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Introduction

1 Introduction

Terpenoids are large and varied classes of natural products produced by nearly all
organisms serving as visual pigments, reproductive hormones, defensive agents,
constituents of membranes, components of signal transduction networks, mating
pheromones and photoprotective agents. Monoterpenes (C1o) and sesquiterpenes
(C15) are the elements of the essential oils that are used as flavoring and coloring
agents in food, cosmetics, and perfumes as well as therapeutic agents such as
antibacterials, fungicides, antiinflammatory compounds, etc. Other terpenoids like
taxol (diterpenoid) serve as cytostatic agents while Ilutein and lycopene
(tetraterpenoids) have been registered as oncopreventive agents (Khachik et al.,
1995; Demming-Adams and Adams, 2002).

Isoprene (1) with the molecular formula CsHg can be considered, in a formal sense,
as a basic building block of terpenoids, and certain simple terpenes have the
molecular formula (CsHs),. However, only the activated forms of isoprene, i.e.
dimethylallyl pyrophosphate (DMAPP)(3) and isopentenyl diphosphate (IPP)(2) can
serve as actual precursors of terpenes (Figure 1). Various assembly and modification
of IPP and DMAPP yield more than 30,000 different terpenoids that we know today.

0-p-0-P-0° ~ "0-p-0-P-0°

1 2 e

Figure 1: Terpene precursors
Isoprene(1) and its activated forms IPP (2) and DMAPP (3)

Two independent pathways are known for terpenoids biosynthesis, i.e., the
mevalonate pathway and the deoxyxylulose phosphate pathway. The occurrence of
these pathways among the three kingdoms of life is shown in Table 1. Many
pathogenic bacteria have the deoxyxylulose phosphate pathway while mammals use
the mevalonate pathway. Plants use the mevalonate pathway in the cytosol and the
deoxyxylulose phosphate pathway in their plastids (Eisenreich et al., 2004). For this

reason, the deoxyxylulose phosphate pathway enzymes are attractive targets for the
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design of novel antibiotics and herbicides where toxicity related to selectivity in drug

design is resolved.

Table 1: IPP and DMAPP biosynthesis genes in representative examples of

completely sequenced organisms

Organisms Pathway

DXP

MEV

Isomerase
Idil

[dill

Bacteria

Aquifales (Aquifex aeolicus) +
Chlamydia group (Chlamydophila +
pneumoniae)

Cyanobacteriab (Synechocystis sp.) +
Deinococcus group (Deinococcus +
radiodurans)

Firmicutes (Bacillus subtilis) +
(Mycoplasma genitalium) —
(Staphylococcus aureus)
(Streptomyces coelicolor)

(Listeria monozytogenes)
Proteobacteria (Escherichia coli)
(Rickettsia prowazeckii)
Spirochaetales (Treponema pallidum)
(Borrelia burgdorferi) —
Thermotogales (Thermotoga maritima)

+ | + + + |

+

Archaea

Crenarchaeota (Aeropyrum pernix) —
Euryarchaeota (Archaeoglobus fulgidus) —

Eukaryotes

Animals (Homo sapiens) —
Plants (Arabidopsis thaliana) +
Plasmodium falciparum +
Yeasts (Saccharomyces cerevisiae) —

+
+

+

+
+

+

+

+ o+ [+

+ |

Abbreviations are explained in the List of Abbreviations. This table was
“Biosynthesis of isoprenoids via the non-mevalonate pathway” by Eisenreich et al.,

2004

1.1 Mevalonate pathway

published in

The mevalonate pathway (Figure 2) of isoprenoid biosynthesis has been well

investigated through the work of Bloch, Lynen and Cornforth (Qureshi and Porter,
1981; Bloch, 1992; Bach, 1995; Bochar et al., 1999). Mevalonic acid (7) is generated

by the condensation of three units of acetyl-CoA (4) via acetoacetyl-CoA (2) and
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3-hydroxy-3-methyl-glutaryl-CoA (5) followed by a reduction step catalyzed by
(S)-3-hydroxy-3-methylglutaryl-CoA reductase (hmagr). Two consecutive
phosphorylation steps catalyzed by mevalonate kinase (mk) and phosphomevalonate
kinase (pmk) lead to the formation of mevalonate phosphate (8) and mevalonate
diphosphate (9), respectively. The final step in this pathway involves the
ATP-dependent decarboxylation of mevalonate diphosphate to IPP (2) by
diphospomevalonate decarboxylase. Its allylic isomer DMAPP (3) is then formed by

the catalytic action of IPP isomerase.

1.2 Deoxyxylulose phosphate pathway

The discovery of deoxyxylulose phosphate pathway was initiated by the observation
of some abnormalities (Rohmer 1999; Eisenreich et al, 1998) that could not be
explained by means of the mevalonate pathway. In these cases, labeled acetate and
mevalonate that were feeded to bacterial as well plant cells were only poorly
incorporated into the analyzed terpenes synthesized by those organisms.
Additionally, the incorporation of '*C-labeled glucose into ginkgolides of Ginkgo
biloba showed a labeling pattern which was inconsistent with the mevalonate
pathway (Schwarz, 1994). Other experiments (White, 1978; David et al., 1981; David
et al., 1982; Hill et al., 1989; Broers, 1994; Rohmer et al., 1996; Arigoni and Schwarz,
1999; Eisenreich et al., 2001) confirmed these observations leading finally to the
elucidation of a new pathway, the non-mevalonate pathway also called

deoxyxylulose phosphate pathway (Figure 2).
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Mevalonate pathway Deoxyxylulose phosphate (DXP) pathway
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Figure 2: Mevalonate and deoxyxylulose phosphate pathway

Mevalonate pathway : Acetyl-CoA (4); acetoacetyl CoA (5); 3-hydroxy-3-methyl-
glutaryl-CoA (6); mevalonic acid (7); mevalonate phosphate (8); mevalonate
diphosphate (9).

Deoxyxylulose phosphate pathway: Pyruvate (10); D-glyceraldehyde-3-phosphate
(11); 1-deoxy-D-xylulose-5-phosphate (12); 2C-methyl-D-erythritol 4-phosphate (13);
4-diphosphocytidyl-2C-methyl-D-erythritol ~ (14);  4-diphosphocytidyl-2C-methyl-D-
erythritol 2-phosphate (15); 2C-methyl-D-erythritol 2,4-cyclodiphosphate (16); 1-
hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (17).
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On the basis of glycolytic pathways in plants the transfer of '*C glucose to IPP and
DMAPP via mevalonate or deoxyxylulose pathway can be predicted (Eisenreich et
al., 2004). The labeling patterns of the 3C enrichment of terpenoid precursors
contributed by both terpenoid pathways can be analyzed by '*C nuclear magnetic

resonance spectroscopy (see Figure 3).
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A " H )e glycolysis . O_F|> —0° glycolysis o™ CoAS 4
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Figure 3: The predicted labeling pattern of IPP synthesized via the mevalonate
pathway and the deoxyxylulose phosphate pathway.

(A), Predicted labeling patterns of glucose (18), glyceraldehyde 3-phosphate (19),
pyruvate (10) and acetyl-CoA (4) produced from isotope-labeled glucose via
glycolysis followed by the pyruvate dehydrogenase reaction. (B), predicted labeling
pattern of IPP (2) biosynthesized from acetyl-CoA (4) via mevalonate. (C), predicted
labeling pattern of IPP (2) biosynthesized from pyruvate (10) and D-glyceraldehyde
3-phosphate (11) via 1-deoxy-D-xylulose 5-phosphate. The symbols indicate
biosynthetically equivalent positions. This picture was published by Eisenreich et al.,
2004.
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1.2.1 2C-Methyl-D-erythritol 4-phosphate synthase (IspC protein)

2C-methyl-D-erythritol 4-phosphate synthase (IspC) catalyzes the first committed
step of the non-mevalonate pathway, i.e. the conversion of 1-deoxy-D-xylulose 5-
phosphate (12) into 2C-methyl-D-erythritol 4-phosphate (13).

OH o QFi ?
@) ] &) 0) N\/\/P_O
12 G- I? 0 Y 20 6
O
NADPH ~OH
IspC (OF P O
NADP
~OH
o- P —g®

13
HO "OH 0°

Figure 4: The reaction catalyzed by 2C-methyl-D-erythritol 4-phosphate
synthase/lspC protein.

1-Deoxy-D-xylulose 5-phosphate (12/DXP), 2C-methyl-D-erythritol 4-phosphate
(13/MEP), 2C-methyl-D-erythrose 4-phosphate (19), inhibitor fosmidomycin (20).

The enzyme can also use2C-methyl-D-erythritol 4-phosphate (13) as substrate and
catalyzes the reverse reaction to form 1-deoxy-D-xylulose 5-phosphate (12) but with
lower catalytic activity as compared to the forward reaction. The enzyme uses
NADPH or NADP* as coenzyme and Mg** or Mn?" as cofactor.

Fosmidomycin (20) has been reported as a strong inhibitor for 2C-methyl-D-erythritol
4-phosphate synthases in vitro. Additionally, it inhibits different strains of Plasmodium
falciparum with 1Csg in the 300 nM range (Jomaa et al., 1999). In the crystal structure
of E. coli IspC complexed with Mn?* and 20, 12 can be nicely superimposed onto 20,
indicating that 20 binds in a substrate-like mode (Steinbacher et al., 2003).
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Figure 5: Hypothetical mechanisms of the 2C-methyl-D-erythritol 4-phosphate
synthase/lspC reaction.

(A) a-ketol/sigmatropic rearrangement mechanism; (B) Retroaldol mechanism; 1-
deoxy-D-xylulose 5-phosphate/DXP) (12); 2C-methyl-D-erythritol 4-phosphate/MEP)
(13); 2C-methyl-D-erythrose 4-phosphate (19); glycoaldehyde phosphate (21);
enolate of hydroxyacetone (22).The colouring shows the position of the respective
carbon labels.

The course of the 2C-methyl-D-erythritol 4-phosphate synthase reaction (Figure 5)
has been proposed to proceed by a skeletal rearrangement followed by the reduction
of the resulting branched-chain aldose (Kuzuyama et al, 1998). An
a-ketol/sigmatropic mechanism (see Figure 5A) was suggested based on the analogy
with the reaction catalyzed by ketol acid reductoisomerase (Kuzuyama et al., 1998;
Reuter et al., 2002; Steinbacher et al., 2003). Both enzymes use NADPH as cofactor
and undergo isomerization reactions. However there is no sequence similarity
between both enzymes, except the conserved motif LGXTGSIG which was deduced
as their NADPH binding site (Takahashi et al., 1998). Since the hypothetical
intermediate of the IspC reaction, 2C-methyl-D-erythrose 4-phosphate (19), could not

be trapped, the mechanism was proposed to involve a single intramolecular
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rearrangement step whereby the process might be carried out in an enzyme bound
stage (Takahashi et al., 1998).

As an alternative to a sigmatropic rearrangement, a retroaldol/aldol reaction
sequence was introduced (Hoeffler et al., 2002). Retroaldol mechanism is well
documented for ribulose-5-phosphate 4-epimerase (Johnson and Tanner, 1998; Lee
et al., 2000). In this mechanism, deprotonation occurs at the C-4 hydroxy group of
1-deoxy-D-xylulose 5-phosphate, followed by cleavage of the C-3—C-4 bond yielding
glycoaldehyde phosphate (21) and the enolate of hydroxyacetone (22).

2C-methyl-D-erythrose 4-phosphate (19) was shown to be converted into the enzyme
product 13 in a reaction containing NADPH as cofactor (Hoffler et al., 2002). In a
further experiment, this group could also show, that 13 can be converted into the
substrate 12 using NADP+ as cofactor, indicating that 19 might be a real intermediate
of the IspC reaction. Despite of extensive investigations, it has not been proven until

now if sigmatropic or retroaldol is involved in the the mechanism of IspC reaction.

On the other hand, a hydride/methyl shift could be ruled out as on basis of isotope
labeling studies, whereby a stereospecific transfer of Hg from C-4 of NADPH
identifies 2C-methyl-D-erythritol 4-phosphate synthase as class B dehydrogenase
(Proteau et al., 1999; Radykewicz et al., 1999; Argyrou and Blanchard, 2004).

The crystal structures of IspC proteins from some organisms have been determined
by X-ray crystallography, notably Escherichia coli (Reuter et al., 2001; Yajima et al.,
2002, Steinbacher et al., 2003; Yajima et al., 2004; Mac Sweeney et al., 2005;
Yajima et al., 2007), Zymomonas mobilis (Ricagno et al., 2003) and Mycobacterium
tuberculosis (Henriksson et al., 2006; Henriksson et al., 2007), indicating a similarity
of the overall structures. IspC protein forms a homodimer, whereby each monomer
can be subdivided into three domains, i.e., the N-terminal domain as an anchor for
NADPH, the catalytic residues for the binding site of divalent metal ion and the
C-terminal domain that supports the catalytic domain. A flexible loop (206 - 216,
Escherichia coli IspC) is believed to cover the substrate binding site during the
enzymatic reaction (Yajima et al., 2002; Mac Sweeney et al., 2005). Mn** was found
to bind Asp150, Glu152 and Glu231 of Escherichia coli IspC (Steinbacher et al.,
2003).
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1.2.2 4-Diphosphocytidyl-2C-methyl-D-erythritol kinase (IspE protein)

IspE protein catalyzes the fourth step in the deoxyxylulose phosphate pathway,
converting 4-diphosphocytidyl-2C-methyl-D-erythritol (CDP-ME/14) in the presence
of ATP and a divalent metal ion into 4-diphosphocytidyl-2-C-methyl-D-erythritol
2-phosphate (CDP-MEP/15) with the release of ADP as shown in Figure 6.
Orthologues genes from Escherichia coli and Lycopersicon esculentum have been
cloned and expressed (Rohdich et al., 1999; Rohdich et al., 2000). The reaction rates
for Escherichia coli and Lycopersicon esculentum were 34 pmol min™ mg™ and 33

umol min” mg™’, respectively.

