunoblot analysis with anti-6xHis serum (Fig.
2.6). Most of the recombinant EcDXS and SIDXSI1 proteins were found in the soluble
fractions, with no major differences in the presence or absence of MVA (Fig. 2.6). In
the insoluble fraction, however, the amounts of EcDXS and SIDXS1 increased in MV A-
supplemented cells (i.e., when IPP/DMAPP levels increased), resulting in a higher ratio

of insoluble (aggregated) vs. soluble (disaggregated) protein (Fig. 2.6).
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Figure 2. 6. Increasing IPP/DMAPP levels promote aggregation of bacteria and plant DXS enzymes
in E. coli. EcAMS cells were transformed with constructs to express 6xHis-tagged versions of bacterial
(EcDXS) and plant (SIDXS1) enzymes and positive transformants were grown in media supplemented
with the indicated amounts of MVA. Upper panels show representative images of immunoblot analyses
with anti-6xHis antibodies. Extracts corresponding to soluble (S) and insoluble/aggregated (I) proteins are
indicated. Quantification of S and I abundance from immunoblot analyses of n>3 independent experiments

is represented in the plots. Individual data points as well as mean and standard deviation are represented.
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Numbers in the lower plots indicate p values (one-way ANOVA with Dunnett’s multiple comparisons
test).

The aggregation status of the SIDXS1 protein was confirmed in plant cells by observing
the accumulation of a GFP-tagged fusion, SIDXS1-GFP. Arabidopsis DXS enzymes
fused to GFP are localized in the plastid stroma but they can also be observed forming
a spotted distribution corresponding to aggregates when overexpressed (Perello et al.,
2016; Pulido et al., 2013, 2016). As expected, transient overexpression of SIDXS1-GFP
in N. benthamiana leaves also led to the formation of fluorescent speckles identified by
confocal laser scanning microscopy (Fig. 2.7). Quantification of the number of
fluorescent spots (i.e. SIDXS1-GFP aggregates) per chloroplast in leaves treated with
inhibitors altering IPP/DMAPP levels showed higher amounts with FSM and lower with
NF compared to untreated controls (Fig. 2.7). The size of the spots, however, was higher
in NF samples, in agreement with the conclusion that SIDXS1 aggregation increases

when IPP/DMAPP levels increase.
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Figure 2. 7. Changing IPP/DMAPP levels modulate monomerization of SIDXS1 in N. benthamiana.
Leaves from N. benthamiana plants were infiltrated with constructs to produce SIDXS1 together with

either water (control) or inhibitors, and samples were collected 5 days later. (a) Representative images of
the leaves. (b) Immunoblot analyses of protein extracts with anti-DXS antibodies. The position of dimers
(D) and monomers (M) is indicated in the upper panel, which shows the result of a representative
experiment. Quantification of D and M abundance from immunoblot analyses of n>3 independent
experiments is represented in the plots. Individual data points as well as mean and standard deviation are
represented. Numbers in the lower plots indicate p values (one-way ANOVA with Dunnett’s multiple

comparisons test).

2.3 Discussion

The regulation of the MEP pathway to produce the building blocks required for the
biosynthesis of isoprenoids (IPP and DMAPP) has revealed to be rather complex,
encompassing transcriptional, post-transcriptional, post-translational and metabolic

levels (Banerjee & Sharkey, 2014; Hemmerlin, 2013; Rodriguez-Concepcion & Boronat,
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2015; Vranova et al., 2013). This is especially relevant for the first enzyme of the
pathway (DXS), which catalyzes the TPP-dependent conversion of pyruvate and GAP
into DXP in the main rate-limiting step of the pathway (Volke et al., 2019; Wright et al.,
2014). Here we show that the mechanism by which accumulation of intracellular IPP
and DMAPP inhibits the activity of DXS is conserved in bacteria and plant plastids and
it involves (i) direct binding of IPP/DMAPP to DXS in a location different from the
TPP-binding active site, followed by (ii) enhanced monomerization of the enzyme, and
eventually (iii) aggregation of the inactive monomers. This mechanism allows a short-
term response to a sudden increase or decrease in IPP/DMAPP supply (by rapidly
shifting the dimer-monomer equilibrium accordingly) but also a long-term response if
IPP/DMAPP abundance persists (as monomers aggregate and become unavailable to

form active DXS dimers).

DXS, in its dimeric active form, has been described as a three-domain polypeptide with
domains I and II from the same chain involved in the formation of the active site and the
binding of TPP. Domain III is involved in the formation of the dimer interface that
includes a highly hydrophobic surface that remains unexposed to the solvent in the dimer
(Chen et al., 2019; Song et al., 2007). The reaction mechanism involves the formation
of a covalent intermediate between enzyme-bound TPP and pyruvate, followed by the
GAP-stimulated decarboxylation of the bound pyruvate, and incorporation of GAP to
the remaining fragment to generate DXP (Chen et al., 2019; Song et al., 2007; Vranova
et al., 2013). Using a recombinant DXS protein from the tree Populus
trichocarpa (PtDXS), it was proposed that IPP and DMAPP might compete with TPP
for its pocket in the active site formed in each of the two subunits of the homodimer,
with Ki values of ca. 65 pM for IPP and 81 uM for DMAPP (Banerjee et al., 2013). This
competition is striking, however, considering that TPP is generally thought to be tightly
bound as an integral part of DXS but also that it functions as a cofactor of many enzymes

unrelated to isoprenoid synthesis for whom a regulation by IPP/DMAPP might not be
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physiologically meaningful. Experimental data from enzyme activity assays could not
be fit to standard competitive inhibition kinetics and instead it was proposed a negative
cooperative model in which binding of IPP/DMAPP to one of the DXS monomers would
somehow hamper the binding of a second molecule to the other subunit of the
homodimer (Banerjee et al., 2013). Furthermore, mutation of residues at the PtDXS
active site that were predicted to be critical for binding the IPP/DMAPP carbon chain
were found to have opposite effects on IPP-mediated inhibition of enzyme activity
(Banerjee et al., 2016). Our ITC experiments using SIDXS1 in the presence of an excess
of TPP, IPP and DMAPP confirmed that these three small diphosphate metabolites could
indeed interact with the enzyme but showed Kd values for IPP and DMAPP that were
very similar in the absence or presence of TPP (Table 2.1 and Fig. 2.2). These results
argue against a direct competition of IPP/DMAPP for the TPP binding site in DXS and
instead suggest the existence of an alternative binding site for the MEP pathway products.
The inconsistencies between these two models of DXS inhibition by IPP/DMAPP might
derive from the underlying methodologys, i.e., enzymatic vs. calorimetric assays. ITC is
a powerful tool to study protein/ligand binding interactions that involves directly
measuring the heat that is released or absorbed in real time when one solution is titrated
into another (Wang et al., 2020) ITC is capable of providing information on enzymatic
reactions that is difficult to obtain using traditional (indirect) biochemical assays. In
particular, the use of DXS substrates (pyruvate) together with additional metabolites
(dihydroxyacetone phosphate) and enzymes (triose-phosphate isomerase from rabbit
muscle) in the reaction mixtures previously used to determine the inhibition dynamics
of IPP/DMAPP (Banerjee et al., 2013) might have resulted in interferences influencing

the final interpretation of the data.

Allosteric regulation of protein function occurs when the binding of a molecule either
activating or inhibiting the activity of the protein takes place away from the active site.

This differs from competitive inhibition wherein the inhibitor binds to the active site and
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prevents the protein’s natural substrate gaining access. In contrast with the previously
proposed model of negative cooperative inhibition of TPP binding by IPP/DMAPP
(Banerjee et al., 2013, 2016), our data supports the conclusion that IPP/DMAPP-
mediated inhibition of DXS is truly allosteric as the modulation of enzyme activity
involves binding outside the active site. Many proteins are allosterically regulated with
a variety of mechanisms (Laskowski et al., 2009). Our model of [PP/DMAPP inhibition
of DXS activity is a typical example of allosteric regulation in which the downstream
products of a biosynthetic pathway down-regulate the activity of the enzyme catalyzing
the first committed step through feedback inhibition, hence ensuring that pathway flux
is adjusted to end-product usage (Gerhart, 2014; Ruszkowski, 2018; Wang et al., 2020).
In most cases, binding of the ligand inhibits enzyme activity by promoting a
conformational change (Laskowski et al., 2009). Because prediction of the energetics
and mechanisms of protein conformational changes by ITC remains very challenging,
we used DLS to initially address this possibility. Indeed, our results showed that
IPP/DMAPP binding disrupts the dimeric structure of the active SIDXS1 enzyme,
causing a peak shift towards smaller (monomeric) forms (Fig. 2.3). Further analysis of
EcDXS and SIDXS1 dimeric and monomeric forms by immunoblot experiments
confirmed a decreased dimer to monomer ratio when levels of IPP and DMAPP
increased in living bacteria (Fig. 2.4) and plant cells (Fig. 2.5). Changes in the
dimer:monomer ratio triggered by allosteric regulation has been observed in different
proteins, including receptors, membrane translocators (Jaipuria et al., 2017) and
enzymes (Seetoh & Abell, 2016). In the case of DXS, however, IPP/DMAPP-mediated
monomerization was found to be linked to increased aggregation both in bacteria (Fig.
2.6) and plastids (Fig. 2.7). DXS exists in a bimodal distribution of open and closed
conformations. In the catalytic reaction mechanism described for DXS, the dimeric
enzyme adopts a closed conformation when pyruvate binds the TPP-containing active

site, and then changes to an open state upon GAP binding (Chen et al., 2019; Decolli et
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al., 2019b; Zhou et al., 2017). In the open conformation, solvent-accessible areas are
increased in different segments near the active site, exposing hydrophobic domains in
the interface of the two monomers which are normally buried in the quaternary structure
of closed dimer. This might partially explain the previously observed propensity to
aggregation of this protein in plants (Pulido et al., 2013, 2016) and microbes (Kudoh et
al., 2017; Kudoh et al., 2017). Most interestingly, DXS monomers fully expose the
aggregation-prone domains (Pulido et al., 2016). We therefore conclude that high
IPP/DMAPP levels shift the dimer:monomer equilibrium of DXS to monomeric forms
for rapid down-regulation of enzyme activity. Monomers would be expectedly available
for immediate dimerization and hence enzyme reactivation upon return of [IPP/DMAPP
to steady state levels. However, if [IPP/DMAPP levels remain high (e.g., by a blockage
in their consumption by downstream isoprenoid biosynthetic pathways), monomers

would remain available for aggregation to drastically reduce DXS activity.

pyr + GAP
[ ® .
—
© /1 lCIpP
DXP ----- > PP/

Figure 2. 8. Model of the molecular mechanism involved in the allosteric feedback inhibition of DXS.
The first step of the MEP pathway is the production of DXP from pyruvate and GAP, a reaction catalyzed

by DXS. The active DXS enzyme is a dimer and requires binding of the cofactor TPP (represented as
black circles) to the active site present in each of the subunits. Allosteric changes induced by binding of
IPP/DMAPP shifts the dimer:monomer equilibrium towards the monomeric (inactive) forms, causing an
immediate down-regulation of enzyme activity. If monomers are not used to make new dimers (e.g., due
to the presence of high IPP/DMAPP levels), exposed hydrophobic domains can lead to monomer
aggregation and eventual degradation by Clp protease complex (ClpP), resulting in a sustained removal
of DXS activity.
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Our model, summarized in Fig. 2.8, not only provides a mechanistic explanation of how
MEP-derived IPP and DMAPP supply can be adapted to changes in their demand but it
can also explain the changes in DXS protein levels observed after long-term interference
of the MEP pathway flux (Ghirardo et al., 2014; Han et al., 2013; Pokhilko et al., 2015).
In particular, genetic or pharmacological reduction of IPP/DMAPP levels cause an up-
regulation of DXS protein levels without concomitant changes in gene expression
(Ghirardo et al., 2014; Han et al., 2013; Pokhilko et al., 2015), whereas mutants unable
to produce carotenoids and hence expectedly accumulating higher IPP/DMAPP levels
(similar to NF treatments) showed an opposite phenotype of reduced DXS protein levels
(Pokhilko et al., 2015). Under non-stressed conditions, DXS aggregates are degraded by
the Clp protease complex in different organisms, including plants but also
microorganisms (Andrea et al., 2018; Florentin et al., 2017; Moreno et al., 2018; Ninnis
et al., 2009; Pulido et al., 2013, 2016). We therefore propose that a prolonged shortage
of IPP/DMAPP might lead to mostly dimeric (i.e., soluble and enzymatically active)
DXS whereas sustained IPP/DMAPP abundance would cause an enhanced
monomerization and aggregation of the protein, eventually resulting in their efficient

removal by the Clp protease (Fig. 2.8).

In summary, we discovered an evolutionary conserved and mechanistically simple
system in which the MEP pathway products IPP and DMAPP (the universal precursors
of all isoprenoids) allosterically control the activity of DXS (the main rate-limiting
enzyme of the pathway) by modulating the equilibrium between dimeric (active) and
monomeric/aggregated (inactive) forms of the enzyme. Peak demands of MEP pathway
products (e.g., to produce monoterpenes in response to a pathogen attack or carotenoids
upon a high light stress) would decrease the amount of IPP/DMAPP, promoting DXS
dimerization and hence maximizing activity to increase pathway flux. By contrast,
reduced IPP/DMAPP consumption causing the build-up of these metabolites would

promote DXS monomerization, which could eventually result in aggregation and
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subsequent proteolytic removal of the protein(Fig. 2.8). Overall, these results improve
our surprisingly scarce knowledge of how the MEP pathway is regulated (Banerjee &
Sharkey, 2014; Kipchirchir Bitok & Meyers, 2012; Pokhilko et al., 2015). The MEP
pathway, probably the main metabolic pathway elucidated in this century (Rodriguez-
Concepcion & Boronat, 2002), provides the precursors for a large diversity of
isoprenoids with high added value from the industrial and nutritional points of view.
Understanding its regulation, in particular that of its main enzyme, DXS, is therefore a
must for the rational design of biotechnological endeavors aimed at increasing

isoprenoid contents in microbial and plant systems.
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Chapter 3. Feedback inhibition of DXR (but not DRL) by

IPP/DMAPP

3.1 Introduction

The methylerythritol 4-phosphate (MEP) pathway synthesizes isopentenyl diphosphate
(IPP) and its double-bond isomer dimethylallyl diphosphate (DMAPP), the universal
precursors for the synthesis of isoprenoids in most bacteria and in plant plastids.
Isoprenoids include metabolites with high added value as pigments, nutrients, chemicals
or drugs, and increasing the metabolic flux through the MEP pathway by genetic
engineering is one of the key factors contributing to improve isoprenoid production in
bacterial and plant biofactories (Rodriguez-Concepcion & Boronat, 2002). The first two
pathway enzymes, deoxyxylulose 5-phosphate (DXP) synthase (DXS) and DXP
reductoisomerase (DXR) are often targets to overexpress in order to promote the
metabolic flux of the MEP pathway. Because DXS-produced DXP is also required for
the production of non-isoprenoid metabolites such as thiamin diphosphate (vitamin B1)
and pyridoxal phosphate (vitamin B6) in bacteria, DXR can be considered as the first
enzyme completely exclusive of the MEP pathway (Rodriguez-Concepcion & Boronat,

2002).