Figure 6: The reaction catalyzed by 4-Diphosphocytidyl-2C-methyl-D-erythritol
kinase/lspE

14, 4-Diphosphocytidyl 2C-methyl-D-erythritol; 15, 4-diphosphocytidyl 2C-methyl-D-
erythritol 2-phosphate.

The structure of a ternary complex of the homodimeric IspE protein from Escherichia
coli with the substrate and an ATP analogue has been solved by
X-ray crystallography (Miallau et al., 2003), affording approximate total mass of 62
kDa. The IspE protein subunits display a close structural relationship to the GHMP
kinase superfamily, notably a well conservation of the structure for ATP binding
domains and the core of substrate binding domains. The sequence analysis of IspE
proteins from some species (Miallau et al, 2003), including pathogenic bacteria
indicated a high degree of amino acid conservation, about 45 — 60 % over the

species tested.
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1.2.3 2C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF protein)

The enzyme 2C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase catalyzes the
conversion of 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (CDP-MEP/15)
into 2C-methyl-D-erythritol 2,4-cyclodiphosphate (16) as depicted in Figure 7.
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Figure 7: The reaction catalyzed by 2C-methyl-D-erythritol 2,4-cyclodiphosphate
synthase/lspF

15, 4-Diphosphocytidyl 2C-methyl-D-erythritol 2-phosphate; 16, 2C-methyl-D-
erythritol 2,4-cyclodiphosphate.

The IspF protein utilizes divalent metals ions such as Mn®*, Mg®*, Co®* or Zn** for its
catalytic function, and the reaction proceeds only in one direction to the conversion of

2C-methyl-D-erythritol 2,4-cyclodiphosphate.

Three dimensional structures for IspF from Eschericia coli (Steinbacher et al., 2001;
Richard et al., 2001), Arabidopsis thaliana (calisto et al., 2007), Haemophilus
influenzae (Lehmann et al., 2002) and Mycobacterium smegmatis (Buetow et al.,
2007) have been determined by X-ray crystallography, showing that the proteins
adopt a homotrimeric quaternary structure. The substrate binding site can be
subdivided into three pockets, i.e., a central pocket surrounds the
ribosyl-5’-diphosphate group of the diphosphocytidyl moiety (pocket 1), the bindind
site of 2C-methyl-D-erythritol 2-phosphate moiety (pocket Il) and the pocket for
cytidyl moiety (pocket III).

By *'P NMR analysis and electrospray mass spectrometry a mixture of isopentenyl
diphosphate (and/or dimethylallyl diphosphate), geranyl diphosphate and farnesyl
diphosphate in an approximate ratio of 1:4:2 was identified in the core of the trimeric

IspF protein (Richard et al., 2002). The modeling of geranyl diphosphate into the

10
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electron density of IspF protein revealed protein-ligand interactions that are important

to stabilize the binding of the isoprenoic compound (Kemp et al., 2004).

11
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2 Objectives

This study involves the characterization, mechanistic study and inhibition of the
enzymes IspC, IspE and IspF involved in the deoxyxylulose phosphate pathway of
isoprenoid biosynthesis. Firstly, the recombinant enzymes should be purified by
various column chromatographic techniques, and the enzyme substrates should be
synthesized by enzyme-assisted procedures. Then, the IspC proteins from
Arabidopsis thaliana and Plasmodium falciparum, the IspE protein from Aquifex
aeolicus as well as the IspF from Arabidopsis thaliana should be enzymatically
characterized and their kinetic properties should be determined. Furthermore,
inhibition kinetics of chemical compounds against these proteins should be studied in
comparison to the respective E. coli proteins. ICsy values and inhibitions constants
(Ki) of the best inhibitors should then be determined.

Additionally, a mechanistic study of IspC proteins from various organisms will be

carried out on the bases of NMR analyses.

Both, the finding and evaluating of inhibitors of the deoxyxylulose phosphate pathway
as well as the elucidation of enzymatic mechanisms will be beneficial for the rational
design of compounds that might be developed in the next future as new antiinfective

agents against a broad spectrum of pathogenic microorganisms.

12
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3 Material and Methods

3.1 Materials

3.1.1 Chemicals

Chemical substances are listed n Table 2.

Table 2: List of chemicals

Chemicals Source
1-Propanol Merck, Darmstadt, Germany
Acrylamide Roth, Karlsruhe, Germany

Ammonium formate

Ammonium persulfate

Ammonium sulfate

Arginine/HCI

Casein hydrolysate
Dimethylsulfoxide

Dithioerythritol

Dithiothreitol

EDTA

Hydrochloric Acid

Imidazole

IPTG (Isopropyl-1-thio-3-D-
galactopyranoside)

Magnesium Chloride

Manganese Chloride
Ortho-phosphoric acid 85%
Permablend®

Phenethylamine
Phenylmethanesulfonyl fluoride
Potassium chloride

Propylene glycol

Serva Blue G (Coomassie Brilliant Blue
G-250)

Sodium azide

Sodium chloride

Sodium hydroxide

TEMED

Tetrabutylammonium hydrogen-sulfate
Tris (Hydroxymethyl) aminomethane
Yeast extract

Fluka, Neu-Ulm, Germany

Sigma, Deisenhofen, Germany
Merck, Darmstadt, Germany
Biomol, Hamburg, Germany
Gibco-BRL, Eggenstein, Germany
Sigma, Deisenhofen, Germany
Biomol, Hamburg, Germany
Biomol, Hamburg, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Steinheim, Germany
Eurogentec, Cambridge, England

Fluka, Neu-Ulm, Germany
Sigma-Aldrich, Steinheim, Germany
Fluka, Neu-Ulm, Germany

Packard, Zurich, Switzerland

Fluka, Neu-Ulm, Germany

Merck, Darmstadt, Germany

Fluka, Neu-Ulm, Germany
Sigma-Aldrich, Steinheim, Germany
Serva, Heidelberg, Germany

Fluka, Neu-Ulm, Germany

Fluka, Neu-Ulm, Germany

Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany

Fluka, Neu-Ulm, Germany
Biomol, Hamburg, Germany
Gibco-BRL, Eggenstein, Germany

13
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3.1.2 Substrates, cofactors and NMR chemicals

The substrates, cofactors and NMR chemicals for the enzymatic assay are listed in
Table 3.

Table 3: Substrates, cofactors and NMR chemicals for enzymatic experiments

Compound Source

[3,4,5-"°C3]-DXP Victoria lllarionova

[1,3,4-"°C3]-MEP Victoria lllarionova

[1-"*C4]-MEP This study

[3-"3C4]-MEP This study

[1,3,4-°C3]-CDP-ME Victoria lllarionova
[1,3,4-"3C3]-CDP-MEP Victoria lllarionova
[1,3,4-°C3]cMEPP Victoria lllarionova

[1-"°C4]glucose Omicron (South Bend, Indiana, USA)
[3,4-C,]glucose Omicron (South Bend, Indiana, USA)
[2,5-°C,]glucose Omicron (South Bend, Indiana, USA)
D-Glucose Merck, Darmstadt

BSA Biomol

Phosphoenol pyruvate Merck, Darmstadt

NADP* Biomol

NADPH Biomol

NADH Biomol

NAD* Biomol

D-Lactate Sigma Aldrich

Pyruvate Sigma Aldrich

ATP Sigma Aldrich

CMP Sigma Aldrich

CTP Sigma Aldrich

Fosmidomycin Molecular Probes Invitrogen

Thiamin pyrophosphate Sigma Aldrich

D-,O Isotec .Inc., Ohio, USA

14
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3.1.3 Enzymes

Recombinant and commercially-available enzymes used in this study are listed in
Table 4 (cf. Table 7) and Table 5, respectively.

Table 4: Recombinant proteins used in this study expressed in the E. coli strains
listed in Table 7

Enzyme Source

1-Deoxy-D-xylulose 5-phosphate synthase | F. Rohdich, TU
from Bacillus subtilis

2C-Methyl-D-erythritol 4-phosphate F. Rohdich, TU
synthase (IspC) from Escherichia coli

2C-Methyl-D-erythritol 4-phosphate F. Rohdich, TU
synthase (IspC) from Arabidopsis thaliana

2C-Methyl-D-erythritol 4-phosphate F. Rohdich, TU
synthase (IspC) from Mycobacterium
tuberculosis

2C-Methyl-D-erythritol 4-phosphate F. Rohdich, TU
synthase (IspC) from Plasmodium
falciparum

4-Diphosphocytidyl-2C-methyl-D-erythritol | F. Rohdich, TU
kinase (IspE) from Escherichia coli

4-Diphosphocytidyl-2C-methyl-D-erythritol | William N. Hunter, University of
kinase (IspE) from Aquifex aeolicus Dundee, UK

2C-Methyl-D-erythritol 2,4- F. Rohdich, TU
cyclodiphosphate synthase (IspF)from
Escherichia coli

2C-Methyl-D-erythritol 2,4- J. Kaiser, TU
cyclodiphosphate synthase from
Arabidopsis thaliana

Fructose 1,6-biphosphate aldolase, F. Rohdich, TU
Phosphofructokinase

Glucose 6-phosphate isomerase from E. W. Rémisch, TU
coli

6-Phosphogluconate dehydrogenase from | W. Rémisch, TU
B. subtilis

15
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Table 5: Commercially available enzymes

Enzyme Source

Hexokinase from yeast Sigma-Aldrich (Germany)
Triosephosphate isomerase from rabbit muscle Sigma-Aldrich (Germany)
Glutamate dehydrogenase from bovine liver Sigma-Aldrich (Germany)
Glucose dehydrogenase from Thermoplasma Sigma-Aldrich (Germany)
acidophilum

Pyruvate kinase Sigma-Aldrich (Germany)
Lactose dehydrogenase from rabbit muscle Sigma-Aldrich (Germany)

3.1.4 Chromatographic materials

FPLC

HPLC

TLC

PC

Sepharose Q FF, Phenyl Sepharose 6FF, Source 15 Q, Superdex 200 HR
26/60, Superdex 75 HR 26/60, Resource PHE, Mono Q HR5/5, Red
Sepharose CL-6B, Chelating Sepharose FF (Amersham Pharmacia
Biotech, Freiburg, Germany.), HIPREP 26/10 column (Amersham)

Rezex RPM Monosaccharide (Phenomenex, Hosbach, Germany) Nucleosil

10 SB, Nucleosil 5 SB (Macherey Nagel, Duren, Germany),

Multospher 120 RP18-5 (CS: Chromatography Service, Langerwehe,

Germany)

POLYGRAMe CEL 300 PEI, POLYGRAMe Sil N-HR/UV2s4 (Macherey
Nagel, Duren, Germany) Silica gel 60 F2s4 (Merck, Darmstadt, Germany)

Whatman No.3 (Whatman, Springfield Mill, England)

3.1.5 Buffers and solutions

3.1.5.1

Protein determination

Bradford reagent

0.1 g of

Serva Blue G was dissolved in 10 ml of ethanol and 25 ml of H3PO4 and

stirred thoroughly for 10 min. The volume of the mixture was adjusted to 250 ml with

distilled water, and the solution was filtered and stored in a dark colored bottle at

room temperature.
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BSA solution

10 mg of bovine serum albumine (BSA) was dissolved in distilled water. The volume
of the solution was adjusted to 100 ml with distilled water. This solution was used as

a standard for protein determinations.

3.1.5.2 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)
Acrylamide Solution 40% 38.9 g Acrylamide

1.2 g Bis-acrylamide
The volume was adjusted with distilled water to 100
mi
Coomassie blue staining 2.5 g Coomassie-Blue R-250
454 ml Methanol
92 ml Acetic acid

Destaining solution 250 ml Methanol
100 ml Acetic acid
650 ml H,O
Stacking gel buffer 0.25 M Tris/HCI, pH 6.8
0.2 % (w/v) SDS
SDS-PAGE running buffer 192 mM Glycine

25 mM Tris/HCI, pH 8.3

0.1 % (w/v) SDS
SDS-PAGE sample buffer 60 mM Tris/HCI, pH 6.8

5 % (w/v) SDS

3% 2-Mercaptoethanol

30 % (v/v) Glycerol

0.02 % (w/v) Bromphenol Blue

10 % (w/v) Sucrose
Separating gel buffer 1.5 M Tris/HCI, pH 8.8

0.4 % (w/v) SDS
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3.1.5.3 Buffer mix for measuring pH optimum of the catalyzed reaction

10x Buffer mix 0.5 M Glycin

0.2 M Phosphate
0.5 M Sodium acetate
0.5 M Tris/HCI

0.02 % (w/v) NaN3

3.1.6 Culture media
Complete medium

LB-medium (Luria-Bertani) contained, per liter: 10 g of casein hydrolysate, 5 g of

yeast extract and 5 g of NaCl.

LB amp contained per liter: 180 mg ampicillin trihnydrate, dissolved in 1 ml of sterilized

water and added to 1 | of sterilized LB-medium.

LB amp/kan contained per liter: 180 mg ampicillin trihydrate and 50 mg kanamycin
sulphate, dissolved in 1 ml of sterilized water and added to 1 | of sterilized LB-

medium.

The components of media were dissolved in deionized water. The medium was
sterilized by autoclaving (121 °C, 1 bar, 25 min). Supplements were added as
defined.
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3.1.7 Escherichia coli strains

Recombinant and wild type .E coli strains are listed in Table 6 and Table 7

Table 6: Wild type strains of Escherichia coli
Strain Genotype Reference
XL1-Blue RecA1, endA1, gyrA96, thi-1, hsdR17, Bullock ef al.,
SupE44, relA1, lac, [F',proAB, laclqZDM15, 1987
Tn10 (tetr)]
M15[pREP4] | Lac, ara, gal, mtl, recA+, uvr+, [pPREP4, lacl, Zamenhof,

kanr] P.J.
& Villarejo, M.
(1972)

Table 7: Recombinant strains of Escherichia coli (cf. Table 4)

Strain Recombinant enzyme Source
M15p[REP4]pQE30ispC IspC from E. coli F. Rohdich, TU
XL1-pQEispCara1 IspC from A. thaliana F. Rohdich, TU
XL1-pQEispCara2 IspC from A. thaliana F. Rohdich, TU
XL1-pQEispCara3 IspC from A. thaliana F. Rohdich, TU
XL1-pQEispCara4 IspC from A. thaliana F. Rohdich, TU
XL1-pQEispCMyco IspC from M. tuberculosis F. Rohdich, TU
XL1-pQEispCplas2 IspC from P. falciparum F. Rohdich, TU
M15pRep4pQE30ispF E.coli2 IspF from E. coli F. Rohdich, TU
M15p[REP4]pQE30ispFara5 IspF from A. thaliana J. Kaiser, TU

3.2 Instruments

FPLC

(Amersham Pharmacia Biotech, Freiburg,
Germany)

Column for HPL System, Conductivity Monitor,
FRAC-100 Fraction Collector, LCC-500 PLUS
Controller, MV-7 Motor Valve, P-500 Pump,
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CENTRIFUGE

Electrophoresis

Power supply

Heat block

Incubator

Lyophylizer

NMR

PH Meter

Protein concentrator

Shaker

Spectrophotometer

Ultrasonicator

REC100 Recorder, Superloop 10 ml, UV-1
Monitor.

A14 LabTop
(jouan,Unterhaching, Germany), Servall
Superspeed RC-2B and RC5B Plus with rotors
GS3, GSA, and SS34 (Dupont Instruments,
Bad Hamburg, Germany), GS-15R
Refrigerated centrifuge with rotor S1480 and
F2402 (Becman, Fullerton, USA)

SE 250 Mighty small Il (Hoefer Scientific, San
Fransisco, USA)

PHERO-stab 200 (Reiskirchen, Ger-many),

Biocapt camera software LTF Labortechnik

Microcentrifuge

(Wasserburg, Germany)

Techne DRI BLOCK DB-2A (Wartheim,
Germany)

Thermostat 340 (Eppendorf, Hamburg,
Germany)

CHRIST ALPHA 1-4 (Osterode am Harz,
Germany)

AVANCE DRX500 Spectrometer (Bruker,
Karlsruhe, Germany)

E512 Metrohrm AG CH-9100 (Herisau,
Switzerland)

Amicon (Witten, Germany), and membrane:
PALL Filtron (Dreieich, Germany)

Labshaker and Certomat MO (B.Braun,
Melsungen, Germany)

Ultrospec 2000 (Amersham Pharmacia
Biotech, Freiburg, Germany) equipped with
control temperature holder.

Sonifier B-12 (Branson SONIC Power
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Company, USA)

Autoclave Sanoclav (Wolf; Geislingen)

Plate reader Molecular devices, Spectra Max M,, computer
software, Promax, NUNC™ 96 well plate
(Nalge Nunc International)

Thermo multiscan spectrum Thermo electron corporation, Skanlt® software

3.3 Methods

3.3.1 Culture condition

Precultures were made from frozen cultures and incubated in the LB medium with
appropriate antibiotics, and incubated at 37 °C (140 rpm) overnight. The overnight
culture was subcultured into a 500 ml flask containing the same medium. The cells
were grown at 37 °C (140 rpm) for 5 h or 27 °C overnight and harvested by
centrifugation at 4°C, 4000 rpm for 30 min, washed in saline (0.9% w/v NaCl) and
stored at —20 °C.

3.3.2 Protein Chemical methods

3.3.2.1 Cell extraction

Frozen cell mass of E. coli was thawed in buffer containing 100 mM Tris/HCI, pH 8.0
and 150 mM KCI, DNA-ase | and Pefablock (1 mg/100 ml crude extract). The cells
were disrupted by ultrasonication (70 % duty cycle, output 4, 10 x 1 min, 1 min
pause). The suspension was centrifuged (rotor GSA, 13,000 rpm, 4 °C, 15 min), and
the supernatant was used as crude extract.

Note: For individual recombinant protein, the Tris/HCI buffer might be adjusted to a
pH which is different from the one indicated above. The detail of the procedures and
buffers are explained in the Result part.

3.3.2.2 Protein purification

3.3.2.2.1 Preparation of recombinant protein

The crude extract was applied to a column of Ni-chelating Sepharose FF (Amersham
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Pharmacia Biotech; column volume, 34 ml) which had been equilibrated with 50 mM
Tris/HCI, pH 8.0, containing 0.5 M NaCl and 20 mM imidazole (flow rate, 3 ml min'1).
The column was washed with 50 mM Tris/HCI, pH 8.0, containing 0.5 M NaCl and
20 mM imidazole and was then developed with a gradient of 20 - 500 mM imidazole
in 50 mM Tris/HCI, pH 8.0, containing 0.5 M NaCl. Fractions were combined and
imidazole was removed by dialysis overnight or by a desalting column HIPREP 26/10
(Amersham) with buffer containing 50 mM Tris/HCI, pH 8.0, 100 mM NaCl, 2 mM
DTT and 0.02 % (w/v) NaNs. The purified protein was stored at -80 °C.

Note: For individual recombinant protein, the Tris/HCI buffer might be adjusted to a
pH which is different from the one indicated above. The detail of the procedures and
buffers are explained in the Result part.

3.3.2.2.2 Preparation of recombinant protein from inclusion bodies

Cells were disrupted according to paragraph 3.4.2.1. After centrifuged (rotor GSA,
13,000 rpm, 4 °C, 15 min), the pellet was dissolved in a buffer containing 50 mM
Tris/HCI, pH 8.0, 8 M urea and 0.15 M KCI. The suspension was centrifuged at
15,000 rpm for 30 min. The supernatant was applied to a column of Ni-chelating
Sepharose FF (Amersham Pharmacia Biotech) which had been equilibrated with 50
mM Tris/HCI, pH 8.0, containing 8 M urea, 0.15 M KCI and 20 mM imidazole (flow
rate, 3 ml min'1). The column was washed with 50 mM Tris/HCI, pH 8.0, containing 8
M urea, 0.15 M KCI and 20 mM imidazole. For renaturation, the column was washed
with 10 times column volume of 50 mM Tris/HCI, pH 8.0, containing 0.5 M urea, 0.15
M KCI and 20 mM imidazole and was then developed with a gradient of 20 - 500 mM
imidazole in 50 mM Tris/HCI, pH 8.0, containing 0.5 M urea, 0.15 M KCI and 500 mM
imidazole. Fractions were combined and dialyzed overnight with dialysis buffer
containing 50 mM Tris/HCI, pH 8.0, containing 1 M arginine, 0.05 M KCI, 1 mM
dithiothreitol and 0.02 % (w/v) NaN3; and stored at —80 °C.
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3.3.2.3 Determination of protein concentration

The amount of protein was determined by the dye-binding method (Bradford assay)
modified by Read and Northcote (1981).

Procedure

950 ul of Bradford reagent was added to a 50 ul protein sample or standard protein
solution (0.01 - 0.1 mg ml'1) in a 1 ml cuvette. As a reference, 50 pl of buffer without
protein was mixed with 950 pl of Bradford reagent. The absorbance was measured at
578 nm. The amount of protein was estimated from a standard curve using BSA as

standard protein.

3.3.2.4 Polyacrylamide gel electrophoresis

The purity of protein fractions was measured by discontinuous sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to the system of
Lammli (1970).

Procedure

The gel was prepared using the SDS-PAGE discontinuous buffer system with vertical
slab gels (Table 8). The components of the separating gel solution were mixed
together and then loaded onto the slab deposited between two glass plates on the
gel caster. The top of the gel was overlayed with isopropanol. The polymerization of
acrylamide was completed after 1 h. After removing the isopropanol, the stacking gel
solution was prepared and loaded on top of the separating gel in the presence of 10
wells comb. The stacking gel completed its polymerization after 20 min. The slab gel
was placed on a SE 250 Mighty Small Il electrophoresis system (Hoefer Scientific,
San Francisco, USA) which was connected to a cooling system. Protein samples
were mixed with SDS-sample buffer at a ratio of 1:1. The mixtures were heated at 95
°C for 5 min. Then the protein samples were loaded into the wells. Standard proteins
were used as molecular weight markers. The electrophoresis system was powered
from a power supply with 25 mA per gel. After running for 45 min, the gel was
removed carefully and stained in staining solution for 30 min. The gel was then

destained with destaining solution for 1 h.
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Table 8: Mixture for SDS —PAGE electrophoresis

Stock solution Stacking gel Separating gel (15 %
Acrylamide)

Acrylamide (40 % T, 3 % C) 0.5 ml 3.75 ml

Stacking gel buffer 2.5 ml -

Separating gel buffer - 2.5 ml

Water 20ml 3.75 ml

10% (w/v) APS 50 pl 50 pl

TEMED 5 pl 5 pl

3.3.3 Preparation of [1-'>C,]- and [3-*C4]2C-methyl-D-erythritol 4-phosphate

3.3.3.1 Synthesis of [1-'*C4]- and [3-'*C4]2C-methyl-D-erythritol 4-phosphate

A solution containing 18 mM [3,4-"3C,]D-glucose or [2,5-'°C,]D-glucose, 36 mM PEP,
1 mM TPP, 0.7 mM ATP, 10 mM MgCl,, 5 mM DTT and 150 mM Tris/HCI was
adjusted to pH 8.0 by the addition of 5 N NaOH (final volume, 10 ml). Hexokinase
(300 pg, 27 units), phosphofructokinase (400 pg, 2 units), fructose 1,6-biphosphate
aldolase (540 ug, 2 units), triose phosphate isomerase (4 ug, 21 units), glucose 6-
phosphate isomerase (18 pg, 9 units) and Dxs protein from B. subtilis. (690 ug, 2
units) were added, and the pH was adjusted to 8.0. The reaction mixture was
incubated at 37 °C and monitored by ">C NMR spectroscopy. After 3 h, protein was
removed by ultrafiltration (10 kDa cutoff).

NADP* (8.4 mg, 10 umol), glucose dehydrogenase (57 ug, 12 units), D-glucose (75
mg) and IspC protein from E. coli (800 ug) were added, and the pH was adjusted to
pH 8.0 by the addition of 5 N NaOH (final volume, 11 ml). The reaction was
controlled by C NMR spectroscopy. After 3 h, proteins were removed by

ultrafiltration (10 kDa cutoff). The solution was lyophilized.

The residue was dissolved in 3 ml of a solution containing 40 % (v/v) methanol and
20 % (v/v) isopropanol. The solution was applied to a column of microcrystalline
cellulose (volume, 40 ml) that had been equilibrated with the same solution. The
column was developed with the same solution. Fractions were analyzed by thin layer

chromatography and '>C NMR spectroscopy and were then combined and
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evaporated to a small volume under reduced pressure. The solution was lyophilized.

The residue was dissolved in H>,O and stored at -80 °C.

3.3.4 Synthesis of [U-"*Cs]ribulose 5-phosphate

[U-"*Cs]ribulose 5-phosphate was prepared according to published procedures with
slight modifications (Volk and Bacher, 1991). A solution containing 18.5 mM
[U-'3Cg]D-glucose, 100 mM Tris/HCI, pH 8.0, 80 mM DTT, 10 mM MgCl,, 30 mM
ATP, 81 mM ammonium acetate, 81 mM o-ketoglutarate and 1.6 mM NADP* was
adjusted to pH 8.0 by addition of 1 M NaOH. The reaction was started by addition of
hexokinase (8 mg, 300 units), 6-phosphogluconate dehydrogenase (1 mg, 25 units),
glucose-6-phosphate dehydrogenase from B. subtilis (200 pg, 62 units) and
glutamate dehydrogenase from bovine liver (3 mg, 100 units) (final volume, 37 ml).
The reaction mixture was incubated at 37 °C, and the reaction was monitored by '°C
NMR spectroscopy. After 1 h, the protein was removed by ultrafiltration (3 kDa), and

the solution was lyophilized overnight.

3.3.5 Synthesis of [1,2-'°C;]glycoaldehyde phosphate

2.5 g of residue from lyophilization (cf. paragraph 3.4.4) was dissolved in 6 ml H,O
containing 0.2 mmol [U-"*CsJribulose 5-phosphate, and the pH was adjusted to 6.
The diol cleavage was induced by the addition of 3 mmol of sodium metaperiodate,
and the mixture was incubated for 5-10 min. The formation of the product
[1,2-°C,]glycoaldehyde phosphate was monitored by *C NMR spectroscopy. The
excess of periodate was quenched with 10 mmol glycerol, and

[1,2-"°C,]glycoaldehyde phosphate was purified with Dowex CI” (anion exchanger).

3.3.6 Enzymatic assays
3.3.6.1 IspC enzymatic assays

3.3.6.1.1 Photometric assay of IspC enzymatic activity
A. Assay for forward reaction: Assay mixtures contained 100 mM Tris/HCI, pH
7.5, 0.4 mM NADPH, 2 — 10 mM Mn*" or Mg®*, 1 mM DXP and IspC protein in

a total volume of 200 pl. The assay mixtures were incubated at 37 °C, and the
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reaction was monitored spectrophotometrically at 340 nm.

B. Assay for backward reaction: Assay mixtures contained 100 mM Tris/HCI, pH
7.5, 1 mM NADP*, 2 — 10 mM Mn?* or Mg?*, 10 mM MEP and IspC protein in a

total volume of 200 ul. The assay mixtures were incubated at 37 °C, and the

reaction was monitored spectrophotometrically at 340 nm.

3.3.6.1.2 Determination of the inhibition constant (K;) of the inhibitor

fosmidomycin by initial rate measurements

The assay was prepared as described in paragraph 3.3.6.1.1 using varied substrate
concentration and the addition of inhibitor at various concentrations as seen in Table
9.