DXR is a NADPH-dependent enzyme that converts DXP into MEP in the first
committed step of the pathway (Koppisch et al., 2001; Kuzuyama et al., 2000; Takahashi
et al., 1998). DXR enzymes contain three domains: a large N-terminal NADPH-binding
domain, a connective or linker domain, and a smaller C-terminal alpha-helical domain.
The active enzyme is a dimer with crystal symmetry (Sweeney et al., 2005). Genes

encoding DXR are present in virtually all organisms that have a functional MEP pathway.
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In a few groups of bacteria such as Brucella and Bartonella, however, DXR is missing
and a DXR-like (DRL also called DXR class 2) enzyme was found to be present to
catalyze the exact same reaction of DXP to MEP conversion (Sangari et al., 2010). The
DRL enzyme is also a dimer with three distinct domains: a N-terminal NADPH-binding
domain, a central or catalytic domain, and a smaller C-terminal domain (Pérez-Gil et al.,
2012). The central/catalytic domain of DRL presents low structural relationship with
DXR (Pérez-Gil et al., 2012). DRL was found to resist inhibition with the DXR inhibitor
fosmidomycin (FSM) likely because of the central domain differences between the two
enzymes, especially in the so-called “lid” regions (Pérez-Gil et al., 2012; Sangari et al.,

2010).

Metabolic flux analysis identified DXS as the main regulator of the MEP pathway flux
(Volke et al., 2019; Wright et al., 2014). However, DXR might become important when
the primary rate-limiting step is released. In the case of DXS, protein levels and enzyme
activity are feedback regulated by IPP and DMAPP to stabilize the MEP pathway flux
against changes in substrate supply and adjust it according to product demand under
normal growth conditions (Banerjee et al., 2013; Pokhilko et al., 2015). More recently,
our work has shown that direct binding of IPP and DMAPP to DXS promote
monomerization and hence deactivation of the enzyme, which might eventually lead to
aggregation and degradation of the monomers (Di et al., 2022). Here we tested whether

a similar mechanism might also regulate DXR and/or DRL.

3.2 Results

3.2.1 IPP and DMAPP inhibit the activity of ECDXR but not BaDRL

To explore a possible feedback regulation of DXR and/or DRL by IPP and DMAPP, the
activity of recombinant enzymes from Escherichia coli (EcDXR) and Brucella abortus

(BaDRL) was assessed in vitro with and without IPP or DMAPP added to the reaction
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media. DXR and DRL convert DXP to MEP by using NADPH as a cofactor for
intramolecular rearrangement and reduction (Yajima et al., 2007). So, the activity of
DXR or DRL can be analyzed by a spectrophotometric assay that measures the
consumption of NADPH detected at 340 nm. After cloning 6xHis-tagged versions of
EcDXR and BaDRL for expression in E. coli cells, the recombinant proteins were
purified by IMAC and used for activity assays in media supplemented with water (as a
control), ImM IPP, ImM DMAPP, or a mix of 0.5mM IPP and 0.5mM DMAPP.
NADPH was consumed rapidly by EcDXR when supplemented only with water but
much more slowly when IPP and/or DMAPP were added (Fig. 3.1a). Interestingly, the
consumption of NADPH by BaDRL kept a similar level with or without IPP and/or
DMAPP (Fig. 3.1a). To provide quantitative data, the IC50 value was calculated based
on the NADPH absorbance drop. ECDXR enzyme activity was similarly inhibited by 1
mM IPP, 1 mM DMAPP, or the mixture of 0.5mM IPP and 0.5mM DMAPP, but there
was no obvious change for BaDRL activity (Fig. 3.1b). The described data indicate that
IPP and DMAPP inhibit the activity of DXR (similarly to that described for DXS) but

not the activity of DRL.
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Figure 3. 1. DXR enzyme activity assays. NADPH absorbance was measured as an estimate of DXR
enzyme activity in vitro. (a) NADPH consumption with time in reaction mixtures containing purified
EcDXR and BaDRL and supplemented with water, ImM IPP, ImM DMAPP, or a combination of 0.5mM
IPP and 0.5mM DMAPP. (b) The IC50 of EcDXR and BaDRL under the treatments described in (a).
Individual data points as well as mean and standard deviation of n>3 independent experiments are
represented. Numbers in the lower bar plots indicate p values (one-way ANOVA with Dunnett’s multiple

comparisons test).

3.2.2 IPP/DMAPP directly interact with EcDXR and BaDRL.

IPP and DMAPP inhibit DXS activity by direct interaction with the protein (D1 et al.,
2022). In order to experimentally explore if IPP and DMAPP also inhibit DXR activity
by binding to the protein we used isothermal titration calorimetry (ITC). Specifically,
we tested purified 6xHis-tagged versions of the full-length ECDXR and BaDRL proteins
(Fig. 3.2). Based on the thermograms obtained and the corresponding binding isotherms

using 20 pM EcDXR in the sample cell solution and 200 uM of the ligands in the syringe
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solution, IPP and DMAPP were found to interact with the EcDXR enzyme, with
dissociation constants Kq of 0.20 uM for IPP and 0.04 uM for DMAPP (Table 3.1),
indicating a higher affinity of DMAPP. Surprisingly, BaDRL was also detected to
interact with IPP and DMAPP despite the lack of effect of these metabolites on BaDRL
activity (Fig. 3.1). In this case, the dissociation constants were of 0.98 uM for I[PP and
0.18 uM for DMAPP (Table 3.1). A closer analysis of the data indicated that the heat
power of BaDRL is high at the beginning of the experiment (when the protein and the
ligands are put together) and then decrease as the standard ITC result (Fig. 3.2).
Compared with BaDRL, the heat power of EcDXR was lower at the beginning and it
reached a peak at 20 min with both IPP and DMAPP treatments (Fig. 3.2).
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Figure 3. 2. Analysis of ECDXR or BaDRL interaction with IPP and DMAPP ligands.ITC plots were
obtained from the titration of 20 uM EcDXR with 200 uM IPP or DMAPP as indicated, and from 20 pM
BaDRL with 200 uM IPP or DMAPP as indicated. Assays were performed at 25 °C in 50 mM HEPES,
150 mM NaCl buffer. The plots in the upper panel show the thermogram (raw thermal power as a function
of time), and the plots in the lower panel show the binding isotherm (heat released per injection normalized
per mole of ligand injected as a function of the molar ratio, [ligand]/[protein], in the calorimetric cell).
The solid lines represent the best fits of the experimental data after non-linear lest-squares analysis using

a single-site binding model.

111



Chapter 3

Table 3. 1 Dissociation constant of EcDXS and BaDRL interaction with IPP/DMAPP

Protein Ligands K M) Ka (uM)
IPP 5.08-10° 0.20
EcDXR
DMAPP 2.6:107 0.04
IPP 1.08-10° 0.93
BaDRL
DMAPP 5.32-10° 0.18

3.2.3 Prediction of the IPP/DMAPP interaction sites

To next investigate the possible binding sites of IPP and DMAPP in the DXR enzyme,
the crystal structure of ECDXR (Mac Sweeney et al., 2005) was used to dock with IPP
and DMAPP using Autodock software (Fig. 3.3), a molecular modeling and docking
simulation software that can predict the preferred interaction site when ligand and target
protein bind to each other (Lengauer & Rarey, 1996). Analysis of the crystal structure
found that the active site of ECDXR is formed by the highly conserved residues Asp150,
Glul52, His 209, Glu231, Glu234 and His257 (Sweeney et al., 2005). The substrate
(DXP) was found to bind to the C-terminal and connective domains, and then induce a
conformational change. The residues 206-216 from EcDXR form a flexible loop that
connects both domains with an induced fit adaptation and functions as a ‘lid” over the
active site (Sweeney et al., 2005). Without NADPH or DXP, the flexible ‘lid’ is open,
but it closes upon DXP and NADPH binding to shield the active site from the solvent
(Sweeney et al., 2005). Docking showed that both IPP and DMAPP might bind to the
active site of the EcDXR protein covered by the flexible loop (Fig. 3.3a). The
phosphonate moiety of IPP was predicted to interact with Thr10, Asn38, Lys37 and
Gly36, and the phosphonate moiety of DMAPP was predicted to interact with GlyS,
Glyll1, Ser121, Alal00 and Vall02 (Fig. 3.3c). Interestingly, these interactions were
predicted to compete for the interaction site with the phosphonate moiety of NADPH,
suggesting that both [PP and DMAPP might inhibit DXR activity by competing with
NADPH for the active site. In addition, DMAPP was also predicted to bind at the
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interaction surface of monomer DXR with residues GIn165, His282, Trp286, Pro278

and Arg289 (Fig. 3.3b). This interaction may interfere with the formation of DXR dimers.

GLr11 GlLy-8
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s

,\ ’[
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Figure 3.3.Computational modeling of ligand binding sites of EcDXR. The crystal structure of ECDXR
(PDB: 1jvs) is used to dock with IPP and DMAPP, respectively by Autodock software. The flexible ‘lid’
(residues 206-216) is shown in orange, and the active site (conserved residues Asp150, Glul52, His 209,
Glu231, Glu234 and His257) is in yellow. (a) From left to right, the DXP and NADPH binding domain,
IPP binding domain and DMAPP binding domain. (b) The second binding site of DMAPP (the two
monomers in the DXR dimer are shown in green and pink). (c) From left to right, the interaction residues
of IPP, DMAPP at the active site and DMAPP at the interaction surface of the monomer.
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We also modelled the possible interaction of IPP and DMAPP with DRL using the
crystal structure of BaDRL (Pérez-Gil et al., 2012) and the Autodock software (Fig. 3.4).
Both IPP and DMAPP might bind to the active site of the BaDRL protein but not fully
covered by the flexible lid. Also, the residues predicted to be involved in their binding
are very different in DXR and DRL (Fig. 3.4b). The phosphonate moiety of IPP was
predicted to interact with Ans194 and Lys309, and the phosphonate moiety of DMAPP
was predicted to interact with Lys193,Ans194 and Ser287. Interestingly, DMAPP was
predicted to interact with Lys193, a residue that was previously found to interact with

FSM (Pérez-Gil et al., 2012).
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Figure 3. 4. Computational modeling of ligand binding sites of BaDRL. The crystal structure of
BaDRL (PDB: 3upy) is used to dock with IPP and DMAPP, respectively by Autodock software. The
flexible ‘lid’ is shown in orange, and the active site is in yellow. (a) From up to down, the FSM binding
domain, IPP binding domain and DMAPP binding domain. (b) From up to down, the interaction residues
of FSM, IPP and DMAPP at the active site.

3.2.4 IPP and particularly DMAPP binding might change EcDXR conformation.

To next explore whether binding of IPP and DMAPP had any effect on EcDXR and
BaDRL structure, the proteins were mixed with increasing concentrations of IPP or
DMAPP and then analyzed by dynamic light scattering (DLS). In the absence of IPP
and DMAPP, the estimated radius of the ECDXR protein is consistent with the dimeric

form of the enzyme, of about 79 kDa. As the concentration of IPP increases, the peak
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moves toward smaller radius, although the change is not substantial (Fig. 3.5a). The peak
shifted to smaller radius with 10uM DMAPP treatment but it progressively returned to
the dimeric form as the DMAPP concentration increased (Fig. 3.5a). BaDRL showed an
estimated radius of about 133 kDa in the absence of IPP and DMAPP, again consistent
with the dimeric form of the enzyme. Compared with the EcDXR sample, however, the
range of BaDRL particle sizes was wider (Fig. 3.5b). No major changes were observed
in the presence of different concentration of IPP and DMAPP (Fig. 3.5b). From these
data we speculate that DMAPP binding may somehow interfere with the dimerization
of EcDXR at low concentration. Despite IPP and DMAPP can directly interact with

BaDRL, this interaction does not change the quaternary structure of the enzyme.

a
100 - 100
90 90
80 80
704 704 ——DXR
— —DXR —— DXR + DMAP 10 uM
X 60 ——DXR + IPP 10 uM 60 DXR + DMAP 20 uM
by DXR + IPP 20 uM 50 —— DXR + DMAP 50 uM
9 50 — DXR + IPP 50 uM DXR + DMAP 100 uM
=S DXR + IPP 100 uM 40
30 30
20 4
20 0
104
10 \}L
0 - )
0 ——T 1 1 10 100
! 10 100 Radius (nm)
Radius (nm)
b 100 - 100 -
90 - 90 4
80 80
704 70+ —DRL
< 604 ——DRL 60 ——DRL + DMAP 10uM
~ ——DRL + IPP 10uM DRL + DMAP 20uM
& 50 DRL + [PP 20uM 50 4 —— DRL + DMAP 50uM
g ——DRL + IPP 50uM DRL + DMAP 100uM
40+ N DRL + [PP 100uM 40 1
30 30
20 20
10 10 /
0 = ] 0 .
1 10 100 1 10 100
Radius (nm) Radius (nm)

Figure 3. 5. DLS analysis of purified EcDXR or BaDRL protein with ligands. (a) Recombinant
EcDXR (20 uM) was analyzed in the absence (black line) or presence of 10uM(red), 20uM(green),
50uM(blue) and 100uM(orange) IPP (right) or DMAPP (left). (b) Recombinant BaDRL (20 pM) was
analyzed in the absence (black line) or presence of 10uM(red), 20uM(green), S0uM(blue) and

116



Chapter 3

100uM(orange) IPP (right) or DMAPP (left).For each measurement, 5 acquisitions of 5 seconds were

taken.

3.2.5TPP/DMAPP promotes monomerization of ECDXR but not BaDRL in bacteria

To further investigate the molecular effects of IPP and DMAPP on DXR and DRL
structure, we analyzed whether the oligomeric state of ECDXR and BaDRL changed in
the presence of high levels of IPP/DMAPP in vivo. Recombinant ECDXR and BaDRL
proteins with a 6xHis tag were expressed in E. coli cells of the ECAMS strain, which
harbors a synthetic arabinose-induced MV A operon allowing the production of IPP and
DMAPP when MVA is supplied to the growth medium in a BL21(DE3) background
(Rodriguez-Villalon et al., 2008). When fransformed cells reached the exponential phase
at 37 °C, arabinose and IPTG were added to the culture to induce the expression of the
MVA operon and the expression of the recombinant (EcDXR or BaDRL) enzymes,
respectively. Cultures were also supplemented with 0,1 or 10 mM MVA and then they
were incubated for 3 h or overnight at 26 °C. At these time points, samples were taken
for protein extraction, PAGE-SDS and immunoblot analyses with an anti-6xHis
antibody. Protein extracts were incubated with the crosslinker dimethyl suberimidate
(DMS) to preserve the quaternary structure of the recombinant proteins. At 3 h, the
proportion of EcDXR dimers to monomers was similar at different concentrations of
MVA (i.e., in the presence of increasing IPP/DMAPP levels). However, in overnight
cultures exposed for longer to increasing concentrations of MVA and hence higher
IPP/DMAPP production, the proportion of EcDXR dimers decreased and monomeric
forms increased as IPP/DMAPP levels increased (Fig. 3.6). The calculation of the dimer
to monomer ratio confirmed that the presence of increasing concentrations of MVA
promoted the change of the DXR quaternary structure from dimer to monomer. On the
contrary, the quaternary structure of BaDRL was not affected by the increasing
concentrations of MV A under the same experimental conditions used for EcDXR (Fig.

3.6).
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Figure 3. 6. Increasing IPP/DMAPP levels promote monomerization of EcDXR but not BaDRL
enzymes in E. coli. EcCAM5-1 cells were transformed with constructs to express 6xHis-tagged versions of
EcDXR and BaDRL enzymes and positive transformants were grown in media supplemented with the
indicated amounts of MV A. Upper panels show representative images of immunoblot analyses with anti-
6xHis antibodies. The position of dimers (D) and monomers (M) is indicated. Quantification of D and M
abundance and ratios from immunoblot analyses is represented in the plots. Individual data points as well
as mean and standard deviation of n>3 independent experiments are represented. Numbers in the lower

bar plots indicate p values (one-way ANOVA with Dunnett’s multiple comparisons test).

3.2.6 IPP/DMAPP promotes monomerization of tomato DXR in plant cells

In order to validate the results in a plant system, the full-length tomato DXR protein
(SIDXR) was cloned and then transiently expressed in tobacco (Nicotiana benthamiana)
leaves by agroinfiltration (Fig. 3.7). The amount of IPP/DMAPP in leaf cells was
modulated using specific inhibitors. The DXS inhibitor clomazone (CLZ) was used to

decrease IPP/DMAPP production in plastids, and the carotenoid biosynthesis inhibitor
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norflurazon (NF) was used to increase the amount of these isoprenoid precursors by
preventing their consumption by the carotenoid pathway (Di et al., 2022). A leaf
bleaching phenotype associated with the activity of these inhibitors, which were added
to the agroinfiltration mixture, was clearly observed (Fig. 3.7a). The agroinfiltrated leaf
tissues were collected at 5 dpi (days post-inoculation) for protein extraction and
immunoblot analysis using an anti-DXR serum (Rodriguez-Concepcion et al., 2001).
Compared to mock controls treated with water, CLZ treatment led to a rise in the
proportion of dimers and a reduction in monomeric forms of SIDXR (Fig. 3.7b).
Consistently, the NF treatment caused a decreased proportion of SIDXR dimers (Fig.
3.6b). This negative correlation between the dimer to monomer ratio and the
IPP/DMAPP levels in both bacteria (Fig. 3.6) and plant cells (Fig. 3.7) strongly supports
our conclusion that IPP and DMAPP can modulate DXR activity in vivo by promoting
the dissociation of the active dimeric form of the enzyme. Excess IPP and DMAPP favor
the monomeric (i.e. inactive) forms whereas low levels of these isoprenoid precursors
promote dimerization and hence increase DXR activity, similar to that described for

DXS (Di et al., 2022).
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Figure 3. 7. Changing IPP/ DMAPP levels modulate monomerization of SIDXR in plants. Leaves
from N. benthamiana plants were infiltrated with constructs to produce SIDXR together with either water
(control) or the indicated inhibitors, and samples were collected 5 days later. (a) Representative images
of the leaves. (b) Immunoblot analyses of protein extracts with anti-DXR antibodies. The position of
dimers (D) and monomers (M) is indicated in the upper panel, which shows the result of a representative
experiment. Quantification of D and M abundance from immunoblot analyses of n>3 independent
experiments is represented in the plots. Individual data points as well as mean and standard deviation are
represented. Numbers in the lower plots indicate p values (one-way ANOVA with Dunnett’s multiple

comparisons test).
3.3 Discussion

The MEP pathway produces IPP and DMAPP, the universal precursors of isoprenoids
in bacteria and the plastids of plants. Compared to the alternative MVA pathway that
produces IPP and DMAPP in archaea and the cytosol of eukaryotic cells, the MEP
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pathway has a higher theoretical capacity to produce isoprenoid precursors (Rude &
Schirmer, 2009; Vickers et al., 2015). However, biotechnological approaches directed
towards increasing the production of isoprenoids of interest by up-regulating the MEP
pathway to supply more IPP and DMAPP precursors have obtained results that are still
far from the predicted maximum yields of the pathway. In part, this might be due to the
feedback regulation of the pathway flux by IPP and DMAPP, which slows down the
pathway flux when IPP and DMAPP are not consumed and accumulate. Therefore,
understanding this feedback regulation can provide useful tools for promoting the
production of MEP-derived precursors. Because DXP is an intermediate of non-
isoprenoid side pathways (Julliard & Douce, 1991), DXR is actually considered as the
first committed enzyme in the MEP pathway. Why DXR controls the metabolic flux of

the pathway is some species and tissues but not in others is still unclear (Li et al., 2020).

Research on DXS, the main rate-limiting enzyme of the MEP pathway, showed that IPP
and DMAPP inhibit DXS activity (Banerjee et al., 2013a; Ghirardo et al., 2014a). Our
results indicate that the underlying mechanism involves binding of IPP and DMAPP,
which rapidly causes a decreased activity by promoting monomerization (Di et al., 2022)
(Chapter 2). Here we report for the first time that [PP and DMAPP also inhibit the
activity of DXR in vitro (Fig. 3.1). On the contrary, the activity of the DXR-like enzyme
DRL was not influenced by the presence of changing IPP and DMAPP levels in the
reaction media. Similarly, DRL was found to resist to FSM, a competitive inhibitor of
DXR, because of the unique arrangement of the DRL active site (Sangari et al., 2010;
Steinbacher et al., 2003). Strikingly, ITC experiments demonstrated that IPP and
DMAPP can directly interact with both DXR and DRL (Fig. 3.2). This binding only
resulted in structural changes detected by DLS in the case of DXR when incubated with
10uM DMAPP, but not with higher concentrations of DMAPP (Fig. 3.5). Binding of
IPP and DMAPP to DRL did not result in structural changes (Fig. 3.5), perhaps

explaining the lack of effect observed in enzyme activity (Fig. 3.1). Further experiments
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in bacteria (Fig. 3.6) and plant systems (Fig. 3.7) confirmed that increasing [PP/DMAPP
levels promoted monomerization of DXR in vivo. The DXR monomerization process
was slow compared with DXS (as it was observed at 3 h for DXS but at least 15 h for
DXR after increasing IPP/DMAPP levels in bacteria). Moreover, according to ITC
results, the binding affinities based on the calculated association constants (Ka) were 4.5
x103 (IPP) and 5.8 x10° (DMAPP) for DXS but an order of magnitude higher for DXR,
5.08 x10° (IPP) and 2.6 x10” (DMAPP) (Supplemental Table 3.S1). This means that
IPP/DMAPP bind to DXS with less affinity than to DXR, and that DMAPP binds to
DXR with more affinity than IPP. The differences in affinities strongly suggest unique
binding mechanisms. In the case of DXR, computational modeling suggests that IPP and
DMAPP might compete with NADPH to inhibit the activity of DXR (Fig. 3.3). We
speculate that this mechanism might be the main responsible for the drop in DXR
activity detected in the in vitro activity assays when supplemented with IPP/DMAPP
(Fig. 3.1). Moreover, DMAPP can potentially bind to the DXR monomer-monomer
interaction surface. Perhaps this binding is what eventually destabilizes the DXR dimer,
resulting in the monomerization observed in vivo (Fig. 3.6 and 3.7). The crystal structure
analysis of DXR-IPP and DXR-DMAPP would be necessary to ascertain the binding
mechanism and to explain the observed effects on DXR activity and dimerization status.
The same is true for DRL, an enzyme whose unique active site arrangement leads to
resist inhibition by FSM (Pérez-Gil et al., 2012) and repression by IPP/DMAPP (Fig.
3.1 and 3.4). It is remarkable that, despite the overall similarity of the binding of FSM,
IPP and DMAPP to the active site of DRL and DXR, none of the residues participating
directly in their binding are structurally equivalent. It is therefore likely that the similar
mechanism prevent inhibition of DRL enzyme activity by FSM and IPP/DMAPP. This
is a very interesting feature that makes DRL a super-enzyme insensitive to feedback

regulation by the MEP pathway products and a promising new tool for new
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biotechnological approaches for the metabolic engineering of isoprenoids in plant and

bacteria bio factories.
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General discussion

In most bacteria and the plastids of plants, IPP and DMAPP, the universal precursors of
all isoprenoids, are simultaneously produced by the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway (Rodriguez-Concepcion & Boronat, 2002; Rohdich et al.,
2003). Compared to the mevanolic acid (MVA) pathway present in archaea, some
bacteria, and the cytosol of eukaryotic cells, the MEP pathway has a higher theoretical
capacity for the production of isoprenoid precursors, which has stimulated extensive
research on further improving MEP pathway flux in microbial and plant systems (Rude
& Schirmer, 2009; Vickers et al., 2015). However, biotechnological approaches directed
towards increasing the production of isoprenoids of interest by up-regulating the MEP
pathway to supply more IPP and DMAPP precursors have obtained results that are still
far from the predicted maximum yields of the pathway. In part, this might be due to the
feedback regulation of the pathway flux by IPP and DMAPP, which slows down the
pathway flux when IPP and DMAPP are not consumed and hence accumulate. Therefore,
understanding this feedback regulation can provide useful biotechnological tools for

promoting the production of MEP-derived precursors.

In the MEP pathway, DXS catalyzes the production of DXP and controls the flux of the
whole pathway as the main rate-limiting enzyme (Volke et al., 2019; Wright & Phillips,
2014). Corresponding with the primary regulatory role of DXS, its enzymatic activity is
tightly regulated at many different levels, including post-translational levels (Banerjee
& Sharkey, 2014; Hemmerlin, 2013; Rodriguez-Concepcion & Boronat, 2015). Among
them, DXS was the only MEP pathway enzyme identified to be feedback regulated by
IPP/DMAPP at the beginning of this PhD thesis. The specific molecular mechanism

behind this feedback regulation was unknown. On the other hand, DXP is an
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intermediate of non-isoprenoid side pathways (Julliard & Douce, 1991) and therefore
the first committed step of the MEP pathway is the conversion of DXP into MEP
catalyzed by DXR in most organisms and DRL in just a few groups of bacteria (Pérez-
Gil & Rodriguez-Concepcion, 2013). Why DXR controls the metabolic flux of the
pathway is some species and tissues but not in others is still unclear (Li et al., 2020). In
this PhD work we show for the first time that DXR but not DRL is also feedback
regulated by IPP/DMAPP, even though the mechanism might differ from that regulating
DXS. Besides unveiling these mechanisms, in this work we also characterized the
tomato DXS family, formed by three paralogs of which only two (SIDXS1 and SIDXS2)
are true DXS enzymes. DXR is encoded by a single gene in tomato and many other

plants.

4.1 The tomato DXS family

In tomato, DXS is encoded by 3 different genes encoding proteins which belong to DXS
class 1 (SIDXS1). class 2 (SIDXS2) and class 3 (SIDXS3), respectively. Besides this
phylogenetic classification and gene expression analyses, information on these three
isoforms is scattered and incomplete in the literature. SIDXS! is expressed at high levels
during plant development, consistent with a role of housekeeping gene which
contributes to phytohormone and photosynthetic pigment synthesis but it is also required
to support carotenoid synthesis during fruit ripening (Kim et al., 2005; Lois et al., 2000).
SIDXS?2 is expressed at tissues (e.g., leaf trichomes) and conditions associated to the
synthesis of specific isoprenoids involved in defense responses and signaling (Paetzold
et al., 2010; Walter et al., 2002). And SIDXS3 is expressed at very low levels and
encodes a protein considered to lack DXS activity (Luna-Valdez et al., 2021). Using our
DXS-deficient E. coli strain we confirmed that both SIDXS1 and SIDXS2 are true DXS
enzymes, confirming previous research (Lois et al., 2000; Paetzold et al., 2010). We also

confirmed the prediction that SIDXS3 lacks DXS activity (Luna-Valdez et al., 2021).
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Computational modeling showed that SIDXS1, SIDXS2 and SIDXS3 had similar
protein structures. Two monomers were arranged side by side to form a dimer protein,
with each monomer containing three domains. The residues in the active site are strictly
conserved in E. coli, D. radiodurans and A. thaliana DXS sequences (His80/82/146,
Aspl152/154/208, 11e368/371/448, Glu370/373/450/418, and Phe395/398/475,
respectively). We found that loss of cofactor (TPP) binding might explain the lack of
DXS activity in SIDXS3, as previously suggested (Luna-Valdez et al., 2021).