Table 9: Assay mixtures for K measurement of the inhibitors of the reaction catalyzed
by IspC protein

Conditions IspC  from  A. | IspC from P. falciparum
thaliana — (Forward | £qyarq Backward
reaction) reaction reaction

Tris/HCI, pH 7.5 100 mM 100 mM 100 mM

MgCl, 10 mM

MnCl, 2mM 2 mM

NADPH 1 mM 1 mM

NADP* 1.5 mM

IspC protein As needed As needed As needed

DXP 176 - 8000uM 80-911 uM

MEP 80-1367 uM

Total volume 500 pl 200 pl

Instrument Spetrophotometer | Spectrophotometer with plate

reader and 96 well plate

Temperature 37 °C 30 °C
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3.3.6.1.3 "C NMR spectroscopic assay

3.3.6.1.3.1 '3C NMR spectroscopic assay of the forward reaction of IspC

Assay mixtures contained 100 mM Tris/HCI, pH 7.5, 10 mM metal ion, 3 - 6 mM
NADPH, 5 - 10 mM [3,4,5-">C3]-DXP, 10 % (v/v) D,O and IspC protein in a volume of
500 ul. The mixtures were incubated at 37 °C and terminated by the addition of
EDTA to a final concentration of 30 mM. The solutions were analyzed by "*C NMR
spectroscopy.

3.3.6.1.3.2 '3C NMR spectroscopic assay of the backward reaction of IspC
using a NADPH recycling system

Assay mixtures contained 200 mM Tris/HCI, pH 7.5, 15 mM MgCl,, 15 mM NADP?,
10 mM [1,3,4-"*C3]-MEP, lactate dehydrogenase (500 pg, 880 units), 15 mM
pyruvate kinase and IspC protein in a volume of 500 pl. The mixture was incubated at
37 °C and was terminated by the addition of EDTA to a final concentration of 30 mM.
D,0O was added to a final concentration of 10 % (v/v). The solution was analyzed by

3C NMR spectroscopy.

3.3.6.1.3.3 '3C NMR spectroscopic assay of the backward reaction of IspC

using an excess of NADP"

Assay mixtures contained 100 mM Tris/HCI, pH 7.5, 10 mM MgCl,, 215 mM NADP?,
10 mM labeled-MEP, 10 % (v/v) DO and IspC protein in a volume of 500 pl. The

mixtures were incubated at 37 °C and analyzed by "*C NMR spectroscopy.
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3.3.6.1.3.4 '3C NMR study of IspC mechanism

The assay is described in paragraph 3.3.6.1.3.3 but using the substrates and

cofactors as seen in Table 10.

Table 10: Substrates used in the ">*C NMR assay for the mechanistic study of IspC
protein

Assay | Substrates Cofactor

1 5 mM [1-*C4]-MEP and 5 mM [3-"*C,]-MEP NADP*

2 10 mM [1,3,4-"*C3]-MEP and 243 mM unlabeled NADP*
hydroxyacetone

3 2 mM [1,2-"*C;]glycoaldehyde phosphate and 243 mM | NADPH
unlabeled hydroxyacetone

3.3.6.1.3.5 '3C NMR study of the isomerization from 1-deoxy-D-xylulose 5-
phosphate

Assay mixtures contained 100 mM Tris hydrochloride pH 8.0, 10 % (v/v) DO, 10 mM
[3,4,5-°C3]-DXP, 2.18 mM [1-°Cq]D-glucose, IspC enzymes in various
concentrations and H,O in a total volume of 500 ul. The samples were incubated at
37 °C and analyzed by "*C NMR spectroscopy.

3.3.6.2 IspE enzymatic assays

3.3.6.2.1 Photometric assay for IspE enzymatic activity

Assay mixtures contained 100 mM Tris/HCI, pH 8.5, 0.45 mM NADH, 2 mM ATP,
4 mM PEP, 20 mM KCI, 10 mM MgCl;, 1 mM CDP-ME, pyruvate kinase (10 ug,
2 units), lactate dehydrogenase (1 pg, 2 units) and IspE protein in a total volume of
200 pl. The assay mixtures were incubated at 37 °C, and the reaction was monitored

spectrophotometrically at 340 nm in a plate reader.

3.3.6.2.2 "*C NMR assay for IspE enzymatic activity

Assay mixtures contained 100 mM Tris/HCI, pH 8.5, 2 mM MgCl,, 2.5 mM
[1,3,4-"°C3]CDP-ME, 8 mM ATP, IspE protein, 5 mM divalent metal ions, and 10 %
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(v/v) D20 in a total volume of 500 ul. The mixtures were incubated at 37 °C for 30-60
min and terminated by the addition of EDTA to a final concentration of 30 mM. The

solution was analyzed by *C NMR spectroscopy.
3.3.6.2.3 Kinetics of IspE inhibitors

3.3.6.2.3.1 IC5p value measurement

Assay mixtures contained 100 mM Tris/HCI, pH 8.5, 0.45 mM NADH, 2 mM ATP, 4
mM PEP, 20 mM KCI, 10 mM MgCl,, 1 mM CDP-ME, pyruvate kinase (10 pg,
2 units), lactase dehydrogenase (1 ug, 2 units), IspE protein and the inhibitor in a
total volume of 200 pl. The assay mixtures were incubated at 37 °C, and the reaction

was monitored spectrophotometrically at 340 nm in a plate reader.

3.3.6.2.3.2 K value measurement

Assay mixtures contained 100 mM Tris/HCI, pH 8.5, 0.45 mM NADH, 2 mM ATP,
4 mM PEP, 20 mM KCI, 10 mM MgCl,, pyruvate kinase (10 pg, 2 units), lactate
dehydrogenase (1 ug, 2 units), IspE protein, 53-600 uM CDP-MEP, and inhibitor at
various concentrations in a total volume of 200 pl. The assay mixtures were
incubated at 24 °C and the reaction was monitored spectrophotometrically at 340 nm
in a plate reader. The K; value and the mode of inhibition were determined with the

Dynafit program.
3.3.6.3 IspF enzyme assays

3.3.6.3.1 Photometric assay of IspF enzymatic activity

Assay mixtures contained 100 mM Tris/HCI, pH 8.0, 0.45 mM NADH, 2 mM ATP, 4
mM PEP, 20 mM KCI, 10 mM MgCl;, 1 mM CDP-MEP, pyruvate kinase (10 ug,
2 units), lactose dehydrogenase (1 jg, 2 units)), CMP kinase (25 g,
0.5 U) and IspF protein in a total volume of 200 ul. The assay mixtures were
incubated at 24 °C, and the reaction was monitored spectrophotometrically at 340 nm

in a plate reader.
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3.3.6.3.2 "*C NMR spectroscopy assay of IspF enzyme activity

3.3.6.3.2.1 '3C NMR spectroscopy assay of the forward reaction of IspF

Assay mixtures contained 100 mM Tris/HCI, pH 8.0, 10 mM MgCl;, 1 mM
[1,3,4-"°C3]-CDP-MEP and IspF protein in a volume of 500 pl. The mixture was
incubated at 37 °C and was terminated by the addition of EDTA to a final
concentration of 30 mM. D,O was added to a final concentration of 10 % (v/v). The

solution was analyzed by *C NMR spectroscopy.

3.3.6.3.2.2 'C NMR spectroscopy assay of backward reaction of IspF

Assay mixtures contained 100 mM Tris/HCI, pH 8.0, 10 mM MgCl,, 200 mM CMP,
5 mM [1,3,4-"*C3]-cMEPP and IspF protein in a volume of 500 pl. The mixture was
incubated at 37 °C and terminated by the addition of EDTA to a final concentration of
30 mM. D,O was added to a final concentration of 10 % (v/v). The solution was

analyzed by "*C NMR spectroscopy.
3.3.6.4 Kinetics of IspF inhibitors

3.3.6.4.1 IC5, value measurement

A. Photometric assay: Assay mixtures contained 100 mM Tris/HCI, pH 8.0,
0.45 mM NADH, 2 mM ATP, 4 mM PEP, 20 mM KCI, 10 mM MgCly,
1 mM CDP-MEP, pyruvate kinase (10 pg, 2 units), lactose dehydrogenase (1

Mg, 2 units), CMP kinase (25 pg, 0.5 U), IspF protein and inhibitor at various
concentrations in a total volume of 200 pl. The assay mixtures were incubated
at 37 °C, and the reaction was monitored spectrophotometrically at 340 nm in

a plate reader.

B. "*C NMR assay: Assay mixtures contained 100 mM Tris hydrochloride, pH 8.0,
10 mM MgClz, 1 mM [1,3,4-"3C3]-CDP-MEP, inhibitor in a range of 0 - 250 uM

and IspF protein in a total volume of 500 ul. The mixture was incubated at 37

°C and terminated by the addition of EDTA to a final concentration of 30 mM.
D,O was added to a final concentration of 10 % (v/v). The solution was

analyzed by "*C NMR spectroscopy.
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3.3.6.4.2 Ki measurement of IspF inhibitors

Assay mixtures contained 100 mM Tris/HCI, pH 8.0, 0.45 mM NADH, 2 mM ATP, 4
mM PEP, 20 mM KCI, 10 mM MgCl;, 53 - 600 yM CDP-MEP, pyruvate kinase
(10 ug, 2 units), lactose dehydrogenase (1 ug, 2 units), CMP kinase (25 ug, 0.5 U),
IspF protein and inhibitor at various concentrations in a total volume of 200 ul. The
assay mixtures were incubated at 37 °C, and the reaction was monitored
spectrophotometrically at 340 nm in a plate reader. The Ki and mode of inhibition

were analyzed by Dynafit program.
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4 Result and Discussion

4.1 IspC protein

IspC protein catalyzes the conversion of the substrate 1-deoxy-D-xylulose 5-
phosphate (12) into the product 2C-methyl-D-erythritol 4-phosphate (13) with 2C-
methyl-D-erythrose 4-phosphate (25) as intermediate (Figure 8).

®U0.H ) QE) O® NADPH NADP+ Q)

OH HO .4 O HO
12 19 NADPH NADP* 13

a\ I

OH

Figure 8: The reaction catalyzed by the IspC protein
12, 1-deoxy-D-xylulose 5-phosphate (DXP); 19, 2C-methyl-D-erythrose 4-phosphate;
13, 2C-methyl-D-erythritol 4-phosphate.

4.1.1 Characterization of the IspC protein from Arabidopsis thaliana

41.1.1 Cloning and expression of the ispC gene from Arabidopsis thaliana

The predicted ORF of the ispC gene of A. thaliana (chromosome V, accession
number NC_ 003076, bp 3 629 999 — 3 633 442; cDNA sequence, accession number
AF148852) was amplified by PCR from cDNA and cloned into the plasmid pQE30.
DNA sequencing indicated that the resulting plasmid construct pQE30ispCara1
contains an ORF of 1467 codons specifying the vector-derived coding region
MRGSHHHHHHGS followed by the complete IspC protein sequence (residues
1 —477; Figure 9). The recombinant gene could be expressed at a low level in E. coli
host cells, but the protein was insoluble, and in vitro renaturation experiments were
unsuccessful (Rohdich et al., 2006).
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Lycopersicon esculentum
Artemisia annua

Oryza sativa
Taxus cu_s/)idata
biloba

Ginkgo

NEEE R
BIE L K[HA
IE L K[3A
T EASA L
[4E L K[JA
A SEE LY

_><_>>o

L VISVAQIN E S L
LVISREINE S L
LVEREINE S L
LVINEINE S L
LVEREMN E S L
L VENEENES L

14

A
K
K
K
K
Q
130

F (4P
F (4P
F 4P
F 4P
AR [
F [dp

EEE T

HIA
PV
MV
AV
LV
LIV

Figure 9: Alignment of IspC amino acid sequences from plants Arabidopsis thaliana

(Eurosids), Oryza sativa (Poaceae), Taxus cuspidata (Taxus), Ginkgo biloba
(Ginkgo), Lycopersicon esculentum (Lamiids), Artemisia annua (Asteroideae)
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has the characteristic features of a plastid-targeting sequence, as shown by
computer analysis. This is well in line with the plastid location that has been
33

pseudomature form. On the basis of the sequence comparison between the A.
thaliana protein and its bacterial orthologs, several expression constructs were
residues 57 — 95 (Figure 10A). In order to enable rapid affinity chromatography
purification of native or denatured protein, the recombinant gene constructs were

(Carretero-Paulet et al., 2002; Guevara-Garcia et al., 2005; Hsieh et al., 2005). It was
therefore appropriate to investigate the expression of the plant IspC protein in a
obtained, directing the expression of recombinant proteins starting with amino acid

thaliana; triangles, absolutely conserved residues in IspC proteins of the bacterial
The length of the A. thaliana IspC protein exceeds that of bacterial orthologs by
approximately 80 amino acid residues. The N-terminal segment of the plant protein
documented for IspC and other proteins of the nonmevalonate pathway in plants

(http://www.cbs.dtu.dk/services/ChloroP/); arrows, N-terminal region corresponding
kingdom.

to the 5°-end of the cloned and successfully expressed ispC gene fragment from A.

Inverted triangle, cleavage site predicted for all plant IspC amino acid sequences with
the CHLOROP 1.1 server from the Center For Biological Sequence Analysis

designed to specify N-terminal polyhistidine tags.
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pQEispCarat pQEispCara2 pQEispCara3  pQEispCara4
A) MRGSHHHHHHGS MRGSHHHHHHGS| [MRGSHHHHHHGS

1 10 20 30 40 50 60 70 80 90
[ [ | \ | | [ | I [
MMTLNSLSPAESKAISFLDTSRFNPIPKLSGGFSLRRRNQGRGFGKGVKCSVKVQQQOQOPPPAWPGRAVPEAPRQSWDGPKPISIVGSTGSIGTQTL>
B)

C) MASMTGGQQMGRDP
MGSSHHHHHASSGLVPRGSHMASMTGGQOMGRDP

Figure 10: N-terminal region of the IspC protein from Arabidopsis thaliana

Starting regions and N-terminal extensions of expressed constructs reported in
different papers are indicated: (A) this study; (B) Campos and coworkers (Carretero-
Paulet et al., 2002 ); (C) Lichtenthaler and coworkers (Schwender et al., 1999; Muller
et al., 2000). The N-terminal sequence of the expressed construct used for high-yield
production of recombinant A. thaliana IspC protein is indicated in red.

The constructs pQE30ispCara3 and pQE30ispCara4, starting with amino acid
residues 81 and 95, respectively, could be expressed in insoluble form (inclusion
bodies) in recombinant E. coli cells. The crude cell extracts showed no IspC activity
in excess of the background activity provided by the bacterial ispC gene. Attempts at
in vitro folding of the insoluble proteins under a variety of experimental conditions
(3.3.2.2.2) also failed to yield detectable IspC protein activity that could be attributed
to the recombinant plant protein. The recombinant proteins could be purified by
affinity chromatography under denaturing conditions, but all attempts to renaturate

the purified proteins were unsuccessful.

A detailed sequence comparison, including all putative IspC amino acid sequences
from plants that are available in public databases (representatives of each family are
shown in Figure 9), revealed, among other distinctive features, a proline-rich block of
seven contiguous amino acids residues (PPPAWPG) located upstream of the N-
terminus of bacterial orthologs that was absolutely conserved in all plant sequences
available in the databases. Moreover, a CS motif and a tryptophan residue (residues
50/51 and 77 of the A. thaliana protein, respectively) were absolutely conserved
within the N-termini of the plant proteins. These findings suggested that the N-
terminus of the mature plant enzymes is located significantly upstream in comparison
with bacterial enzymes (this part of the sequence had been attributed, hypothetically,
to the plastid-targeting sequence in our own initial studies, as well as in studies by
other authors). Consequently, an approximate length of only about 50 amino acid

residues would be predicted for the plastid-targeting sequences of plant IspC
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proteins, and the length of the mature protein would exceed that of the bacterial
enzymes by about 30 amino acid residues. Notably, a plastid-targeting sequence
with a cutting sequence at the conserved CS motif (residues 50/51 of the A. thaliana
protein) (Figure 9, down arrow) is predicted by the chlorop 1.1 server

(http://www.cbs.dtu.dk/services/ Chloro/) for all currently known plant sequences.

On the basis of these findings, an ORF specifying a polyhistidine tag followed by
amino acid residues 57 — 477 of the A. thaliana ispC gene was constructed (clone

pQE30ispCaraZ2; see Figure 10A, sequence labeled in red).

4.1.1.2 Purification of IspC protein from Arabidopsis thaliana

The expression pattern of cell extracts from the recombinant strain (Figure 11, lane
C) differed significantly from that of the E. coli host strain, but showed no visible
expression of the recombinant protein as judged by SDS-PAGE (Figure 11, lane B).
However, these cell extracts were shown to catalyze the conversion of 1-deoxy-D-
xylulose 5-phosphate (12) into 2C-methyl-D-erythritol 4-phosphate (13) at a rate of
90 nmol min™ mg™” as compared to a rate of about 10 nmol min™ mg™ in cell extracts
of the host strain. Affinity chromatography on nickel-chelating Sepharose followed by
desalting (see Methods 3.3.2.2.1) afforded a protein fraction that appeared pure as
judged by SDS-PAGE (Figure 11, lane D).
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kba A B C D

12-

Figure 11: Purification of recombinant IspC protein from Arabidopsis thaliana
SDS-PAGE: lane A, molecular weight markers; lane B, cell extract of E. coli wild-
type; lane C, cell extract of a recombinant E. coli strain expressing the ispC gene
from A. thaliana (XL1- pQE30ispCara2); lane D, recombinant IspC protein after
affinity chromatography on Ni-chelating Sepharose FF and desalting chromatography
on an HIPREP 26/10.

Using a photometric assay to monitor the consumption of NADPH (see Methods
3.3.6.1.1A), the protein was shown to catalyze the formation of compound 12 from
compound 13 at a rate of 5.6 ymol min™ mg™” (Table 11). The apparent purification
factor of about 60 as judged from the specific activities of the crude extract and the
purified protein suggests that the recombinant protein had been expressed at a level

of about 2% on the basis of total cell protein (Table 11).

Table 11: Purification of recombinant IspC protein from Arabidopsis thaliana
Procedure Total protein Specific Total activity Yield Purification
activity factor
(mg) (nmol r1nin'1 (nmol min'1) (%)
mg’)
Cell extract 1523 90 137,070 100 1
Ni?*-Sepharose FF/ 9 5600 50,400 37 62
HIPREP 26/10
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Partial Edman degradation afforded the N-terminal sequence MRGSHHHHHH
GSQQQPPPAW, in agreement with the DNA sequence of the plasmid construct
pQE30ispCara2 (Figure 10A).

4.1.1.3 Metal dependence of IspC protein from Arabidopsis thaliana

The recombinant enzyme requires divalent cations for catalytic activity. Mn®* and
Mg®* are most efficient as activators, but Fe*, Cu?* and Ni** also afford considerable
stimulation (Table 12). On the other hand, no activation was observed with Zn?".
Without addition of any divalent cations, the activity is below the detection limit
(< 0.001% as compared to the maximum activity observed in the presence of Mn?* or

Mg?*, respectively).

Table 12: Activation of recombinant IspC protein from Arabidopsis thaliana by
divalent metal ions

Metal ion Relative activity (%)

Mn?* 100

Mg** 43

Fe? 28

cu®* 16

Ni%* 12

Co** 6

Ca®* 2

Zn?* 2

None < 0.001

The reaction mixtures were prepared and analyzed with the photometric assay as
described under Methods 3.3.6.1.1A. The final concentration of each metal ion was 5
mM.

Half-maximal activation was observed at a Mg** concentration of 1 mM and Mn?*
concentration of 60 uM, respectively (Figure 12). Considering the typical ion
concentrations in the plastid, Mg?* and Mn?* are probably the important ionic species

for activation of the IspC protein in vivo.
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Figure 12: Influence of Mn?* and Mg2+ on the activity of IspC protein from Arabidopsis
thaliana

Assays were performed spectrophotometrically as described in 3.3.6.1.1A. Dotted
lines, range of 95% confidentiality (calculated with the GraphPad PRISM 4.03
software).

41.1.4 PH dependence and the stability of IspC protein from Arabidopsis

thaliana

In the presence of 10 mM Mg?* (i.e. saturating conditions), the pH optimum was 8.0
(Figure 13). Although the highest activities were found at pH 8.0, it became obvious
that the enzyme is more stable at a pH of 7.5. Therefore, the assays were performed
at pH 7.5.

% relative activity
(o))
<

Figure 13: Relative activities versus pH values of IspC protein from Arabidopsis
thaliana

Enzymatic activities were assayed (see Methods 3.3.6.1.1A) over a pH value range
of 5.5 - 9.5 in buffer containing 50 mM Tris/HCI 50 mM glycine, 20 mM sodium
phosphate and 50 mM sodium acetate.
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After storage at 4 and 20 °C for 6 months, the enzyme retained 4 and 56% of its
activity, respectively. The enzyme was stored in 100 mM Tris/HCI, pH 7.5 containing
50 mM potassium chloride, 10% (v/v) glycerol and 10 mM DTT at 80 °C. Under these

conditions, the enzyme did not loose activity after storage for 6 months.

4115 Temperature dependence of IspC protein from Arabidopsis thaliana

To test the temperature dependence of A. thaliana IspC, the assay was prepared as
described under Methods 3.3.6.1.3.1, containing 100 mM Tris pH 7.5, 10 mM MgCly,
5 mM NADPH, 4 mM DXP, 10 ug protein and 10 % (v/v) D0 to a total volume of 600

pl and incubated at different temperatures.

The enzyme appeared to have a narrow temperature optimum, with more than 90%
relative activity between 35 and 42 °C (Figure 14). The maximum activity was
observed at 37 °C, and the activation energy was calculated to be 48 kJ mol™. The
enzyme retained 78 and 30% of enzymatic activity for 24 h at 20 and 37 °C,

respectively.
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Figure 14: Temperature dependence of IspC protein from Arabidopsis thaliana
(A) Relative activities versus temperature. (B) Arrhenius plot used for the calculation
of the activation energy.

41.1.6 Substrates dependence of IspC protein from Arabidopsis thaliana

Initial rate kinetic analysis using 10 mM Mg?* (see Methods 3.3.6.1.1A) as activator
showed typical Michaelis-Menten characteristics with regard to the NADPH
concentration, with a Ky value of 30 uM (Figure 15A). On the other hand, initial rate

kinetic analysis (Figure 15B) also showed substantial deviation from Michaelis-
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Menten behavior with respect to the concentration of the substrate, 1-deoxy-D-

xylulose 5-phosphate (12) (apparent Ky 132 pm).
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Figure 15: Michaelis-Menten kinetics of IspC protein from Arabidopsis thaliana
(A) Initial rates versus NADPH concentration. (B) Initial rates versus 1-deoxy- D-
xylulose 5-phosphate concentration. (C) Initial rates versus NADP™ concentration. (B)
Initial rates versus 2C-methyl-D-erythritol 4-phosphate concentration. Insets,
respective Lineweaver—Burk plots; dotted lines, ranges of 95% confidentiality.

NADH can substitute for NADPH, albeit at low rates of about 0.8 umol min™ mg™
(14% as compared to the rates with NADPH; Table 13).

Table 13: Substrate specificity of Arabidopsis thaliana |spC

Substrate Specific activity Relative activity (%)
(umol min™ mg™)
NADPH 5.6 100
NADP* 0.8 14.28

The reaction was also monitored by >C NMR spectroscopy using [3,4,5-"°Cs]-12 as
substrate (Figure 16). Owing to "*C"*C coupling, the "*C signals of the labeled carbon
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atoms of the substrate [3,4,5-°C3]-12 and the product [1,3,4-'°C3]-13 appear as
complex multiplets that provide an unmistakable fingerprint (cf. Table 14). The
apparent rate as determined from NMR observation was approximately 6 pmol min™

mg™, in good agreement with the result of the photometric assay.

Table 14: *C NMR data of [3,4,5-"2C3]1-deoxy-D-xylulose 5-phosphate and [1,3,4-
3C;]2C-methyl-D-erythritol 4-phosphate.

Position |Chemical shift, ppm Coupling constant, Hz
B3ce Jee Jrc

1-Deoxy-D-xylulose 5-phosphate (12)

3 77.2 39.8 (d)

4 70.9 41.1 (dd), 42.0 (dd) |6.9

5 64.5 42.9 (dd) 4.8

2C-Methyl-D-erythritol 4-phosphate (13)

1 66.7

3 741 42.0 (dd) 6.4

4 65 42.7 (dd) 4.2

?referenced to external trimethylsilylpropane sulfonate, the >C signals of DXP and
MEP have been assigned in the thesis of Stefan Hecht, 2002.
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Figure 16: "*C NMR signals detected in a reaction mixture converting [3,4,5-'°C3]1-
deoxy-D-xylulose 5-phosphate into [1,3,4-">C3]2Cmethyl- D-erythritol 4-phosphate
Assay mixtures were prepared as described under Methods 3.3.6.1.3.1 and
contained 100 mM Tris/HCI, pH 7.5, 10 mM MgClz, 6 mM NADPH, 6 mM [3,4,5-13Cs]-
12, 4mM DTT, and 15 pg of IspC protein in a volume of 500 pl. *C NMR signals
detected in the assay mixture before (A) and after (B) incubation with the IspC
protein from Arabidopsis thaliana; '*C coupling patterns are indicated; asterisks
designate inpurities.

Kinetic analysis of the reverse reaction was performed with 2C-methyl-D-erythritol 4-
phosphate (13) as substrate and NADP" as cosubstrate (see Figure 15C and D, the
assay is described under Methods 3.3.6.1.1B). The formation of NADPH was
monitored photometrically at 340 nm. The rate constant ke had a value of 1.6 s™
(Vimax 2.1 umol min™ mg™). The Ky values for 12 and NADP* were 972 and 471 uM,
respectively. Control assays without substrate and/or IspC protein were conducted to
confirm that the NADPH formation is essentially linked to the formation of compound

12 catalyzed by the IspC protein.
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Figure 17: Coupling of the IspC reaction with a recycling system for NADPH

The reaction involves the conversion of 2C-methyl-D-erythritol 4-phosphate (13) to 1-
deoxy-D-xylulose 5-phosphate (12) in the IspC reaction (cf. Figure 18) and could
proceed to the complete formation of 12. The assay was prepared as described
under Methods 3.3.6.1.3.2 and analyzed by *C NMR spectroscopy.

The reaction was also monitored by *C NMR spectroscopy using [1,3,4-"°C3]-13 as
substrate and a recycling system consisting of lactate dehydrogenase and pyruvate
for regeneration of NADP" (Figure 17 and Figure 18). Closely in line with the result of
the photometric assay, a specific catalytic rate of 2.3 pmol min™ mg' was

determined.
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Figure 18: *C NMR signals of a conversion of [1 ,3,4-13C3]2C-methyl-D-erythritol 4-
phosphate into [3,4,5-" Cs]1-deoxy-D-xylulose 5-phosphate

The assay mixture was prepared as described under Methods 3.3.6.1.3.2. 3C NMR
signals detected in the assay mixture before (A) and after (B) incubation with the
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IspC protein from Arabidopsis thaliana; ">C coupling patterns are indicated (cf. Table
14).

4.1.1.7 Inhibition of IspC protein from Arabidopsis thaliana by fosmidomycin

The antibiotic fosmidomycin is a potent inhibitor of IspC enzymes from bacteria
(Kuzuyama et al., 1998) and from Plasmodium falciparum (Jomaa et al., 1999). The
compound, which was found to act as a slow binding inhibitor (Koppisch et al., 2002;
Dhiman et al., 2005; Kuntz et al., 2005), inhibits the plant enzyme competitively with
ICs0 and K; of 1.2 yM and 85 nm, respectively (Figure 19), in good agreement with
the reported herbicidal activity of the antibiotic (Rodriguez-Concepcion et al., 2001;
Hans et al., 2004; Veau et al., 2000).
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Figure 19: Inhibition of IspC protein from Arabidopsis thaliana by fosmidomycin

A, ICso curve; B, Observed Ky of 1-deoxy-D-xylulose 5-phosphate (12) versus
fosmidomycin concentration (the assay was prepared as described in paragraph
3.3.6.1.2); X-axis intercept denotes minus K;; Y axis intercept denotes the real Ky.