Using fusions to fluorescent proteins, SIDXS1 and SIDXS2 were confirmed to be
located in plastids, where the MEP pathway takes place. Moreover, the subplastidial
localization of SIDXS1 and SIDXS2 was found to be overlapping. Co-
immunoprecipitation assays further showed that SIDXS1 and SIDXS2 can interact in
vivo, whereas structure modeling confirmed that SIDXS1 and SIDXS2 monomers could
form catalytically active heterodimers very similar to DXS homodimers. The potential
biological function of such heterodimers is difficult to predict. In the tomato plant,
SIDXS1 and SIDXS?2 transcripts are found in many tissues, but sometimes they show
opposite accumulation profiles (e.g. during fruit ripening and seed development).
Interestingly, they are expressed at similar levels in young (1-2cm) fruit, suggesting that
SIDXS1-SIDXS2 heterodimers might be preferentially formed at phases of rapid growth.
It is also possible that SIDXS3 may interact with SIDXS1 or SIDXS2 to form SIDXS1-
SIDXS3 or SIDXS2-SIDXS3 heterodimers that might contribute to decrease the DXS
activity of SIDXS1 and SIDXS2 isoforms. However, the virtually constitutive profile
and low expression level of SIDXS3 argues against a major regulatory role for this

protein.
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4.2 Feedback-regulation of the MEP pathway: not one but multiple

checkpoints to control metabolic flux

SIDXS1 was selected to investigate the feedback regulation mechanism together with
the E.coli DXS (EcDXS) enzyme. Our ITC experiments using SIDXSI in the presence
of an excess of TPP, IPP and DMAPP confirmed that these three small diphosphate
metabolites could indeed interact with the enzyme but showed Kd values for IPP and
DMAPP that were very similar in the absence or presence of the TPP cofactor. These
results argue against a direct competition of IPP/DMAPP for the TPP binding site in
DXS as originally proposed (Banerjee et al., 2013b). Instead. Our results suggest the
existence of a truly allosteric mechanism behind the inhibition of DXS activity by
IPP/DMAPP. Allosteric regulation of protein function occurs when the binding of a
molecule either activating or inhibiting the activity of the protein takes place away from

the active site.

Further analysis of the effect of IPP/DMAPP on EcDXS and SIDXS1 structure
confirmed a decreased dimer to monomer ratio when levels of IPP and DMAPP
increased in living bacteria and plant cells. Changes in the dimer:monomer ratio
triggered by allosteric regulation has been observed in different proteins, including
receptors (Petersen et al., 2017), membrane translocators (Jaipuria et al., 2017) and
enzymes (Seetoh & Abell, 2016). In the case of DXS, however, IPP/DMAPP-mediated
monomerization was found to be linked to increased aggregation both in bacteria and
plastids, likely because isolated monomers expose hydrophobic stretches that are
otherwise hidden in the dimer. We propose that DXS monomerization might be a
relatively fast and reversible response to high IPP/DMAPP levels. If excess [IPP/DMAPP

persist, monomers aggregate and they are eventually degraded (Fig. 4.1).
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Here we found for the first time that IPP and DMAPP inhibit the activity of ECDXR but
not BaDRL despite ITC experiments demonstrated that IPP and DMAPP can directly
interact with both enzymes. This binding only resulted in structural changes detected by
DLS in the case of DXR when incubated with 10uM DMAPP, but not with IPP or with
higher concentrations of DMAPP. Further experiments in bacteria and plant systems
confirmed that increasing IPP/DMAPP levels promoted DXR monomerization in vivo.
The DXR monomerization process was slow compared with that observed for DXS (as
it only took 3h for DXS but at least 15h for DXR after increasing IPP/DMAPP levels in
bacteria). Moreover, according to ITC results, the binding affinities based on the
calculated association constants (Ka) were one (IPP) or two (DMAPP) orders of
magnitude higher for DXR compared to DXS. This means that [IPP/DMAPP bind to
DXS with less affinity than to DXR, and that DMAPP binds to DXR with more affinity

than IPP. These differences in affinities strongly suggest unique binding mechanisms.

Unlike DXS, DXR is an NADPH-dependent enzyme (Koppisch et al., 2001; Kuzuyama
et al., 2000; Takahashi et al., 1998). A flexible ‘lid’ exists in an open conformation on
the active site when the NADPH cofactor and the DXP substrate are absent, and it closes
upon NADPH and DXP binding to shield the active site from the solvent (Sweeney et
al., 2005). Computational modeling suggests that the phosphonate moiety of IPP and
DMAPP compete for the active site with the phosphonate moiety of NADPH. Therefore,
excess IPP/DMAPP might rapidly inhibit the activity of DXR by preventing the binding
of the NADPH cofactor. We speculate that this mechanism might be the main
responsible for the drop in DXR activity detected in the in vitro activity assays when
supplemented with IPP/DMAPP. Moreover, DMAPP can potentially bind to the DXR
monomer-monomer interaction surface. Perhaps this binding is what eventually
destabilizes the DXR dimer, resulting in the monomerization observed in vivo. We
therefore propose that, similar to that described for DXS, regulation of DXR activity by

IPP/DMAPP might have two phases even though the mechanisms appear to be different
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for these two enzymes (Fig. 4.1). In the case of DXR, completion between [PP/DMAPP
and NADPH for active site would define the first (fast and reversible) phase, whereas

DMAPP-triggered monomerization would be a second (slow and non-reversible) phase

(Fig. 4.1).
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Figure 4. 1. Multiple checkpoints for the feedback control of the MEP pathway flux. DXS and DXR
are dimeric enzymes that catalyze the first two steps of the MEP pathway for the production of a 5:1 ratio
of IPP and DMAPP (represented by triangles of different size). Accumulation of IPP/DMAPP can be toxic
for the cell. To prevent deleterious effects and, at the same time, adjust IPP/DMAPP supply to cell needs,

different feedback mechanisms regulate DXS and DXR activities as represented.

4.3 DRL is immune to IPP/DMAPP feedback regulation

DRL catalyzes the same reaction as DXR, but they have low structural relationship
especially at the active domain (Pérez-Gil et al., 2012; Sangari et al., 2010). This
structural difference allows DRL to resist inhibition with FSM, a specific inhibitor of

DXR, even though FSM binding to DXR and DRL is overall similar (Pérez-Gil et al.,
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2012; Sangari et al., 2010). According to enzyme activity assays, the activity of DRL is
not inhibited by IPP/DMAPP even though ITC experiments demonstrated that I[PP and
DMAPP can directly interact with DRL. Computational modeling suggests that both IPP
and DMAPP might bind to the active site of the BaDRL protein but to residues different
from those in DXR (Fig. 3.4b). It is therefore likely that a similar mechanism prevents

inhibition of DRL enzyme activity by FSM and IPP/DMAPP.

The insensitivity to feedback inhibition by IPP/DMAPP is a very interesting feature that
makes DRL a super-enzyme insensitive to feedback regulation by the MEP pathway
products and a promising new tool for new biotechnological approaches for the

metabolic engineering of isoprenoids in plant and bacteria bio-factories.

149



General discussion

References

Altincicek, B., Hintz, M., Sanderbrand, S., Wiesner, J., Beck, E., & Jomaa, H. (2000).
Tools for discovery of inhibitors of the 1-deoxy-D-xylulose 5-phosphate (DXP)
synthase and DXP reductoisomerase: an approach with enzymes from the
pathogenic bacterium Pseudomonas aeruginosa. FEMS Microbiology Letters,
190(2), 329-333. https://doi.org/10.1111/J.1574-6968.2000.TB09307.X

Assembly, T. G., & Goals, T. (2015). General assembly. International Organization,
4(2), 261-265. https://doi.org/10.1017/S0020818300029106

B Singh, R., Shastun, S., Chibisov, S., Itharat, A., De Meester, F., W Wilson, D.,
Halabi, G., Horiuchi, R., & Takahashi, T. (2017). Functional Food Security and
the Heart. Journal of Cardiology and Therapy, 4(1), 599-607.
https://doi.org/10.17554/.issn.2309-6861.2017.04.125

Banerjee, A., & Sharkey, T. D. (2014). Methylerythritol 4-phosphate (MEP) pathway
metabolic regulation. In Natural Product Reports (Vol. 31, Issue 8, pp. 1043—
1055). The Royal Society of Chemistry. https://doi.org/10.1039/c3np70124¢g

Banerjee, Aparajita, Preiser, A. L., & Sharkey, T. D. (2016). Engineering of
Recombinant Poplar Deoxy-D-Xylulose-5-Phosphate Synthase (PtDXS) by Site-
Directed Mutagenesis Improves Its Activity. PLOS ONE, 11(8), e0161534.
https://doi.org/10.1371/JOURNAL.PONE.0161534

Banerjee, Aparajita, Wu, Y., Banerjee, R., Li, Y., Yan, H., & Sharkey, T. D. (2013).
Feedback inhibition of deoxy-D-xylulose-5-phosphate synthase regulates the
methylerythritol 4-phosphate pathway. Journal of Biological Chemistry, 288(23),
16926-16936. https://doi.org/10.1074/jbc.M113.464636

Barja, M. V., Ezquerro, M., Beretta, S., Diretto, G., Florez-Sarasa, ., Feixes, E., Fiore,
A., Karlova, R., Fernie, A. R., Beekwilder, J., & Rodriguez-Concepcion, M.
(2021). Several geranylgeranyl diphosphate synthase isoforms supply metabolic
substrates for carotenoid biosynthesis in tomato. New Phytologist, 231(1), 255—
272. https://doi.org/10.1111/nph.17283

Bongers, M., Perez-Gil, J., Hodson, M. P., Schriibbers, L., Wulff, T., Sommer, M. O.
A., Nielsen, L. K., & Vickers, C. E. (2020). Adaptation of hydroxymethylbutenyl
diphosphate reductase enables volatile isoprenoid production. ELife, 9.
https://doi.org/10.7554/ELIFE.48685

150



General discussion

Bouvier, F., D’Harlingue, A., Suire, C., Backhaus, R. A., & Camara, B. (1998).
Dedicated Roles of Plastid Transketolases during the Early Onset of Isoprenoid
Biogenesis in Pepper Fruits1. Plant Physiology, 117(4), 1423—-1431.
https://doi.org/10.1104/PP.117.4.1423

Bouvier, F., Rahier, A., & Camara, B. (2005). Biogenesis, molecular regulation and
function of plant isoprenoids. Progress in Lipid Research, 44(6), 357-429.
https://doi.org/10.1016/J.PLIPRES.2005.09.003

Carretero-Paulet, L., Cairo, A., Botella-Pavia, P., Besumbes, O., Campos, N., Boronat,
A., & Rodriguez-Concepcion, M. (2006). Enhanced flux through the
methylerythritol 4-phosphate pathway in Arabidopsis plants overexpressing
deoxyxylulose 5-phosphate reductoisomerase. Plant Molecular Biology, 62(4-5),
683—695. https://doi.org/10.1007/S11103-006-9051-9

Chen, P. Y. T., DeColli, A. A., Freel Meyers, C. L., & Drennan, C. L. (2019). X-ray
crystallography-based structural elucidation of enzyme-bound intermediates along
the 1-deoxy-d-xylulose 5-phosphate synthase reaction coordinate. The Journal of
Biological Chemistry, 294(33), 12405-12414.
https://doi.org/10.1074/JBC.RA119.009321

Cordoba, E., Porta, H., Arroyo, A., San Roméan, C., Medina, L., Rodriguez-
Concepcion, M., & Leén, P. (2011). Functional characterization of the three
genes encoding 1-deoxy-D-xylulose 5-phosphate synthase in maize. Journal of
Experimental Botany, 62(6), 2023-2038. https://doi.org/10.1093/jxb/erq393

D’Andrea, L., Simon-Moya, M., Llorente, B., Llamas, E., Marro, M., Loza-Alvarez,
P., Li, L., & Rodriguez-Concepcion, M. (2018). Interference with Clp protease
impairs carotenoid accumulation during tomato fruit ripening. Journal of
Experimental Botany, 69(7), 1557—-1568. https://doi.org/10.1093/JXB/ERX491

de Luna-Valdez, L., Chenge-Espinosa, M., Hernandez-Mufioz, A., Cordoba, E.,
Lopez-Leal, G., Castillo-Ramirez, S., & Leon, P. (2021). Reassessing the
evolution of the 1-deoxy-D-xylulose 5-phosphate synthase family suggests a
possible novel function for the DXS class 3 proteins. Plant Science, 310(June).
https://doi.org/10.1016/j.plantsci.2021.110960

Decolli, A. A., Zhang, X., Heflin, K. L., Jordan, F., & Freel Meyers, C. L. (2019).
Active Site Histidines Link Conformational Dynamics with Catalysis on Anti-
Infective Target 1-Deoxy- d -xylulose 5-Phosphate Synthase. Biochemistry,
58(49), 4970-4982.