44



Result and Discussion

41.1.8 Kinetic parameters of IspC protein from Arabidopsis thaliana

Kinetic parameters of Arabidopsis thaliana IspC are summarized in Table 15 below.

Table 15: Kinetic parameters of recombinant Arabidopsis thaliana 1spC

Parameter Value
Keat (DXP — MEP)app | 4.4 8™
Keat (DXP —> MEP)naon | 0.63 8™
Keat (MEP — DXP)yapp” | 1.63 5™
Kv (NADPH) 30 uM
Ku (DXP) 132 uM
Kv (NADP™) 471 uM
Kuv (MEP) 972 uM
pH optimum 7.5
Tmax 37 °C
Ki (fosmidomycin) 85 nM
Metal ion preference Mn%*, Mg®*
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4119 Discussion

Several early reports were published on the heterologous expression of ispC genes
from plants. However, as pointed out in a recent review by Proteau (Proteau, 2004),
none of these reports included a description of the enzymes’ properties to any
significant depth. More specifically, Lichtenthaler and his coworkers reported an
expression plasmid specifying amino acid residues 72—-477 of the A. thaliana I1spC
protein (see Figure 10C, upper lane) (Schwender et al., 1999); this coding sequence
did not specify amino acid residues 55-71, which are crucial for expression in an
enzymatically active form according to the experiments in this study (see 4.1.1.2).
For enzymatic activity tests, the authors of that study used the radiolabeled
radioactive enzyme substrate [2-'*C]-12 that had been prepared enzymatically and
was used without purification. After incubation, the reaction mixtures were treated
with alkaline phosphatase and were subjected to thin-layer chromatography. The
radioactivity of the dephosphorylated compounds was then detected by
phosphoimaging. Using this method, the authors reported an enzymatic activity in
crude cell extracts of the recombinant strain that was not specified in quantitative
terms (Schwender et al., 1999). A follow- up publication of the same group (Muller et
al., 2000) reported on an expression clone specifying the same polypeptide (see
Figure 10C, upper lane) preceded by an N-terminal His tag (Figure 10C, lower lane).
The authors reported on recombinant expression and purification of the cognate
protein. An ICs value of 0.28 um was reported for fosmidomycin (Muller et al., 2000),
and some kinetic parameters (Table 16) were given by Miller, 2003.

Campos and coworkers (Carretero-Paulet et al., 2002) reported residues 57-95
(Figure 10B) to be essential for the enzymatic activity of the IspC protein from A.
thaliana, as diagnosed by in vivo complementation of an ispC-deficient mutant E. coli
by plasmids carrying different ispC gene constructs. Although the authors did not
perform in vitro enzyme studies, their findings are in agreement with our enzymatic
data. As described under Results (4.1.1.2), among a set of expression clones
specifying polypeptides of different lengths (see Figure 10A), only the clone
specifying the protein extending from amino acid residues 57 to 477 afforded
enzymatically active protein. Thus, it is concluded that the N-terminal segment
extending from residues 57 to 71 is required in order to enable the expression of the

ispC gene of A. thaliana in recombinant E. coli host strains. As that part of the gene
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had not been reported in public databases by the time of the study by Lichtenthaler et
al., it is not surprising that they failed to include that crucial sequence segment in

their expression constructs.

Table 16: Kinetic parameters® of recombinant IspC proteins from different sources

Source Ku (UM) Kat Ki (nM) | Reference
(s 20
12 NADPH
A. thaliana
His-tagged 132 30 4.4 85 This study
His-tagged 108 7.2 b 280° Miiller et al., 2000, Miller,
2003
E. coli
Native 115- 0.5 22-116 Proteau, 2004; Koppisch
720 et al., 2002
His-tagged 97-99 18 8 38 Hoeffler et al., 2002;

Kuzuyama et al., 1998;
Koppisch et al., 2002;
Hecht et al., 2001,
Kuzuyama et al., 2000

M.
tuberculosis

Native 42 5.0 2.1 310° Argyrou and Blanchard,
2004; Dhiman et al., 2005

S. coelicolor

Native 190 190 19.2 - Cane et al., 2001

Synechocystis

PCC 6803

Native 134 50 5 - Yin and Proteau, 2003;
Woo et al., 2005

His-tagged 170 4.6 7 57 Yin and Proteau, 2003

Z. mobilis

Native 300 5 14 600 Grolle et al., 2000

All Values for kinetic parameters were those determined with Mg?*, with the
exception of the kinetic parameter of the Zymomonas mobilis enzyme, which were
determined with Mn?*. "Two different Vinax values were reported, due to apparent
instability of the protein (Mller, 2003).°IC5, value determined as described in Dhiman
et al., 2005 and Muller, 2003, respectively; 12, 1-deoxy-D-xylulose 5-phosphate; 20,
fosmidomycin.

The biochemical properties of the recombinant plant protein as reported in the

present study are similar to those reported for the bacterial orthologs (Proteau,
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2004). The Ky values for NADP* and compound 13 are 30-fold and 3-fold higher than
the respective values for NADPH and compound 12. The K; value for the inhibitor
fosmidomycin is similar to the value obtained with the E. coli ortholog (Table 16).

Sequence comparison showed a high degree of similarity among IspC protein
members from the plant kingdom (more than 75% sequence identity, and at least
87% conservation) (Figure 9). As expected, homology to the bacterial IspC proteins
is significantly lower. In total, 33 amino acid residues are conserved within all IspC
amino acid sequences currently available in the database. A phylogenetic analysis of
all currently available IspC sequences of plants and cyanobacteria is shown in Figure
20. Not surprisingly, all plant sequences (total number, 17) group together, and the
cluster of cyanobacterial sequences (total number, 11) is relatively close to that of the
plants. It should be noted that one green sulfur bacterium (Chlorobium tepidum) and
one eubacterium (Exiguobacterium sp. 255-15) cluster with the cyanobacterial
proteins, whereas the distances between most bacterial proteins and the
plant/cyanobacterial cluster are much larger. It is also notable that the sequences of
the two gymnosperms Ginkgo biloba and Taxus cuspidata form a lineage that is
separated from the other plant species. The sequences from the grass species
serving as the major staples for human nutrition and animal husbandry (i.e. rice,

wheat, maize and barley) are all very similar.
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Figure 20: Consensus cladogram of IspC proteins

The simplified tree was constructed by neighbor-joining analysis from an alignment of
IspC amino acid sequences from 17 plant species, 11 cyanobacterial species, one
green sulfur bacterium (Chlorobium tepidum) and one eubacterium (Exiguobacterium
sp. 255 — 15). Gaps were removed from the alignment, and the total number of
positions taken into account was 413. The numbers at the nodes are the statistical
confidence estimates computed by the bootstrap procedure. The bar represents
0.092 PAM distance.
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Whereas the deoxyxylulose phosphate pathway has been proposed earlier as a
putative target for the development of novel herbicides (Eisenreich et al., 2004;
Zeidler et al., 1998; Rohdich et al., 2004; Rodriguez-concepcion, 2004), in this study
it has been shown for the first time that recombinant plant IspC protein can be

produced in bulk amounts sufficient for in vitro high-throughput screening.

4.1.2 Characterization of IspC protein from Plasmodium falciparum

4.1.21 The cloning of IspC protein from Plasmodium falciparum

The P. falciparum open reading frame AE014826 (GenBank) specifies a 2C-methyl-
D-erythritol 4-phosphate synthase (IspC protein) ortholog comprising 488 amino acid
residues (Jomaa et al., 1999). Based on computer analysis, the N-terminal sequence
residues 1 - 70 are believed to represent a bipartite leader sequence consisting of a
signal peptide (residues 1 - 21) followed by a transit peptide (residues 22 - 70) typical
for proteins that are targeted to the apicoplast (Figure 21) (Waller et al., 2000; Foth et
al., 2003). In contrast to plants, protein import into the malarial plastid equivalent is a
two-step process, whereby the protein is directed into the endomembrane system by
the signal peptide and, after removal of the signal peptide, is diverted away from the
default secretory pathway into the apicoplast (Waller et al., 2000; Dooren et al.,
2001). Since sequence similarity to bacterial orthologs begins at amino acid position
74 (data not shown), we decided to express amino acid residues 74—488. For that
purpose, a synthetic gene was designed that was optimized for expression in E. coli

(Figure 21) (Lauw et al., 2008; publication in preparation).
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Figure 21: Nucleic and amino acid sequences of IspC protein from Plasmodium

falciparum.

The synthetic construct starts at nucleic acid position 220 of the IspC open reading

frame from the wild-type sequence; identical bases are shown in inverse contrast.

Signal (boxed), transit peptide (grey background) and cleavage site (V) as

determined with SignalP 3.0 Server (http

/lwww.cbs.dtu.dk/services/SignalP), PATS

(http://gecco.org.chemie.uni-frankfurt.de/pats-index.php) and PlasmoAP (http://v4-

4.plasmodb.org/restricted/PlasmoAPcgi.shtml)

indicated. A, absolutely

are

conserved residues; filled up triangles, residues involved in enzyme catalysis.

The synthetic gene was obtained by custom synthesis and cloned into the vector

PQE30

preceded by an N-terminal

truct

In an expression cons

resulting

MRGSHHHHHHGS sequence.
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4.1.2.2 Purification of IspC protein from Plasmodium falciparum

The extract from recombinant cells showed no visible expression as judged by SDS
polyacrylamide gel electrophoresis (Figure 22, lane C) but could be shown to
catalyze the conversion of 1-deoxy-D-xylulose 5-phosphate (12) into 2C-methyl-D-
erythritol 4-phosphate (13) with a rate of 50 nmol min”' mg ~' beyond the background
of wild type activity of 10 nmol min™ mg™.

kba A B C D

B6- —

45. me == &8 o
30- -
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Figure 22: Purification of recombinant IspC protein from Plasmodium falciparum
SDS-PAGE: lane A, molecular weight markers; lane B, cell extract of E. coli wild-
type; lane C, cell extract of a recombinant E. coli strain expressing the ispC gene
from P. falciparum (XL1-pQEispCplas2); lane D, recombinant IspC protein after
affinity chromatography on Ni-chelating Sepharose FF and desalting chromatography
on a HIPREP 26/10.

The recombinant protein was isolated by nickel chelation chromatography followed
by desalting (see Methods 3.3.2.2.1, buffer containing 100 mM Tris/HCI, pH 7.5 and
10 % (v/v)). The resulting protein appeared to approximately 90 % pure as judged by
SDS polyacrylamide gel electrophoresis with an apparent mass of 49 kDa as judged

by SDS polyacrylamide gel electrophoresis (Figure 22, lane D).

A photometric assay based on NADPH consumption was performed as described
under Methods 3.3.6.1.1A, showing the formation of 13 at a rate of 2 ymol min™ mg™
in the presence of 10 mM Mg?*. The apparent purification factor (Table 17) indicates

that the protein has been expressed at a level about 2 % from the total cell protein.
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Table 17: Purification of recombinant IspC protein from Plasmodium falciparum

Procedure Total protein | Specific activity | Total activity | Yield Purification
(mg) (umol min'1mg'1) (pumol min'1) (%) factor
Cell extract 3391 0.05 159 100 1
Ni**-Sepharose, |20 2 40 25 43
HIPREP 26/10
N-terminal Edman sequencing confirmed the expected

MRGSHHHHHHGSIKKPINVAIFGST motif (Figure 21). Mass spectrometry (MALDI
TOF) afforded a mass of 48,580 Da in good agreement with the expected value of
48,587 Da.

4.1.2.3 Metal dependence of IspC protein from Plasmodium falciparum

Assays to determine the metal dependence were prepared as described under
Methods 3.3.6.1.1A with the addition of 1 mM EDTA. The metal ion was added to

initiate the reaction.

Table 18: Activation of recombinant IspC protein from Plasmodium falciparum by
divalent metal ions

Metal ion Relative activity (%)
Mn** 100

Mg?®* 41

Co* 22

Fe** 18

Ca?"

cu®

Zn?* 1

Ni** < 0.001

None < 0.001

The addition of 1 mM EDTA reduced the activity to an undetectable level. Enzyme
that had been inactivated by treatment with EDTA could be reactivated by a variety of

divalent cations (Table 18. Notably, the highest activity was obtained with Mn**, but
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substantial reactivation was also observed with Mg®*, Co** and Fe®, whereas Ni**
was without effect. Generally, the metal preference profile of the Plasmodium
enzyme resembles that of the ortholog from Arabidopsis thaliana that has been

reported earlier in this study (see 4.1.1.3).
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Figure 23: Mn?* and Mg2+ dependence of IspC protein from Plasmodium falciparum

The optimum concentration of both Mn?* and Mg2+ was 2 mM as depicted in Figure
23. Similar to Arabidopsis thaliana IspC, protein, assays containing Mn?* and Mg?*
afforded Michaelis-Menten kinetics with half activation at concentrations of 65 and
251 pM, respectively. Mn?* induced higher enzyme activity than Mg?* (4.1 as
compared to 1.7 ymol min™ mg™). Based on this finding, Mn** was used as metal ion

of favoured choice in the assays.

41.2.4 PH dependence and stability of IspC protein from Plasmodium

falciparum

The pH optimum of the enzyme is in the range of 7.5 — 8.0 (Figure 24). Upon storage
at 4 °C in Tris/HCI, pH 7.5, the activity loss was in the range of 20 % per day. At
room temperature, the decline of activity per day was in the range of 10 % per day.
Under the strorage condition in buffer containing 50 mM Tris/HCI, pH 7.5 and 10 %
(v/v) glycerol, the enzyme did not loose activity after 1 year.
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Figure 24: Relative activity versus pH values of IspC protein from Plasmodium
falciparum

Enzymatic activities were assayed (see paragraph 3.3.6.1.1A) over a pH range of 6 -
9 in buffer containing 50 mM Tris/HCI, 50 mM glycine, 20 mM sodium phosphate and
50 mM sodium acetate.