151



General discussion

https://doi.org/10.1021/ACS.BIOCHEM.9B00878/ASSET/IMAGES/LARGE/BI
9B00878 _0007.JPEG

Di, X., Ortega-Alarcon, D., Kakumanu, R., Baidoo, E. E. K., Velazquez-Campoy, A.,
Rodriguez-Concepcion, M., & Perez-Gil, J. (2022). Allosteric feedback inhibition
of deoxy-D-xylulose-5-phosphate synthase involves monomerization of the active
dimer. BioRxiv, 2022.06.12.495819. https://doi.org/10.1101/2022.06.12.495819

Eisenreich, W., Bacher, A., Arigoni, D., & Rohdich, F. (2004). Biosynthesis of
isoprenoids via the non-mevalonate pathway. Cellular and Molecular Life
Sciences CMLS 2004 61:12, 61(12), 1401-1426. https://doi.org/10.1007/S00018-
004-3381-Z

Enfissi, E. M. A., Fraser, P. D., Lois, L. M., Boronat, A., Schuch, W., & Bramley, P.
M. (2005). Metabolic engineering of the mevalonate and non-mevalonate
isopentenyl diphosphate-forming pathways for the production of health-
promoting isoprenoids in tomato. Plant Biotechnology Journal, 3(1), 17-27.
https://doi.org/10.1111/j.1467-7652.2004.00091.x

Erb, T. J., Evans, B. S., Cho, K., Warlick, B. P., Sriram, J., Wood, B. M. K., Imker, H.
J., Sweedler, J. V., Tabita, F. R., & Gerlt, J. A. (2012). A RubisCO-like protein
links SAM metabolism with isoprenoid biosynthesis. Nature Chemical Biology,
8(11), 926-932. https://doi.org/10.1038/NCHEMBIO.1087

Estévez, J. M., Cantero, A., Reindl, A., Reichler, S., & Leén, P. (2001). 1-Deoxy-D-
xylulose-5-phosphate Synthase, a Limiting Enzyme for Plastidic Isoprenoid
Biosynthesis in Plants. Journal of Biological Chemistry, 276(25), 22901-22909.
https://doi.org/10.1074/jbc.M 100854200

Estevez, J. M., Cantero, A., Romero, C., Kawaide, H., Jimenez, L. F., Kuzuyama, T.,
Seto, H., Kamiya, Y., & Leon, P. (2000). Analysis of the expression of CLA1, a
gene that encodes the 1-deoxyxylulose 5-phosphate synthase of the 2-C-methyl-
D-erythritol-4-phosphate pathway in Arabidopsis. Plant Physiology, 124(1), 95—
103. https://doi.org/10.1104/PP.124.1.95

Eswar, N., Eramian, D., Webb, B., Shen, M. Y., & Sali, A. (2008). Protein structure
modeling with MODELLER. Methods in Molecular Biology (Clifton, N.J.), 426,
145-159. https://doi.org/10.1007/978-1-60327-058-8 8/FIGURES/4 8

Florentin, A., Cobb, D. W., Fishburn, J. D., Cipriano, M. J., Kim, P. S., Fierro, M. A.,
Striepen, B., & Muralidharan, V. (2017). PfCIpC Is An Essential Clp Chaperone
Required For Plastid Integrity And Clp Protease Stability In Plasmodium

152



General discussion

falciparum. Cell Reports, 21(7), 1746.
https://doi.org/10.1016/J.CELREP.2017.10.081

Flores-Pérez, U., Sauret-Giieto, S., Gas, E., Jarvis, P., & Rodriguez-Concepciona, M.
(2008). A Mutant Impaired in the Production of Plastome-Encoded Proteins
Uncovers a Mechanism for the Homeostasis of Isoprenoid Biosynthetic Enzymes
in Arabidopsis Plastids. The Plant Cell, 20(5), 1303—-1315.
https://doi.org/10.1105/TPC.108.058768

Fontana, L. B., & Oldekop, J. A. (2020). The sustainable development goals: The
bumpy road ahead. World Development, 127, 104770.
https://doi.org/10.1016/j.worlddev.2019.104770

Garcia-Alcéazar, M., Giménez, E., Pineda, B., Capel, C., Garcia-Sogo, B., Sanchez, S.,
Yuste-Lisbona, F. J., Angosto, T., Capel, J., Moreno, V., & Lozano, R. (2017).
Albino T-DNA tomato mutant reveals a key function of 1-deoxy-D-xylulose-5-
phosphate synthase (DXS1) in plant development and survival. Scientific Reports
2017 7:1, 7(1), 1-12. https://doi.org/10.1038/srep45333

George, K. W., Thompson, M. G., Kim, J., Baidoo, E. E. K., Wang, G., Benites, V. T.,
Petzold, C. J., Chan, L. J. G., Yilmaz, S., Turhanen, P., Adams, P. D., Keasling, J.
D., & Lee, T. S. (2018). Integrated analysis of isopentenyl pyrophosphate (IPP)
toxicity in isoprenoid-producing Escherichia coli. Metabolic Engineering, 47, 60—
72. https://doi.org/10.1016/J.YMBEN.2018.03.004

Gerhart, J. (2014). From feedback inhibition to allostery: the enduring example of
aspartate transcarbamoylase. The FEBS Journal, 281(2), 612—620.
https://doi.org/10.1111/FEBS.12483

Ghirardo, A., Wright, L. P., Bi, Z., Rosenkranz, M., Pulido, P., Rodriguez-Concepcion,
M., Niinemets, U., Briiggemann, N., Gershenzon, J., & Schnitzler, J. P. (2014).
Metabolic flux analysis of plastidic isoprenoid biosynthesis in poplar leaves
emitting and nonemitting isoprene. Plant Physiology, 165(1), 37-51.
https://doi.org/10.1104/PP.114.236018

Gierse, R. M., Reddem, E. R., Alhayek, A., Baitinger, D., Hamid, Z., Jakobi, H.,
Laber, B., Lange, G., Hirsch, A. K. H., & Groves, M. R. (2021). Identification of
a 1-deoxy-D-xylulose-5-phosphate synthase (DXS) mutant with improved
crystallographic properties. Biochemical and Biophysical Research
Communications, 539, 42—47. https://doi.org/10.1016/J. BBRC.2020.12.069

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J.
F., Pretty, J., Robinson, S., Thomas, S. M., & Toulmin, C. (2010). Food Security:

153



General discussion

The Challenge of Feeding 9 Billion People. Science, 327(5967), 812-818.
https://doi.org/10.1126/SCIENCE.1185383

Grochowski, L. L., Xu, H., & White, R. H. (2006). Methanocaldococcus jannaschii
uses a modified mevalonate pathway for biosynthesis of isopentenyl diphosphate.
Journal of Bacteriology, 188(9), 3192-3198.
https://doi.org/10.1128/JB.188.9.3192-3198.2006/ASSET/BOE79FF A-F609-
486B-8104-9F5782918981/ASSETS/GRAPHIC/ZIB0090656800003.JPEG

Guevara-Garcia, A., San Roman, C., Arroyo, A., Cortés, M. E., De La Gutiérrez-Nava,
M. L., & Leo6n, P. (2005). Characterization of the Arabidopsis clb6 mutant
illustrates the importance of posttranscriptional regulation of the methyl-D-
erythritol 4-phosphate pathway. The Plant Cell, 17(2), 628—643.
https://doi.org/10.1105/TPC.104.028860

Haines, A. (2021). Health in the bioeconomy. The Lancet Planetary Health, 5(1), e4—
e5. https://doi.org/10.1016/S2542-5196(20)30299-0

Han, M., Heppel, S. C., Su, T., Bogs, J., Zu, Y., An, Z., & Rausch, T. (2013). Enzyme
Inhibitor Studies Reveal Complex Control of Methyl-D-Erythritol 4-Phosphate
(MEP) Pathway Enzyme Expression in Catharanthus roseus. PLOS ONE, §(5),
€62467. https://doi.org/10.1371/JOURNAL.PONE.0062467

Hemmerlin, A. (2013). Post-translational events and modifications regulating plant
enzymes involved in isoprenoid precursor biosynthesis. Plant Science, 203—204,
41-54. https://doi.org/10.1016/J. PLANTSCI.2012.12.008

Jaipuria, G., Leonov, A., Giller, K., Vasa, S. K., Jaremko, A., Jaremko, M., Linser, R.,
Becker, S., & Zweckstetter, M. (2017). Cholesterol-mediated allosteric regulation
of the mitochondrial translocator protein structure. Nature Communications 2017
8:1, 8(1), 1-8. https://doi.org/10.1038/ncomms 14893

Jiménez-Diaz, L., Caballero, A., Pérez-Hernandez, N., & Segura, A. (2017). Microbial
alkane production for jet fuel industry: motivation, state of the art and
perspectives. Microbial Biotechnology, 10(1), 103—124.
https://doi.org/10.1111/1751-7915.12423

Julliard, J. H., & Douce, R. (1991). Biosynthesis of the thiazole moiety of thiamin
(vitamin B1) in higher plant chloroplasts. Proceedings of the National Academy
of Sciences of the United States of America, 88(6), 2042-2045.
https://doi.org/10.1073/PNAS.88.6.2042

154



General discussion

Kemper, K., Hirte, M., Reinbold, M., Fuchs, M., & Briick, T. (2017). Opportunities
and challenges for the sustainable production of structurally complex diterpenoids
in recombinant microbial systems. Beilstein Journal of Organic Chemistry, 13,
845-854. https://doi.org/10.3762/bjoc.13.85

Kim, B. R., Kim, S. U., & Chang, Y. J. (2005). Differential expression of three 1-
deoxy-D-xylulose-5-phosphate synthase genes in rice. Biotechnology Letters,
27(14), 997-1001. https://doi.org/10.1007/s10529-005-7849-1

Kimura, S., & Sinha, N. (2008). Tomato (Solanum lycopersicum): A model fruit-
bearing crop. Cold Spring Harbor Protocols, 3(11).
https://doi.org/10.1101/pdb.emo105

Kipchirchir Bitok, J., & Meyers, C. F. (2012). 2 C-methyl-d-erythritol 4-phosphate
enhances and sustains cyclodiphosphate synthase IspF activity. ACS Chemical
Biology, 7(10), 1702-1710.
https://doi.org/10.1021/CB300243W/SUPPL_FILE/CB300243W_SI 001.PDF

Koppisch, A. T., Fox, D. T., Blagg, B. S. J., & Poulter, C. D. (2001). E. coli MEP
Synthase: Steady-State Kinetic Analysis and Substrate Binding7. Biochemistry,
41(1), 236-243. https://doi.org/10.1021/B10118207

Krauss, S., Schnitzler, W. H., Grassmann, J., & Woitke, M. (2005). The Influence of
Different Electrical Conductivity Values in a Simplified Recirculating Soilless
System on Inner and Outer Fruit Quality Characteristics of Tomato. Journal of
Agricultural and Food Chemistry, 54(2), 441-448.
https://doi.org/10.1021/JF051930A

Kudoh, K., Hotta, S., Sekine, M., Fujii, R., Uchida, A., Kubota, G., Kawano, Y., &
Thara, M. (2017). Overexpression of endogenous 1-deoxy-d-xylulose 5-phosphate
synthase (DXS) in cyanobacterium Synechocystis sp. PCC6803 accelerates
protein aggregation. Journal of Bioscience and Bioengineering, 123(5), 590-596.
https://doi.org/10.1016/J.JBIOSC.2017.01.001

Kudoh, K., Kubota, G., Fujii, R., Kawano, Y., & Thara, M. (2017). Exploration of the
1-deoxy-d-xylulose 5-phosphate synthases suitable for the creation of a robust
isoprenoid biosynthesis system. Journal of Bioscience and Bioengineering,
123(3), 300-307. https://doi.org/10.1016/J.JBIOSC.2016.10.005

Kuzuyama, T., Takahashi, S., Takagi, M., & Seto, H. (2000). Characterization of 1-
Deoxy-d-xylulose 5-Phosphate Reductoisomerase, an Enzyme Involved in
Isopentenyl Diphosphate Biosynthesis, and Identification of Its Catalytic Amino

155



General discussion

Acid Residues *. Journal of Biological Chemistry, 275(26), 19928—19932.
https://doi.org/10.1074/JBC.M001820200

Lalitha, K., & Radhakrishnamurty, R. (2020). Response of alanine, tyrosine & leucine
aminotransferases to dietary pyridoxine & protein in rat tissues. /The Sustainable
Development Goals Report 2020, 13(2), 149—-152.

Lange, B. M., & Croteau, R. (1999). Isoprenoid Biosynthesis via a Mevalonate-
Independent Pathway in Plants: Cloning and Heterologous Expression of 1-
Deoxy-d-xylulose-5-phosphate Reductoisomerase from Peppermint. Archives of
Biochemistry and Biophysics, 365(1), 170-174.
https://doi.org/10.1006/ABB1.1999.1168

Laskowski, R. A., Gerick, F., & Thornton, J. M. (2009). The structural basis of
allosteric regulation in proteins. FEBS Letters, 583(11), 1692—1698.
https://doi.org/10.1016/J.FEBSLET.2009.03.019

Lengauer, T., & Rarey, M. (1996). Computational methods for biomolecular docking.
Current Opinion in Structural Biology, 6(3), 402—406.
https://doi.org/10.1016/S0959-440X(96)80061-3

Li, M., Hou, F., Wu, T, Jiang, X., Li, F., Liu, H., Xian, M., & Zhang, H. (2020).
Recent advances of metabolic engineering strategies in natural isoprenoid
production using cell factories. Natural Product Reports, 37(1), 80-99.
https://doi.org/10.1039/c9np00016j

Li, Y., Wang, H., Zhang, Y., & Martin, C. (2018). Can the world’s favorite fruit,
tomato, provide an effective biosynthetic chassis for high-value metabolites?
Plant Cell Reports, 37(10), 1443—1450. https://doi.org/10.1007/S00299-018-
2283-8/FIGURES/2

Liu, Y., Jiang, X., Cui, Z., Wang, Z., Qi, Q., & Hou, J. (2019). Engineering the
oleaginous yeast Yarrowia lipolytica for production of a-farnesene.
Biotechnology for Biofuels, 12(1), 1-11. https://doi.org/10.1186/S13068-019-
1636-Z/TABLES/2

Lois, Luisa Maria, Campos, N., Putra, S. R., Danielsen, K., Rohmer, M., & Boronat,
A. (1998). Cloning and characterization of a gene from Escherichia coli encoding
a transketolase-like enzyme that catalyzes the synthesis of D-1-deoxyxylulose 5-
phosphate, a common precursor for isoprenoid, thiamin, and pyridoxol
biosynthesis. Proceedings of the National Academy of Sciences of the United
States of America, 95(5), 2105-2110. https://doi.org/10.1073/PNAS.95.5.2105

156



General discussion

Lois, Luisa Maria, Rodriguez-Concepcion, M., Gallego, F., Campos, N., & Boronat,
A. (2000). Carotenoid biosynthesis during tomato fruit development: Regulatory
role of 1-deoxy-D-xylulose 5-phosphate synthase. Plant Journal, 22(6), 503—513.
https://doi.org/10.1046/j.1365-313X.2000.00764.x

Mac Sweeney, A., Lange, R., Fernandes, R. P. M., Schulz, H., Dale, G. E.,
Douangamath, A., Proteau, P. J., & Oefner, C. (2005). The crystal structure of E.
coli 1-deoxy-D-xylulose-5-phosphate reductoisomerase in a ternary complex with
the antimalarial compound fosmidomycin and NADPH reveals a tight-binding
closed enzyme conformation. Journal of Molecular Biology, 345(1), 115-127.
https://doi.org/10.1016/j.jmb.2004.10.030

Mahmoud, S. S., & Croteau, R. B. (2001). Metabolic engineering of essential oil yield
and composition in mint by altering expression of deoxyxylulose phosphate
reductoisomerase and menthofuran synthase. Proceedings of the National
Academy of Sciences of the United States of America, 98(15), 8915-8920.
https://doi.org/10.1073/PNAS.141237298/ASSET/DOSFE68C-163B-4C50-94F 8-
FDI9E7F3A8753/ASSETS/GRAPHIC/PQ1412372003.JPEG

Mandel, M. A., Feldmann, K. A., Herrera-Estrella, L., Rocha-Sosa, M., & Leoén, P.
(1996). CLAL1, a novel gene required for chloroplast development, is highly
conserved in evolution. The Plant Journal : For Cell and Molecular Biology,
9(5), 649-658. https://doi.org/10.1046/J.1365-313X.1996.9050649.X

Markus Lange, B., Wildung, M. R., Mccaskill, D., & Croteau, R. (1998). A family of
transketolases that directs isoprenoid biosynthesis via a mevalonate-independent

pathway. Proceedings of the National Academy of Sciences of the United States of
America, 95(5), 2100-2104. https://doi.org/10.1073/PNAS.95.5.2100

Marti, R., Roselld, S., & Cebolla-Cornejo, J. (2016). Tomato as a Source of
Carotenoids and Polyphenols Targeted to Cancer Prevention. Cancers 2016, Vol.
8, Page 58, 8(6), 58. https://doi.org/10.3390/CANCERS8060058

Mcgarvey, D. J., & Croteau’, R. (1995). Terpenoid metabolism. The Plant Cell, 7(7),
1015. https://doi.org/10.1105/TPC.7.7.1015

Mohd Azhar, S. H., Abdulla, R., Jambo, S. A., Marbawi, H., Gansau, J. A., Mohd
Faik, A. A., & Rodrigues, K. F. (2017). Yeasts in sustainable bioethanol
production: A review. Biochemistry and Biophysics Reports, 10(February), 52—
61. https://doi.org/10.1016/j.bbrep.2017.03.003

Moreno, J. C., Martinez-Jaime, S., Schwartzmann, J., Karcher, D., Tillich, M., Graf,
A., & Bock, R. (2018). Temporal Proteomics of Inducible RNAi Lines of Clp

157



General discussion

Protease Subunits Identifies Putative Protease Substrates. Plant Physiology,
176(2), 1485—1508. https://doi.org/10.1104/PP.17.01635

Morris, W. L., Ducreux, L. J. M., Hedden, P., Millam, S., & Taylor, M. A. (2006).
Overexpression of a bacterial 1-deoxy-D-xylulose 5-phosphate synthase gene in
potato tubers perturbs the isoprenoid metabolic network: implications for the
control of the tuber life cycle. Journal of Experimental Botany, 57(12), 3007—
3018. https://doi.org/10.1093/JXB/ERL061

Ninnis, R. L., Spall, S. K., Talbo, G. H., Truscott, K. N., & Dougan, D. A. (2009).
Modification of PATase by L/F-transferase generates a ClpS-dependent N-end
rule substrate in Escherichia coli. The EMBO Journal, 28(12), 1732.
https://doi.org/10.1038/EMB0J.2009.134

Nogueira, M., Enfissi, E. M., Almeida, J., & Fraser, P. D. (2018). Creating plant
molecular factories for industrial and nutritional isoprenoid production. Current

Opinion in Biotechnology, 49, 80-87.
https://doi.org/10.1016/j.copbio.2017.08.002

Nuutinen, T. (2018). Medicinal properties of terpenes found in Cannabis sativa and
Humulus lupulus. European Journal of Medicinal Chemistry, 157, 198-228.
https://doi.org/10.1016/J. EJMECH.2018.07.076

Paetzold, H., Garms, S., Bartram, S., Wieczorek, J., Urés-Gracia, E. M., Rodriguez-
Concepcion, M., Boland, W., Strack, D., Hause, B., & Walter, M. H. (2010). The
isogene 1-deoxy-D-xylulose 5-phosphate synthase 2 controls isoprenoid profiles,

precursor pathway allocation, and density of tomato trichomes. Molecular Plant,
3(5), 904-916. https://doi.org/10.1093/mp/ssq032

Peralta-Yahya, P. P., Zhang, F., Del Cardayre, S. B., & Keasling, J. D. (2012).
Microbial engineering for the production of advanced biofuels. Nature 2012
488:7411, 488(7411), 320-328. https://doi.org/10.1038/nature1 1478

Perello, C., Llamas, E., Burlat, V., Ortiz-Alcaide, M., Phillips, M. A., Pulido, P., &
Rodriguez-Concepcion, M. (2016). Differential subplastidial localization and

turnover of enzymes involved in isoprenoid biosynthesis in chloroplasts. PLoS
ONE, 11(2), 1-17. https://doi.org/10.1371/journal.pone.0150539

Pérez-Gil, J., Calisto, B. M., Behrendt, C., Kurz, T., Fita, 1., & Rodriguez-Concepcion,
M. (2012). Crystal structure of Brucella abortus deoxyxylulose-5- phosphate
reductoisomerase-like (DRL) enzyme involved in isoprenoid biosynthesis.
Journal of Biological Chemistry, 287(19), 15803—158009.
https://doi.org/10.1074/jbc.M112.354811

158



General discussion

Pérez-Gil, J., & Rodriguez-Concepcion, M. (2013a). Metabolic plasticity for
isoprenoid biosynthesis in bacteria. Biochemical Journal, 452(1), 19-25.
https://doi.org/10.1042/BJ20121899

Pérez-Gil, J., & Rodriguez-Concepcion, M. (2013b). Metabolic plasticity for
isoprenoid biosynthesis in bacteria. Biochemical Journal, 452(1), 19-25.
https://doi.org/10.1042/BJ20121899

Petersen, J., Wright, S. C., Rodriguez, D., Matricon, P., Lahav, N., Vromen, A.,
Friedler, A., Stromgqvist, J., Wennmalm, S., Carlsson, J., & Schulte, G. (2017).
Agonist-induced dimer dissociation as a macromolecular step in G protein-
coupled receptor signaling. Nature Communications 2017 8:1, 8(1), 1-15.
https://doi.org/10.1038/s41467-017-00253-9

Phillips, M. A., Leon, P., Boronat, A., & Rodriguez-Concepcion, M. (2008). The
plastidial MEP pathway: unified nomenclature and resources. Trends in Plant
Science, 13(12), 619—-623. https://doi.org/10.1016/J. TPLANTS.2008.09.003

Pieper, U., Eswar, N., Davis, F. P., Braberg, H., Madhusudhan, M. S., Rossi, A.,
Marti-Renom, M., Karchin, R., Webb, B. M., Eramian, D., Shen, M. Y., Kelly,
L., Melo, F., & Sali, A. (2006). MODBASE: a database of annotated comparative
protein structure models and associated resources. Nucleic Acids Research,
34(suppl 1), D291-D295. https://doi.org/10.1093/NAR/GKJI059

Pokhilko, A., Bou-Torrent, J., Pulido, P., Rodriguez-Concepcion, M., & Ebenhdh, O.
(2015). Mathematical modelling of the diurnal regulation of the MEP pathway in
Arabidopsis. The New Phytologist, 206(3), 1075-1085.
https://doi.org/10.1111/NPH.13258

Pulido, P., Llamas, E., Llorente, B., Ventura, S., Wright, L. P., & Rodriguez-
Concepcion, M. (2016). Specific Hsp100 Chaperones Determine the Fate of the
First Enzyme of the Plastidial Isoprenoid Pathway for Either Refolding or
Degradation by the Stromal Clp Protease in Arabidopsis. PLoS Genetics, 12(1),
1-19. https://doi.org/10.1371/journal.pgen.1005824

Pulido, P., Toledo-Ortiz, G., Phillips, M. A., Wright, L. P., & Rodriguez-Concepcion,
M. (2013). Arabidopsis J-Protein J20 delivers the first enzyme of the plastidial
isoprenoid pathway to protein quality control. Plant Cell, 25(10), 4183—4194.
https://doi.org/10.1105/tpc.113.113001

Rajesh Luthra, Pratibha M, Luthra, & Sushil Kumar. (1999). Redefined role of
mevalonate—isoprenoid pathway in terpenoid biosynthesis in higher plants on
JSTOR. Current Science.

159



General discussion

https://www.jstor.org/stable/24101222?casa_token=ZTbxJ HngxgAAAAA%3A
K-

gfndydMBj61b0OBCbIKaTIBPBfzwMOQIlogJ AgNNSB2aBhvHVscOy2ILAm70
V2DfC80Pg37tN3n1Te nHCUQqPIllqrswtioRLS5ZAV a7JuHZOwWWRZk&seq=1

Rodriguez-Concepcion, M., Ahumada, 1., Diez-Juez, E., Sauret-Gtieto, S., Maria Lois,
L., Gallego, F., Carretero-Paulet, L., Campos, N., & Boronat, A. (2001). 1-
Deoxy-D-xylulose 5-phosphate reductoisomerase and plastid isoprenoid
biosynthesis during tomato fruit ripening. Plant Journal, 27(3), 213-222.
https://doi.org/10.1046/5.1365-313X.2001.01089.x

Rodriguez-Concepcion, M., Avalos, J., Bonet, M. L., Boronat, A., Gomez-Gomez, L.,
Hornero-Mendez, D., Limon, M. C., Meléndez-Martinez, A. J., Olmedilla-
Alonso, B., Palou, A., Ribot, J., Rodrigo, M. J., Zacarias, L., & Zhu, C. (2018). A
global perspective on carotenoids: Metabolism, biotechnology, and benefits for
nutrition and health. Progress in Lipid Research, 70(April), 62-93.
https://doi.org/10.1016/j.plipres.2018.04.004

Rodriguez-Concepcion, M., & Boronat, A. (2002a). Elucidation of the methylerythritol
phosphate pathway for isoprenoid biosynthesis in bacteria and plastids. A
metabolic milestone achieved through genomics. Plant Physiology, 130(3), 1079—
1089. https://doi.org/10.1104/pp.007138

Rodriguez-Concepcion, M., & Boronat, A. (2015). Breaking new ground in the
regulation of the early steps of plant isoprenoid biosynthesis. Current Opinion in
Plant Biology, 25, 17-22. https://doi.org/10.1016/j.pbi.2015.04.001

Rodriguez-Concepcion, M., D’Andrea, L., & Pulido, P. (2019). Control of plastidial
metabolism by the Clp protease complex. Journal of Experimental Botany, 70(7),
2049-2058. https://doi.org/10.1093/JXB/ERY 441

Rodriguez-Villalon, A., Gas, E., & Rodriguez-Concepcion, M. (2009). Phytoene
synthase activity controls the biosynthesis of carotenoids and the supply of their
metabolic precursors in dark-grown Arabidopsis seedlings. The Plant Journal :
For Cell and Molecular Biology, 60(3), 424—435. https://doi.org/10.1111/J.1365-
313X.2009.03966.X

Rodriguez-Villalon, A., Pérez-Gil, J., & Rodriguez-Concepcion, M. (2008).
Carotenoid accumulation in bacteria with enhanced supply of isoprenoid
precursors by upregulation of exogenous or endogenous pathways. Journal of
Biotechnology, 135(1), 78—84. https://doi.org/10.1016/J.JBIOTEC.2008.02.023

160



General discussion

Rohdich, F., Bacher, A., & Eisenreich, W. (2004). Perspectives in anti-infective drug
design. The late steps in the biosynthesis of the universal terpenoid precursors,
isopentenyl diphosphate and dimethylallyl diphosphate. Bioorganic Chemistry,
32(5), 292-308. https://doi.org/10.1016/J.BIOORG.2004.05.012

Rohdich, F., Hecht, S., Bacher, A., & Eisenreich, W. (2003). Deoxyxylulose phosphate
pathway of isoprenoid biosynthesis. Discovery and function of the ispDEFGH
genes and their cognate enzymes. Pure and Applied Chemistry, 75(2-3), 393—
405. https://doi.org/10.1351/pac200375020393

Rude, M. A., & Schirmer, A. (2009). New microbial fuels: a biotech perspective.
Current Opinion in Microbiology, 12(3), 274-281.
https://doi.org/10.1016/J.MIB.2009.04.004

Ruszkowski, M. (2018). Guarding the gateway to histidine biosynthesis in plants:
Medicago truncatula ATP-phosphoribosyltransferase in relaxed and tense states.
The Biochemical Journal, 475(16), 2681-2697.
https://doi.org/10.1042/BCJ20180289

Saladié, M., Wright, L. P., Garcia-Mas, J., Rodriguez-Concepcion, M., & Phillips, M.
A. (2014). The 2-C-methylerythritol 4-phosphate pathway in melon is regulated
by specialized isoforms for the first and last steps. Journal of Experimental
Botany, 65(17), 5077-5092. https://doi.org/10.1093/JXB/ERU275

Sangari, F. J., Pérez-Gil, J., Carretero-Paulet, L., Garcia-Lobo, J. M., & Rodriguez-
Concepcion, M. (2010). A new family of enzymes catalyzing the first committed
step of the methylerythritol 4-phosphate (MEP) pathway for isoprenoid
biosynthesis in bacteria. Proceedings of the National Academy of Sciences of the
United States of America, 107(32), 14081-14086.
https://doi.org/10.1073/PNAS.1001962107/-/DCSUPPLEMENTAL/ST02.DOC

Sauret-Giieto, S., Urds, E. M., Ibafiez, E., Boronat, A., & Rodriguez-Concepcion, M.
(2006). A mutant pyruvate dehydrogenase E1 subunit allows survival of
Escherichia coli strains defective in 1-deoxy-D-xylulose 5-phosphate synthase.
FEBS Letters, 580(3), 736—740. https://doi.org/10.1016/J.FEBSLET.2005.12.092

Schwender, J., Miiller, C., Zeidler, J., & Lichtenthaler, H. K. (1999). Cloning and
heterologous expression of a cDNA encoding 1-deoxy-D-xylulose-5-phosphate
reductoisomerase of Arabidopsis thalianal. FEBS Letters, 455(1-2), 140—144.
https://doi.org/10.1016/S0014-5793(99)00849-2

Seetoh, W. G., & Abell, C. (2016). Disrupting the Constitutive, Homodimeric Protein-
Protein Interface in CK2 Using a Biophysical Fragment-Based Approach.