41.2.5 Temperature dependence of IspC protein from Plasmodium

falciparum

To test the temperature dependence of P. Falciparum IspC, >°C NMR assay mixtures
were prepared as described under Methods 3.3.6.1.3.1. These mixtures contain 100
mM Tris/HCI, pH 7.5, 2 mM MnCl,, 6 mM NADPH, 4 mM [3,4,5-"*C3]1-deoxy-D-
xylulose 5-phosphate (12).

A100‘ B 2.257
. 2.007
X i
= 1.75
= 3
S e 1.507
© 50 >
2 = 1.257
=
e 95 1.00
0.75 °
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Temperature (°C) 1T (K) x 10°

Figure 25: Temperature dependence of IspC protein from Plasmodium falciparum
(A) Relative activity versus temperature; (B) Arrhenius plot used for the calculation of
the activation energy.
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In the enzyme assays conducted over a period of 30 min at different temperatures,
the apparent activity reached a plateau value approximately at 60 °C. The Arrhenius
plot indicates activation energy of 25 kJ mol™ for the forward reaction (conversion of
12 into 13) (Figure 25).

41.2.6 Substrate dependence of IspC protein from Plasmodium falciparum

The photometric assay of IspC activity in the forward direction was performed as
described under Methods 3.3.6.1.1A using Mn®" as the metal ion in a concentration
of 2 mM. An Initial rate kinetic analysis showed typical Michaelis-Menten
characteristics with regard to NADPH and 1-deoxy-D-xylulose 5-phosphate
(DXP/12). The Ky values were determined to 124 and 281 uM, respectively (Figure
26A and B), while the ket value was 3.5 8™ (Vinax = 4.4 pmol min™ mg™).
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Figure 26: Michaelis-Menten kinetics of IspC protein from Plasmodium falciparum

(A) Initial rates versus NADPH concentration. (B) Initial rates versus 1-deoxy-D-
xylulose 5-phosphate (12) concentration. (C) Initial rates versus NADP*
concentration. (D) Initial rates versus 2C-methyl-D-erythritol 4-phosphate (13)
concentration. Insets, respective Lineweaver-Burk plots; dotted lines ranges of 95 %
confidentiality.
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The reverse reaction was assessed as described under Methods 3.3.6.1.1B using 13
and NADP" as substrates in the presence of 2 mM Mn?*. The rate constant k. had a

value of 1.3 8" (Viax = 1.6 pmol min™" mg™).

NADH can substitute for NADPH, but the maximum reaction rate is lower, about 1.1

umol min™ mg™ (28 % as compared to the rates with NADPH, Table 19).

Table 19 Substrate specificity of P. falciparum IspC

Substrate Specific activity Relative activity (%)
(umol min™ mg™)
NADPH 3.9 100
NADH 1.1 28

4.1.2.7 Inhibition of Plasmodium falciparum IspC by fosmidomycin

The assay of the P. falciparum enzyme was implemented on an automated plate
reader using the 96-well format (see Methods 3.3.6.1.2, Table 9). The automated
assay was monitored photometrically at 340 nm. Using equation 1, a Z factor of 2 0.8

was determined indicating a high level of robustness.
(30s+30¢)
lus — pc]

Equation 1: Z factor
o, the standard deviation; y, the mean value; s, the signal, and c, the control.

Using this automated assay, the inhibition of the enzyme by fosmidomycin was
studied. Fosmidomycin has been shown earlier to inhibit the Plasmodium enzyme
(Jomaa et al., 1999). The forward reaction showed a mixed type inhibition with K; =
54 + 1.8 and Kis = 30 £ 17 nM. The reverse reaction showed competitive inhibition
with Ki = 6.0 £ 0.6 nM (Table 20).
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Result and Discussion

Table 20: K; values and mode of inhibition of the Plasmodium falciparum IspC protein
by fosmidomycin

IspC reaction Mode of Inhibition | K (nM)

Forward Mixed Ki=54+1.8
Kis =30+ 17

Backward Competitive Ki=6+£0.6

4.1.2.8 Kinetic parameters of Ispc protein fromPlasmodium falciparum

Kinetic parameters of Plasmodium falciparum IspC are summarized in Table 21

below.

Table 21: Kinetic parameters of recombinant IspC protein from Plasmodium
falciparum

Parameter Value
Keat (DXP — MEP)nappH | 3.55 8™
Keat (DXP — MEP)napy | 0.99 8™
Keat (MEP — DXP)napp™ | 1.29 8™
Kv (NADPH) 136 M
Knv (DXP) 281 uM
Kv (NADP™) 475 uM
Ku (MEP) 260 uyM
pH optimum 7.5
Tmax 60 °C
Ki (fosmidomycin) 6 nM
Metal ion preference Mn?*, Mg?*

58



Result and Discussion

41.2.9 Discussion

The recombinant expression of 2C-methyl-D-erythritol 4-phosphate synthase has
been reported earlier by Jomaa and coworkers (Jomaa et al., 1999). Using various
strains of P. falciparum, the authors performed an in vitro test to determine the
inhibition efficacy of fosmidomycin and its derivative FR-900098 in comparison to
currently used antimalarial drugs such as chloroquine and pyrimethamine. These
assays showed that fosmidomycin and FR-900098 inhibit the growth of the
respective P. falciparum strains with comparable ICsy values as compared to that of
chloroquine and pyrimethamine (Table 22, Jomaa et al., 1999). These in vitro tests
were supported by in vivo drug tests where mice infected with a rodent malaria
causative were treated with 30 mg kg™ of fosmidomycin and were cured over a
period of 8 days. Furthermore, fosmidomycin showed a low toxicity in the animal
model (Jomaa et al., 1999) which might be due to the absence of the deoxyxylulose
phosphate pathway in the animal host. Earlier studies had already suggested that
fosmidomycin is well tolerated by volunteers and patients who suffered from bacterial
infections (Kuemmerle et al., 1987). These findings indicate that IspC protein is a
valid target and that inhibitors of this enzyme could serve as potential leads for the

discovery of antimalarial agents.

Table 22: In vitro inhibition of various P. falciparum strains by fosmidomycin, FR-
900098, chloroquine and pyrimethamine

Plasmodium ICs0 (NM)
falciparum : - , ; :
strains Fosmidomycin | FR-900098 Chloroquine | Pyrimethamine
HB3 350 £ 170 170 £ 100 20+5 60 £ 42
A2 370 £ 45 170 + 45 377 4+2
Dd2 290 £ 130 90 + 20 200 + 30 2500 = 1000

This table was published by Jomaa et al., 1999. ICsy, the concentration that causes
half of maximum inhibition of growth rates. Mean values and standard deviations
from 3-4 independent experiments are shown.

The efforts to discover antimalarial agents are carried out intensively and

continuously. One approach for this aim is the rational design of inhibitors. With this
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respect, the structure of IspC protein from P. falciparum was modeled on basis of its
homology to the respective proteins of E. coli (Singh et al., 2005) and Zymomonas
mobilis from which three-dimensional structures have been reported (Ricagno et al.,
2003) in order to molecularly design new antimalarial drugs. An alternative is the
high-throughput screening of 2C-methyl-D-erythritol 4-phosphate synthase (IspC
protein) using a rapid photometric assay method that has been previously developed
in our laboratory (lllarionova et al., 2006). In order to accomplish such a screening
relatively large amounts of the recombinant target enzyme as well as high Z factors
indicating a robust assay system are neccessary. Both these prerequisites have

been compiled within the studies of the present PhD thesis (see 4.1.2.2 and 4.1.2.7).
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4.1.3 Mechanistic study of IspC protein

As already mentioned (4.1), 2C-methyl-D-erythritol 4-phosphate synthase (IspC
protein) catalyzes the first committed step in the non-mevalonate isoprenoid
biosynthetic pathway. The reaction involves the isomerization of 1-deoxy-D-xylulose
5-phosphate (DXP/12) affording the branched chain aldose-derivative (19) which is
subsequently reduced under formation of 2C-methyl-D-erythritol 4-phosphate
(MEP/13). The isomerization step has been proposed to proceed as an
intramolecular rearrangement or a retroaldol/aldol sequence (Kuzuyama et al., 2008;
Hoeffler et al., 2002) (Figure 27).

sigmatropic rearrangement

CH,
|~ ® N
<o o
—0— |
9% ?"D . HyC—C—OH
HC—OH - HC—OH
. |
CH,0P0 4 CH,0P052
DXP (12) 2C-methyl-D-erythrose

4-phosphate (19)

retroaldol/aldol mechanism

Enolate of
CH Hydroxyacetone (22) H 0
@) HiC._ OH N7
c|:=o ﬁ |
——> H,C—C—OH
H O—CD —> C -— |
-2~ T 3N /Ca® /N HC—OH
HC—O—H C H 0—H |
I | . CH,0P0,2
CH,0P03% CH,0P 04
DXP (12) Glycoaldehyde 2C-methyl-D-erythrose
phosphate (21) 4-phosphate (19)

Figure 27: Hypothetical mechanisms of the IspC reaction.

In the sigmatropic rearrangement, deprotonation occurs at C-3 of DXP followed by a
displacement of a C-2 unit affording 2C-methyl-D-erythrose 4-phosphate. As
opposed to sigmatropic rearrangement, the hypothetical retroaldol mechanism is
initiated by deprotonation at C-4 of DXP followed by cleavage between C-3 and C-4
affording glycolaldehyde phosphate and the enolate of hydroxyacetone. A
consecutive aldol addition could then afford 2C-methyl-D-erythrose 4-phosphate
(Figure 27).
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We report the preparation of '*C-labeled substrate isotopologues which were
designed to optimize the detection of an exchange of putative cleavage products that
might occur in the hypothetical retroaldol/aldol reaction sequence. 2C-Methyl-D-
erythritol 4-phosphate synthases of Escherichia coli, Mycobacterium tuberculosis and
Arabidopsis thaliana were selected for parallel enzyme studies. The dendogram
(Figure 28) shows a relatively large genetic distance between these three species.
The degree of sequence identity of the enzyme from E. coli with those from M.
tuberculosis and A. thaliana is 40 and 43 %, respectively. Notably, the three enzymes
are located in three different sequence clusters comprising pro- and eukaryotic

orthologues, respectively (shown in Figure 28).
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Figure 28: Phylogenetic tree of IspC proteins from various organisms

The consensus cladogram was constructed by Neighbor-joining analysis from an
alignment of IspC amino acid sequences from 6 plant species, one cyanobacterium
(Synechocystis sp.), one protist (P. falciparum) and 24 eubacteria representing
different families. Gaps were removed from the alignment, and the total number of
positions taken into account was 327. The numbers at the nodes are the statistical
confidence estimates computed by the bootstrap procedure. The bar represents
0.134 PAM distance.
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41.3.1 Synthesis of [1-°C4]- and [3-'C4]2C-methyl-D-erythritol 4-phosphate

Two isotopologues of glucose were used in the synthesis as described under
Methods 3.3.3.1. Specifically, [2,5-">C,]D-glucose and [3,4-">C,]D-glucose and were
used to produce [1-">C1]2C-methyl-D-erythritol 4-phosphate; and [3-'°C4] 2C-methyl-
D-erythritol 4-phosphate. Each mol of double-labeled D-glucose produced 2 mol of
single-labeled substrate 2C-methyl-D-erythritol 4-phosphate in the synthesis.

D-Glucose DXP MEP

HO—Ys ®o H oH o®
Bu ron —= "X "X

HO (I) ’ 0\|_I P O\H/O—H

Figure 29: Labeling pattern of MEP synthesized from D-glucose

The [3,4-">C;,]D-glucose (yellow) and [2,5-"*C,]D-glucose (blue) and their respective
product during the synthesis of [1-'°C4]- and [3-'*C4]2C-methyl-D-erythritol 4-
phosphate. The labeling position was signed with yellow dots for [3-'°C4]-DXP and [1-
3C4]-MEP and blue dots for [4-"*C4]-DXP and [3-"°C4]-MEP.

The products were analyzed by *C NMR measurement affording the expected
signals of [1-"°C4]- MEP as a singlet at 66.5 ppm and [3-'C1]2C-methyl-D-erythritol
4-phosphate as a doublet due to the phosphorus coupling at 73.7 ppm as shown in

Figure 30.
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Figure 30: "*C NMR signals of [1-'*C]-MEP (A) and [3-'*C]-MEP (B)

The recovery of product 2C-methyl-D-erythritol 4-phosphate after purification through

cellulose column was about 40 %.

41.3.2 Synthesis of [1,2-°C;]glycolaldehyde phosphate

The synthesis of [U"Cs]ribulose 5-phosphate is described under Methods 3.3.4. The
formation of [U"*Cs]ribulose 5-phosphate was monitored by *C NMR spectroscopy
and the signals fit excellently with the ™C signals assigned by Volk (Volk, TU
dissertation, 1989). The vyield after lyophilization was 90 % (mol/mol) when compared
to the initial [U'*Cg]D-glucose.

The synthesis of [1,2-°C,]glycoaldehyde phosphate was carried out according to the
Methods 3.3.5 from the crude [U'®Cs]ribulose 5-phosphate. The formation of [1,2-
3C,]glycoaldehyde phosphate was monitored by >C NMR spectroscopy based on
the published "*C signals by Hoeffler (Hoeffler et al., 2002). Specifically, the signals
of [1,2-"*C,]glycoaldehyde phosphate at 125 MHz and 50 mM Tris/HCI, pH 8.0 were
C-1 (J°C, 88.6 ppm; J*'P, 8.9 ppm, dd) and C-2 (J*C, 67.5 ppm; J*'P, 5.1 ppm, dd)

as seen in Figure 31.
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Figure 31: ">NMR spectra of [1,2-"°C;]glycolaldehyde phosphate.
Asterisks denote impurities.