161



General discussion

Journal of the American Chemical Society, 138(43), 14303—-14311.
https://doi.org/10.1021/JACS.6B07440/ASSET/IMAGES/LARGE/JA-2016-
074403 _0004.JPEG

Singh, R. B., Visen, P., Sharma, D., Sharma, S., Mondol, R., Sharma, J. P., Sharma,
M., Tokunaga, M., Takahashi, T., Mishra, S., Sharma, A., Jain, M., Marinho, F.,
& Pal, R. (2014). Study of functional foods consumption patterns among
decedents dying due to various causes of death. Open Nutraceuticals Journal,
8(1), 16-28. https://doi.org/10.2174/1876396001508010016

Singh, R., DeMeester, F., Pella, D., Basu, T. K., & Watson, R. R. (2009).
Globalization of Dietary Wild Foods Protect against Cardiovascular Disease and
all Cause Mortalities? A Scientific Satement from the International College of
Cardiology, Columbus Paradigm Institute and the International College of
Nutrition. The Open Nutraceuticals Journal, 2(1), 42-45.
https://doi.org/10.2174/1876396000902010042

Song, X., Usunow, G., Lange, G., Busch, M., & Tong, L. (2007). Crystal structure of
1-deoxy-D-xylulose 5-phosphate synthase, a crucial enzyme for isoprenoids
biosynthesis. Journal of Biological Chemistry, 282(4), 2676—2682.
https://doi.org/10.1074/jbc.M610235200

Sprenger, G. A., Schorken, U., Wiegert, T., Grolle, S., De Graaf, A. A., Taylor, S. V.,
Begley, T. P., Bringer-Meyer, S., & Sahm, H. (1997). Identification of a thiamin-
dependent synthase in Escherichia coli required for the formation of the 1-deoxy-
D-xylulose 5-phosphate precursor to isoprenoids, thiamin, and pyridoxol.

Proceedings of the National Academy of Sciences of the United States of America,
94(24), 12857-12862. https://doi.org/10.1073/PNAS.94.24.12857

Steinbacher, S., Kaiser, J., Eisenreich, W., Huber, R., Bacher, A., & Rohdich, F.
(2003). Structural Basis of Fosmidomycin Action Revealed by the Complex with
2-C-Methyl-d-erythritol 4-phosphate Synthase (IspC): IMPLICATIONS FOR
THE CATALYTIC MECHANISM AND ANTI-MALARIA DRUG
DEVELOPMENT. Journal of Biological Chemistry, 278(20), 18401-18407.
https://doi.org/10.1074/JBC.M300993200

Takahashi, S., Kuzuyama, T., Watanabe, H., & Seto, H. (1998). A 1-deoxy-D-xylulose
5-phosphate reductoisomerase catalyzing the formation of 2-C-methyl-D-
erythritol 4-phosphate in an alternative nonmevalonate pathway for terpenoid
biosynthesis. Proceedings of the National Academy of Sciences of the United
States of America, 95(17), 9879-9884. https://doi.org/10.1073/PNAS.95.17.9879

162



General discussion

Tetali, S. D. (2019). Terpenes and isoprenoids: a wealth of compounds for global use.
Planta, 249(1), 1-8. https://doi.org/10.1007/s00425-018-3056-x

Tippmann, S., Chen, Y. (2013). From flavors and pharmaceuticals to advanced
biofuels: Production of isoprenoids in Saccharomyces cerevisiae. Wiley Online
Library, 8(12), 1435-1444. https://doi.org/10.1002/biot.201300028

Tripathi, A. D., Mishra, R., Maurya, K. K., Singh, R. B., & Wilson, D. W. (2018).
Estimates for world population and global food availability for global health. In
The Role of Functional Food Security in Global Health. Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813148-0.00001-3

Vickers, C. E., Behrendorff, J. B. Y. H., Bongers, M., Brennan, T. C. R., Bruschi, M.,
& Nielsen, L. K. (2015). Production of Industrially Relevant Isoprenoid
Compounds in Engineered Microbes. 303—334. https://doi.org/10.1007/978-3-
662-45209-7 11

Vickers, C. E., Williams, T. C., Peng, B., & Cherry, J. (2017). Recent advances in
synthetic biology for engineering isoprenoid production in yeast. Current Opinion
in Chemical Biology, 40, 47-56. https://doi.org/10.1016/J.CBPA.2017.05.017

Volke, D. C., Rohwer, J., Fischer, R., & Jennewein, S. (2019). Investigation of the
methylerythritol 4-phosphate pathway for microbial terpenoid production through
metabolic control analysis. Microbial Cell Factories, 18(1), 1-15.
https://doi.org/10.1186/S12934-019-1235-5/FIGURES/8

Vranova, E., Coman, D., & Gruissem, W. (2013). Network analysis of the MVA and
MEP pathways for isoprenoid synthesis. Annual Review of Plant Biology, 64,
665-700. https://doi.org/10.1146/ANNUREV-ARPLANT-050312-120116

Wagner, K. H., & Elmadfa, I. (2003). Biological Relevance of Terpenoids. Annals of
Nutrition and Metabolism, 47(3—4), 95—106. https://doi.org/10.1159/000070030

Walls, L. E., & Rios-Solis, L. (2020). Sustainable Production of Microbial Isoprenoid
Derived Advanced Biojet Fuels Using Different Generation Feedstocks: A
Review. Frontiers in Bioengineering and Biotechnology, 8(October), 1-19.
https://doi.org/10.3389/fbioe.2020.599560

Walter, M. H., Hans, J., & Strack, D. (2002). Two distantly related genes encoding 1-
deoxy-D-xylulose 5-phosphate synthases: Differential regulation in shoots and
apocarotenoid-accumulating mycorrhizal roots. Plant Journal, 31(3), 243-254.
https://doi.org/10.1046/j.1365-313X.2002.01352.x

163



General discussion

Walter, M. H., Stauder, R., & Tissier, A. (2015). Evolution of root-specific carotenoid
precursor pathways for apocarotenoid signal biogenesis. Plant Science : An

International Journal of Experimental Plant Biology, 233, 1-10.
https://doi.org/10.1016/J.PLANTSCI.2014.12.017

Walter, M., Kilian, J., & Kudla, J. (2002). PNPase activity determines the efficiency of
mRNA 3’-end processing, the degradation of tRNA and the extent of
polyadenylation in chloroplasts. EMBO Journal, 21(24), 6905-6914.
https://doi.org/10.1093/EMBOJ/CDF686

Wang, G., Tang, W., products, R. (2005). Terpenoids as therapeutic drugs and
pharmaceutical agents. Springer, 197-227. https://doi.org/10.1007/978-1-59259-
976-9 9

Wang, Q., Quan, S., & Xiao, H. (2019). Towards efficient terpenoid biosynthesis:
manipulating IPP and DMAPP supply. Bioresources and Bioprocessing, 6(1).
https://doi.org/10.1186/s40643-019-0242-z

Wang, Y., Wang, G., Moitessier, N., & Mittermaier, A. K. (2020). Enzyme Kinetics by
Isothermal Titration Calorimetry: Allostery, Inhibition, and Dynamics. Frontiers

in Molecular Biosciences, 7, 285.
https://doi.org/10.3389/FMOLB.2020.583826/BIBTEX

Ward, V. C. A., Chatzivasileiou, A. O., & Stephanopoulos, G. (2018). Metabolic
engineering of Escherichia coli for the production of isoprenoids. FEMS
Microbiology Letters, 365(10), 79. https://doi.org/10.1093/FEMSLE/FNY079

Warlick, B. P., Evans, B. S., Erb, T. J., Ramagopal, U. A., Sriram, J., Imker, H. J.,
Sauder, J. M., Bonanno, J. B., Burley, S. K., Tabita, F. R., Almo, S. C., Sweedler,
J. S., & Gerlt, J. A. (2012). 1-methylthio-d-xylulose 5-phosphate
methylsulfurylase: A novel route to 1-deoxy-d-xylulose 5-phosphate in
Rhodospirillum rubrum. Biochemistry, 51(42), 8324—8326.
https://doi.org/10.1021/B1301215G/SUPPL_FILE/BI301215G_SI 001.PDF

Wass, M. N., & Sternberg, M. J. E. (2009). Prediction of ligand binding sites using
homologous structures and conservation at CASP8. Proteins: Structure, Function,
and Bioinformatics, 77(S9), 147—151. https://doi.org/10.1002/PROT.22513

Willett, W., Rockstrom, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S.,
Garnett, T., Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M., Gordon,
L. J., Fanzo, J., Hawkes, C., Zurayk, R., Rivera, J. A., De Vries, W., Majele
Sibanda, L., ... Murray, C. J. L. (2019). Food in the Anthropocene: the EAT—

164



General discussion

Lancet Commission on healthy diets from sustainable food systems. The Lancet,
393(10170), 447-492. https://doi.org/10.1016/S0140-6736(18)31788-4

Wolfertz, M., Sharkey, T. D., Boland, W., & Kiihnemann, F. (2004). Rapid Regulation
of the Methylerythritol 4-Phosphate Pathway during Isoprene Synthesis. Plant
Physiology, 135(4), 1939-1945. https://doi.org/10.1104/PP.104.043737

Wright, L. P., & Phillips, M. A. (2014). Measuring the activity of 1-deoxy-D-xylulose
5-phosphate synthase, the first enzyme in the MEP pathway, in plant extracts.
Methods in Molecular Biology, 1153, 9-20. https://doi.org/10.1007/978-1-4939-
0606-2 2/FIGURES/1

Wright, L. P., Rohwer, J. M., Ghirardo, A., Hammerbacher, A., Ortiz-Alcaide, M.,
Raguschke, B., Schnitzler, J. P., Gershenzon, J., & Phillips, M. A. (2014).
Deoxyxylulose 5-Phosphate Synthase Controls Flux through the Methylerythritol
4-Phosphate Pathway in Arabidopsis. Plant Physiology, 165(4), 1488—1504.
https://doi.org/10.1104/PP.114.245191

Xiang, S., Usunow, G., Lange, G., Busch, M., & Tong, L. (2007). Crystal structure of
1-deoxy-D-xylulose 5-phosphate synthase, a crucial enzyme for isoprenoids
biosynthesis. Journal of Biological Chemistry, 282(4), 2676—2682.
https://doi.org/10.1074/jbc.M610235200

Yahia, E. M., Garcia-Solis, P., & MaldonadoCelis, M. E. (2018). Contribution of fruits
and vegetables to human nutrition and health. In Postharvest Physiology and

Biochemistry of Fruits and Vegetables. Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813278-4.00002-6

Yajima, S., Hara, K., lino, D., Sasaki, Y., Kuzuyama, T., Ohsawa, K., & Seto, H.
(2007). Structure of 1-deoxy-d-xylulose 5-phosphate reductoisomerase in a
quaternary complex with a magnesium ion, NADPH and the antimalarial drug
fosmidomycin. Acta Crystallographica Section F: Structural Biology and
Crystallization Communications, 63(Pt 6), 466.
https://doi.org/10.1107/S1744309107024475

Yajima, S., Nonaka, T., Kuzuyama, T., Seto, H., & Ohsawa, K. (2002). Crystal
Structure of 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase Complexed with
Cofactors: -Implications of a Flexible Loop Movement upon Substrate Binding.
The Journal of Biochemistry, 131(3), 313-317.
https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A003105

Yu, C., Leung, S. K. P., Zhang, W, Lai, L. T. F., Chan, Y. K., Wong, M. C.,
Benlekbir, S., Cui, Y., Jiang, L., & Lau, W. C. Y. (2021). Structural basis of

165



General discussion

substrate recognition and thermal protection by a small heat shock protein. Nature
Communications, 12(1), 1-11. https://doi.org/10.1038/s41467-021-23338-y

Zhao, D., Jiang, L., Li, H., Yan, P., Molecules, Y. Z.-, & 2016, undefined. (2016).
Chemical components and pharmacological activities of terpene natural products
from the genus Paeconia. Mdpi.Com. https://doi.org/10.3390/molecules21101362

Zhou, J., Yang, L., DeColli, A., Freel Meyers, C., Nemeria, N. S., & Jordan, F. (2017).
Conformational dynamics of 1-deoxy-D-xylulose 5-phosphate synthase on ligand
binding revealed by H/D exchange MS. Proceedings of the National Academy of
Sciences of the United States of America, 114(35), 9355-9360.
https://doi.org/10.1073/PNAS.1619981114

Zybailov, B., Friso, G., Kim, J., Rudella, A., Rodriguez, V. R., Asakura, Y., Sun, Q.,
& Van Wijk, K. J. (2009). Large scale comparative proteomics of a chloroplast
Clp protease mutant reveals folding stress, altered protein homeostasis, and
feedback regulation of metabolism. Molecular & Cellular Proteomics : MCP,
8(8), 1789-1810. https://doi.org/10.1074/MCP.M900104-MCP200

166



Conclusions

167



Conclusions

Conclusions

1. Tomato has three DXS-like sequences, but the DXS3 isoform does not have DXS

activity.

2. The absence of DXS activity of DXS3 is likely due to its lacking a conserved TPP

binding domain.

3. Tomato DXS1 and DXS2 isoforms can interact and form heterodimers.

4. TPP and DMAPP allosterically inhibit the activity of bacterial and plant (tomato)

DXS by directly binding away from the active site of the enzyme.

5. IPP and DMAPP binding promotes monomerization of the active DXS dimer.

6. DXS monomers can form aggregates that are eventually degraded.

7. IPP and DMAPP also feedback inhibit DXR activity likely by competing with the

NADPH cofactor for the active site.

8. DMAPP may also allosterically inhibit DXR by monomerization of the active dimer.

9.  The activity of DRL is not affected by IPP and DMAPP.
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List of primers used in this work

Appendices

Primer Name Sequence (5' to 3") Gene ID Use
SIDXSI-F ATCATGGCTTTGTGTGCTTATGCATTTCCTG | Solyc01g067890 | Cloning
ATGGCTAGCGAACAAAAACTCATCTCAGAAGA
Nhel-Myc-SIDXS1-F Solyc01g067890 | Cloning
GGATCTGGCTTCCTTATCAGAATCTGG
SIDXS1-XhoL-R CTTACTCGAGTGTCATGACCTCTAGAGCCTCTC | Solyc01g067890 | Cloning
SIDXS2-F CAGATGGCAGTTTCTTCAGGCACTGTATTTAG | Solycl1g010850 | Cloning
ATACCATGGACTACCCATACGATGTTCCAGATT
Ncol-HA-SIDXS2-F i
col-HA-SIDXS ACGCTGAAAAAGATAGTTTGCAGATTG Solyc11g010830 | Cloning
SIDXS2-Sall-R CTTAGTCGACGTTTACTACCATAGCTTCTTTTG | Solycl1g010850 | Cloning
SIDXS3-F TGATGGTTGCTGTTACTGCTCAGTACCCATTTG | Solyc082066950 | Cloning
ATGGCTAGCGACTACAAAGACGATGACGACAA
Nhel-FLAG-SIDXS3-F I loni
© GCATTCTTTGCCACATGCTGGTG S0lyc08g066930 | Cloning
SIDXS3-SalL-R | GTTAGTCGACGCACATCAAAAGAAGAGCTTCTC | Solyc082066950 | Cloning
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGA Gateway
GateWaySIDXS1-F lycO1
ateyvay TGGCTTTGTGTGCTTATGCAT Solyc01g067890 | - ) hing
GGGGACCACTTTGTACAAGAAAGCTGGGTCTGT Gat
GateWaySIDXS1-R Solyc01g067890 | — oo
CATGACCTCTAGAGC cloning
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGA ¢
GateWaySIDXS2-F Solye11g010850 | AWy
TGGCAGTTTCTTCAGGCACT cloning
GGGGACCACTTTGTACAAGAAAGCTGGGTCGTT Gat
GateWaySIDXS2-R Solyc11g010850 | —oow
TACTACCATAGCTTC cloning
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGA Gat
GateWaySIDXS3-F Solyc082066950 | oY
TGGTTGCTGTTACTGCTCAG cloning
GGGGACCACTTTGTACAAGAAAGCTGGGTCGCA Gat
GateWaySIDXS3-R Solyc082066950 | oY
CATCAAAAGAAGAGC cloning
SIDXR-F ATCATGGCCCTCAATTTGCTTTCTCCTGCTG | Solyc03g114340 | Cloning
ACTCATATGGAACAAAAACTCATCTCAGAAGAG
Ndel-Myc-SIDXR-F lyc03g11434 loni
eve GATCTGGCCTGGCCTGGAAGGGCTGT Solyc03g114340 | Cloning
SIDXR-Notl-R ACAGCGGCCGCTACAAGAGCTGGACTCAAAC | Solyc03g114340 | Cloning
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGA Gat
GateWaySIDXR-F Solyc03g114340 | —ovay
TGGCCCTCAATTTGCTTTCTC cloning
GGGGACCACTTTGTACAAGAAAGCTGGGTCTAC Gat
GateWaySIDXR-R Solyc03g114340 | oy

AAGAGCTGGACTCAA

cloning
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Plasmids Backbone Antibiotic Cloning method Tag
pBSK-SIDXS1 pBSK Ampicillin Ligation -
pBSK-SIDXS2 pBSK Ampicillin Ligation -
pBSK-SIDXS2 pBSK Ampicillin Ligation -

pET23a-SIDXS1- pET23 Ampicillin Ligation 6His(C-terminal)
pET23d-SIDXS2 pET23 Ampicillin Ligation 6His(C-terminal)
pET23a-SIDXS3 pET23 Ampicillin Ligation 6His(C-terminal)
pET23a-EcDXR pET23 Ampicillin Ligation 6His(C-terminal)
pET23a-BaDRL pET23 Ampicillin Ligation 6His(C-terminal)
pGWB405-SIDXS1 | pGWB405 | Spectinomycin Gateway GFP(C-terminal)
pGWB420-SIDXS1 | pGWB420 | Spectinomycin Gateway Myc(C-terminal)
pGWB454-SIDXS1 | pGWB454 | Spectinomycin Gateway RFP(C-terminal)
pGWB405-SIDXS2 | pGWB405 | Spectinomycin Gateway GFP(C-terminal)
pGWB414-SIDXS2 | pGWB414 | Spectinomycin Gateway HA(C-terminal)
pGWB420-SIDXR | pGWB420 | Spectinomycin Gateway Myc(C-terminal)
pGWB420-RPK pGWB420 | Spectinomycin Gateway Myc(C-terminal)
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Species/Abbrv el e e e e e ]

1. SIDXS1 ~MALCAYAFPGILNRTGVVSDSSKATPLFSGWIHGTDLQFLFQHKLTHEVKKRSRVV[Qa

2. SIDXS2 ~-MAVSSGTVFRINQHP---SSPYMKTPRFYNFTK---KKFLVKASVNGSDE INGK I VRK[E L

3. SIDXS3 MV[AlVTAQYPIFGICPQFHGNSRLLSPETDFS - - - - - - ALNFPYTLGYSKLSLHPKGHVAE IH H A
Species/Abbrv | 1]*"] |*]* | || Lol delele o] [=] [*L ] [e] ]| |+
1. SIDXS1 LBvvELEvAaLHYVENA |
2. SIDXS2 LEevvD LEVALHHYF |
3.SIDXS3 LEVVELEVA I HHVENAP VDK I
Species/Abbrv | *| | | ] ]|

1. SIDXST L

2. SIDXS2
3. SIDXS3
Species/Abbrv n
1. SIDXS1

MININ A A AL
3.5IDXS3 VYEAM L|H INAF LSk L
Species/Abbrv | | | | | | Jjﬂi L Ll L] L] ] NN
1. SIDXS1 MHEILAA LFEE LBy Yy @ vBEHN BBIL Al LKEY
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3.5IDXS3 RF M Y [EW A LFEELBILY Y 6l vDEHN I EBlLvC VL
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-l |
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Species/Abbrv | []]] ]
1. SIDXS1 Y A P
A P K
3. SIDXS3 - AV A I'M A
[F L

Y
Species/Abbrv [+ | ] NEENNRRCEEN ] 1
1. SIDXS1 M M HAVITFAAGLAC FCALY
2. SIDXS2 HAAM L HAVIEFAAGLA FCALlY
3. SIDXS3 LHLL HAVITIFAAGLAC FC1 1 AFL
| [ | |

Species/Abbrv | 1] 1] L L] o] |
1. SIDXS1 LFHMVAAAA

2.5IDxs2 LMHMVATAAA I

2. SIDXS2
3. SIDXS3
Species/Abbrv

LSlcKW L 1 [faWP PP RESSIRES/C ABIRC AWR AP

ALLLMC

Supplemental Figure 1. Alignment of SIDXS1, SIDXS2 and SIDXS2 sequences. The predicted
plastid-targeting sequences of three SIDXS isoforms highlight in yellow.
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Supplemental Figure 2. The computational modeling of SIDXS1 and SIDXS3 heterodimer.SIDXS1

is colored in pink and SIDXS3 is colored in purple
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Supplemental Figure 3. The computational modeling of SIDXS2 and SIDXS3 heterodimer.

SIDXS?2 is colored in blue and SIDXS3 is colored in purple
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a b

MVA (mM) MVA (mM)
0 1 10 0 1 10 0 1 10 0 1 10 0 1 10 0 1 10
o e O - - B
i ' . ' 8
M -‘- . BT e -
MVA . " " " MVA " . " "
" " Dimer/ Relative Relative Relative " . Dimer: Relative Relative Relative
Rep. Ci Dimer . 9 Rep. Concentration Dimer Monomer " "
(mM) Monomer  ratio dimer monomer (mM) Monomer  ratio dimer monomer
0 71.834 94453 0.761 1.000 1.000 1.000 0 101.943 69.870  1.459 1.000 1.000 1.000
1 1 65.191 119.885 0.544 0.715 0.908 1.269 1 1 99.986 124.594 0.802 0.550 0.981 1.783
10 12568 132.114 0.095 0.125 0.175 1.399 10 105.299 177.574 0593  0.406 1.033 2.541
0 50.559 67.908 0.745 1.000 1.000 1.000 0 104.820 103.749 1.010 1.000 1.000 1.000
2 1 39.010 82719 0472 0.633 0.772 1.218 2 1 58.769 108.577 0.541 0.536  0.561 1.047
10 10.118 122750 0.082  0.111 0200  1.808 10 45399 98.142 0463 0458 0.433 0.946
0 37.788 86.555 0437  1.000  1.000  1.000 0 77.000 59.247 1300 1.000  1.000 1.000
3 1 36.265 124.935 0.290 0.665 0.960 1.443 3 1 77.189 109.667 0.704  0.542 1.002 1.851
10 27.177 157.356  0.173 0.396 0.719 1.818 10 40.131 121959 0.329  0.253  0.521 2.058

Supplemental Figure 5. Immunoblot analysis of DXS monomers and dimers in bacteria. EcAM5-1
cells were transformed with constructs to express 6xHis-tagged versions of EcDXS (a) and SIDXS (b)
enzymes and positive transformants were grown in media supplemented with the indicated amounts of
MVA. Upper panels show representative images of immunoblot analyses with anti-6xHis antibodies. The
position of dimers (D) and monomers (M) is indicated in the upper panels, which shows the result of
independent representative experiments. The Table indicates the intensity of the bands in the images
quantified with ImagelJ, as well as the ratio of dimer to monomer and relative values compared to controls

without MV A supplementation.

H
MVA (mM) L] MVA (mM)
o 1 10 0 1 1 0 1 10 0 1 10 0 1 10 0 1 10 0 1 10 0o 1 10
| -
s Bem mEw S e ot e
1
| —— :E-“.ﬂn - | R e e e v —— .
c MVA (mM) c MVA (mM)
0 1 1 0 1 10 0 1 1 0 1 10 0 1 10 0 11 0 1 1 0 1 10

- e e A

MVA Soluble : Relative

MVA N
Soluble : Relative "
Rep. Co:ﬁ\xm Soluble Control Control  soluble

i Insoluble : Relative Insoluble :
Rep. cm‘():-\nh:)anm Soluble  Control Control  soluble

Control  insoluble ~Soluble

Insoluble  Relative Insoluble

Insoluble  Control : Control  insoluble : Soluble

Insoluble Control

[ 176.953 60.128 2943 1.000 117.252 56.761 2,066 1.000 1.000 [ 183648 60716 3025 1.000 52149 124.537 0419 1.000 1.000
1 1 168673 56609 2980 1.012 163221 43872 3720 1.801 1.779 1 1 175833 53.351 3296 1.090 94.097 115776 0.813 1.941 1.781
10 175182 58257 3.007 1.022 176730 52305 3.379 1.636 1.601 10 154.724 54.084 2861 0946 170.305 110.507 1.541 3.680 3.891
[ 183829 56.349 3262 1.000 95094 49.936 1.904 1.000 1.000 0 198.631 74541 2665 1.000 121690 62663 1.942 1.000 1.000
2 1 181.168 55026 3.292 1.009 164.346 42646 3854 2024 2.005 2 1 186719 66.860 2793 1.048 191651 62711 3.056 1.574 1.502
10 185287 60.108 3.083 0945 158.181 38427 4.116 2.162 2288 10 193.074 6€8.900 2.802 1.052 206426 65500 3.152 1.623 1.543
[ 219326 103.764 2114  1.000 112.081 162403 0.690 1.000 1.000 o 165.390 145044 1.140 1.000 157.290 120.841 1.302 1.000 1.000
3 1 201915 108.030 1869 0.884 165828 127.535 1.300 1.884 2131 3 1 162473 157676 1030 0904 198.671 124722 1.593 1.224 1.354
10 209963 103292 2033 0962 196.708 145660 1.350 1.957 2035 10 173540 156.927 1.106 0970 201579 124.866 1.614 1.240 1.279
0 132,990 62441 2130 1.000 o 103.203 207.849 0.497 1.000
4 1 197.811 59536  3.323 1.560 4 1 136.963 208470 0.657 1.323
10 195211 55714  3.504 1.645 10 206.680 209.953 0.984 1.983

Supplemental Figure 6. Immunoblot analysis of DXS aggregates in bacteria. ~EcAMS5 cells were
transformed with constructs to express 6xHis-tagged versions of EcDXS (a) and SIDXS1 (b) enzymes
and positive transformants were grown in media supplemented with the indicated amounts of MVA.

Extracts corresponding to soluble (S) and insoluble/aggregated (I) proteins are indicated. (H) Immunoblot
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analyses with anti-6xHis antibodies. (C) Loading control by ponceau stain. The Table indicates the

intensity of the bands in the images quantified with ImageJ, as well as ratios and relative values.

FSM Control NFZ FSM Control NFZ FSM Control NFZ

X LR LA RS
R L L)

Dimer: Relative Relative Relative
Monomer  ratio dimer monomer

Rep. Treatment Dimer Monomer

FSM 160.050 158.642 1.009 1.088 1.045 0.961
1 DXS 153.130 165.099 0.928 1.000 1.000 1.000
NFZ 77.281  121.983 0.634 0.683 0.505 0.739
FSM 130.870 136.149 0.961 1137  0.957 0.842
2 DXs 136.750 161.766 0.845 1.000 1.000 1.000
NFZ 75.392  134.032 0.562 0.665 0.551 0.829
FSM 103.999  145.091 0.717 1349 1.019 0.755
3 DXs 102.090 192.131 0.531 1.000 1.000 1.000
NFZ 43.379  131.142 0.331 0.623 0.425 0.683

Supplemental Figure 7. Inmunoblot analysis of DXS monomers and dimers in plant cells.

Leaves from N. benthamiana plants were infiltrated with constructs to produce SIDXS1 together with
either water (control) or the indicated inhibitors, and samples were collected 5 days later. Immunoblot
analyses of protein extracts were carried out with anti-DXS antibodies. The position of dimers (D) and
monomers (M) is indicated in the upper panels, which shows the result of three independent representative
experiments. The Table indicates the intensity of the bands in the images quantified with Imagel, as well

as the ratio of dimer to monomer and relative values compared to water controls.

Day 3 Day 4 Day 5
FSM Control NFZ FSM Control NFZ FSM Control NFZ

D :.‘ ﬁ-“
. B o e

Supplemental Figure 8. Immunoblot analysis of SIDXSI1 levels in N. benthamiana leaves at different

days post-infiltration. Leaves from N. benthamiana plants were infiltrated with constructs to produce
SIDXSI1 together with either water (control) or the indicated inhibitors, and samples were collected after
3, 4 and 5 days. Immunoblot analyses with anti-DXS antibodies of protein extracts from representative

experiment are shown. The position of dimers (D) and monomers (M) is indicated.
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Supplemental Figure 10. The active site and lid of EcDXR. The flexible ‘lid’ (residues 206-216) is
shown in orange, and the active site (conserved residues Asp150, Glul52, His 209, Glu231, Glu234 and
His257) is in yellow.

Supplemental Figure 11. DXP binding site of EcDXR
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Supplemental Figure 13. IPP binding site of ECDXR prediction
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Supplemental Figure 15. IPP binding site of ECDXR (showed as surface)
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Supplemental Figure 16. DMAPP binding site of EcDXR prediction
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Supplemental Figure 18. DMAPP binding site of EcDXR (showed as surface)
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Supplemental Figure 20. The flexible ‘lid’ (orange) of BaDRL
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Supplemental Figure 22. IPP binding site of BaDRL (showed as surface) prediction
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Supplemental Figure 24. DMAPP binding site of BaDRL (showed as surface) prediction
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