After purification by anion exchange, the yield of [1,2-"°C,] glycoaldehyde phosphate
was 40 % (mol/mol) when compared to the initial [U'*Cs]ribulose 5-phosphate.
However, [1,2-"3C;] glycoaldehyde was unstable and rapidly degraded, therefore it

should be always freshly prepared prior the IspC assay and used within 3 - 4 h.
4.1.3.3 Purification of IspC proteins from E. coli, M. tuberculosis and A.
thaliana

The purification was performed according to the Methods 3.3.2.2.1 with the
modifications as seen in Table 23, affording the total amount of recombinant proteins

as shown in Table 23.

Table 23 Purification of IspC proteins from E. coli, M. tuberculosis and A. thaliana

IspC from Purification method Cell (g) Pure
various protein
organisms (mg)
Escherichia coli | Nickel-chelated followed by dialysis | 2 240
Mycobacterium | Nickel-chelated followed by HiPrep | 40 40
tuberculosis desalting column

Arabidopsis Nickel-chelated followed by HiPrep | 40 20
thaliana desalting column
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The SDS-PAGE (Figure 32) shows the bands of the purified recombinant IspC

proteins from E. coli, M. tuberculosis and A. thaliana.
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Figure 32: SDS-PAGE of purified IspC proteins from different organisms.
Protein marker (A) and IspC proteins from E. coli (B), M. tuberculosis (C) and A.
thaliana (D).

4.1.3.4 Mechanistic study of IspC reaction using [1-°C4]- and [3-'°C4]2C-
methyl-D-erythritol 4-phosphate in the enzyme assay

In order to measure the frequency of any potential intermediate exchange, two
substrate isotopomers specifically designed to maximize sensitivity for the diagnosis
of fragment exchange by ™C NMR spectroscopy were prepared. Specifically, [1-
3C4]- and [3-"*C4]2C-methyl-D-erythritol 4-phosphate (13a and 13b, respectively,
Figure 33) were prepared from [3,4-"°C,]- and [2,5-"°C;]glucose, respectively, by the
enzyme-assisted one-pot reaction strategy described earlier (Hecht et al., 2001). An
enzyme-mediated recombination of fragments 21, 22a, 21a and 22 generated from a
mixture of [1-"°C4]- and [3-"°C4]2C-methyl-D-erythrose 4-phosphate (19a and 19b,
respectively) via the proposed retroaldol/aldol mechanism should result in the
formation of four isotopologue species of 1-deoxy-D-xylulose 5-phosphate
(12a - 12d, Figure 33). Notably, the enzyme-mediated recombination of
[1-"°C1]glycolaldehyde (21a) and the enolate of [1-'°C1]hydroxyacetone (22a) could
then afford [3,4-'°C,]1-deoxy-D-xylulose 5-phosphate (12c). This double-labeled
species would be detected by satellite lines in the *C NMR spectrum due to *C'*C

coupling as simulated in Figure 34C.
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Alternatively, rearrangement would develop an intermolecular

rearrangement, affording 12a from 13a and 12b from 13b (Figure 33). The *C NMR

signals of these species are simulated in Figure 34B.
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Figure 33: Hypothetical course of the IspC reaction starting from [1-">C4]- (13a) and
[3-"3C4]2C-methyl-D-erythritol 4-phosphate (MEP/13b) as substrates

12a, [3-"°Cq]-; 12b, [4-"°Cq]-, 12¢, [3,4-"°C;]-; 12d, unlabeled 1-deoxy-D-xylulose 5-
phosphate (DXP), 19a, [1-"°C1]-; 19b, [3-'°C4] 2C-methyl-D-erythrose 4-phosphate,
21, unlabeled-; 21a, [1-"3C4]glycolaldehyde phosphate, 22, unlabeled-; 22a, [1-
3C4]enolate of hydroxyacetone.

In order to improve the diagnostic sensitivity, it was decided to conduct the
experiments under steady state conditions where the reactants 12 and 13 are
present in similar amounts at thermodynamic equilibrium. For that purpose, reaction
mixtures containing 5 mM 13a, 5 mM 13b, 215 mM NADP" and 0.15-0.25 mM IspC
protein from E. coli, M. tuberculosis or A. thaliana were incubated at pH 8 and 37 °C
for 24 h and were monitored by ™C NMR spectroscopy. The partial reduction of
NADP® by the enzyme rapidly resulted in steady state conditions where the
concentrations of 12 and 13 were approximately equal (cf. Figure 33). Consequently,
the forward and the reverse reaction rate under equilibrium condition are also bound

to be approximately equal. Notably, the IspC enzymes were present in very high
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(near-stoichiometric) concentrations. Under these conditions, the substrate

molecules should be engaged by enzyme molecules on a near-permanent basis.

The residual enzyme activity after 24 h incubation was measured after massive
dilution of an aliquot of the reaction mixture using 1 as substrate. The decrease in
activity during the 24 h incubation period was in the range of 27 — 37 % for the three

different enzymes under study (Table 24).

Table 24: Calculated conversion and equilibrium constants for the IspC reaction

Organism Residual Conversion Cycles after Apparent
activities after | (%) 24 h equilibrium
24 h (%) constant
Escherichia coli 72 52 >8800 29x10™M
Mycobacterium tuberculosis | 73 53 >12100 29x10™M
Arabidopsis thaliana 63 50 >2400 25x10™M

The ratio of conversion and the equilibrium constants were calculated after 1.5 h
incubation (cf. Figure 34). For details, see under Methods 3.3.6.1.3.4.

From the starting conditions and the enzyme stability measurements under the
reaction conditions in this study, it follows that an average substrate molecule should
have passed through approximately 8,800, 12,100 and 2,400 forward/reverse cycles
in the experiments with enzymes from E. coli, M. tuberculosis and A. thaliana,

respectively (Table 24).

For the equilibrium constant of the reaction catalyzed by 2C-methyl-D-erythritol 4-
phosphate synthase as defined by Equation 2, we obtained a value of
2.8+ 0.2 x 107° M at pH 8.0. This is well in line with a value of 4.6 + 0.5 x 107"° M
that had been reported earlier by Rohmer and coworkers under closely similar
conditions (Hoeffler et al., 2002).

_ INADPH]eq.[12]¢q-[H*]
~ [NADP*]¢q.[13]e

Equation 2: Equilibrium constant
K, Equlibrium constant; 12, 1-deoxy-D-xylulose 5-phosphate; 13, 2C-methyl-D-
erythritol 4-phosphate.
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Figure 34 shows ™C NMR signals of the reaction mixtures prior to the addition of
enzyme (Figure 34D) and after incubation with enzymes from E. coli (Figure 34E), M.
tuberculosis (Figure 34F) and A. thaliana (Figure 34G), respectively. Reaction
mixtures treated with enzymes from the three different organisms studied showed

closely similar results.

The crucial result is the absence of any detectable excess of the *C'*C coupling
satellites beyond the natural abundance level for the signals of C-3 and C-4 of a
hypothetical product 12c. The hypothetical positions of the "*C'*C coupling satellites
expected in the spectrum of 12¢c (as simulated in Figure 34C) are marked by arrows
in Figure 34E-G. In each case, the integrals of the satellite signals are in the range of
1 % as compared to the central signal. Signals of that size would be expected in the
complete absence of fragment exchange where they reflect the presence of about
1.1 % "C (i.e. natural "*C abundance) in those carbon atoms of the reactant that

were not labeled.
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3C NMR simulation
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Figure 34: *C NMR simulation and experimental result of the IspC reaction using [1-
3C4]- and [3-"°C4]2C-methyl-D-erythritol 4-phosphate as subtrates.

A-C are>C NMR simulation of IspC reaction using [1-">C1]- and [3-'C4]2C-methyl-D-
erythritol 4-phosphate as substrates with (A), NMR signals from initial substrates, (B),
sigmatropic rearrangement; and (C), retroaldol/aldol mechanism (cf. Figure 33). The
colors and structures shown are corresponding to the reaction in Figure 33D-F are
the resulted NMR signals from *C-NMR spectroscopy with (D), initial substrates and
incubation with IspC protein from (E), E coli; F, M.tuberculosis and (G), A. thaliana.
The arrows show the chemical shift of signals should arise from retroaldol
mechanism. Asterisks denote impurity.
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On the basis of the quantitative evaluation of the ™*C NMR signal intensities and
coupling satellites in experiments with ">C-labeled substrates, it can be estimated
that less than one fragment exchange has occurred during more than 100,000
reaction cycles. Whereas these data are not sufficient to rule out a retroaldol/aldol
reaction sequence, they do show that a hypothetical retroaldol/aldol sequence would
require extremely tight confinement of the intermediary molecular fragments at the
active site of the enzyme. The limit for escape and reutilization of a retroaldol
fragment would be less than once in 100,000 forward/reverse cycles. In this context,
it is also worth noting that the branched intermediate 2C-methyl-D-erythrose 4-
phosphate (19) can be used as substrate by the enzyme at a rate that is comparable
with the conversion rate of the substrate 12 (Hoeffler et al., 2002); thus, strict

confinement seems at least not to apply to that intermediate.

41.3.5 Mechanistic study of IspC reaction using [1,3,4-'°C3]2C-methyl-D-
erythritol 4-phosphate and unlabeled hydroxyacetone in the enzyme

assay

To check whether exogenous hydroxyacetone, whose enolate is the predicted
intermediate of the hypothetical retroaldol/aldol mechanism, can be incorporated into
the reactants 12 and 13 by fragment exchange, [1,3,4-">C3]2C-methyl-D-erythritol
4-phosphate (13c) and unlabeled hydroxyacetone (23) were used in the enzyme
assays (Figure 35). Preliminary experiments had shown that hydroxyacetone does
not significantly change the apparent reaction rate of 2C-methyl-D-erythritol 4-
phosphate synthase when present in concentrations up to 2 % (v/v). The reaction
mixtures contained 10 mM [1,3,4—13C3]2C-methyI—D—erythritol 4-phosphate (13c,
Figure 35), 215 mM NADP+, 100 mM Tris hydrochloride, pH 8.0, and 0.23 — 0.25 mM
IspC protein from E. coli, M. tuberculosis and A. thaliana, respectively, and were

incubated for 8 h and analyzed by NMR spectroscopy.
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retroaldol/aldol mechanism
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Figure 35: Hypothetical course of the IspC reaction starting from [1,3,4-'°C3]2C-
methyl-D-erythritol 4-phosphate (13c) as substrate in the presence of an excess of
unlabeled hydroxyacetone (23)

12e, [3,4,5-°Cs]-;12f, [4,5-"°C,]1-deoxy-D-xylulose 5-phosphate; 13d, [3,4-"°C,]2C-
methyl-D-erythritol 4-phosphate; 21b, [1,2-"°Cj]glycolaldehyde phosphate; 22,
unlabeled-; 22a, [1-"*C1]enolate of hydroxyacetone.

As described before (see 4.1.3.4), these initial conditions were rapidly conducive to
steady conditions where 12 and 13 were present in closely similar concentrations,
and the rates of the forward reaction (conversion of 12 to 13) and the backward
reaction (conversion of 13 into 12) were also essentially the same. The diversion of
unlabeled hydroxyacetone (23) to the reactants 12 and 13, by occasional exchange
with the enolate of [1-'>C4]hydroxyacetone (22a) formed by retroaldol cleavage of
12e or 13c (Figure 35), should result in 12f which is characterized by only two *C
atoms. This isotopologue would become apparent in the 3C NMR spectra by a
distinctive double doublet signature of C-4 of 12f as simulated in Figure 36C
(indicated by arrows in Figure 36E-G). Notably, the formation of double labeled 12f

would argue against a sigmatropic reaction mechanism.
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3C NMR simulation
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Figure 36: ">C NMR simulation and experimental result of the IspC reaction using

[1 ,3,4-1303]2C-methyI-D-erythritoI 4-phosphate (13c)as substrates in the presence of
an excess of unlabeled hydroxyacetone (cf. Figure 35)

A-C are *C NMR simulation of the arising signals of (cf. Figure 35): (A), initial
substrate; (B), sigmatropic mechanism; (C), retroaldol mechanism. D-G are *C NMR
result depicting the signals from (D), initial substrate; and E-G, IspC assay from E.
coli, M. tuberculosis and A. thaliana, respectively. The arrows show the chemical shift
where the signals from retroaldol mechanism should arise. Asterisks denote impurity.
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Figure 36E-G shows >C NMR signals detected in the exchange experiment with
unlabeled hydroxyacetone. Signal intensities showed that 59 % of the 13c had been
converted into 12e (Table 25). The crucial double doublets as expected for a
retroaldol mechanism (Figure 36E-G) were absent. Again, no indication for a

retroaldol/aldol mechanism could be obtained.

Table 25: Calculated conversion and cycles for the IspC reaction containing [3,4,5-
'3C,]-DXP and hydroxyacetone

Organism Residual Conversion | Cycles after
activities after 8 h | (%) 8 h
(%)
Escherichia coli 71 59 >4100
Mycobacterium tuberculosis | 86 59 >4000
Arabidopsis thaliana 59 59 >1000

The ratio of conversion was calculated after 2 h incubations. For details see
3.3.6.1.3.4.

41.3.6 Mechanistic study of IspC reaction using [1,2-'°C;]glycolaldehyde

phosphate and unlabeled hydroxyacetone in the enzyme assay

In the following set of experiments, it was checked whether glycolaldehyde
phosphate and hydroxacetone can serve as substrates for IspC protein from different
organisms to form 2C-methyl-D-erythritol 4-phosphate as shown in the hypothetical
reaction sequence as illustrated in Figure 37. Specifically, the reaction mixtures
contained 2 mM [1,2-"*C;]glycolaldehyde phosphate (21b), 243 mM hydroxyacetone
(22), Tris hydrochloride, pH 8.0, 3 mM NADPH and 0.21 — 0.34 mM IspC protein from

E. coli, M. tuberculosis and A. thaliana, respectively.

As shown in Figure 37, a retroaldol mechanism in the presence of NADPH as the
cofactor in the reaction would convert the double labeled [1,2-"3C;]glycolaldehyde
phosphate (21b) and unlabeled hydroxyacetone into their respective double labeled
product [3,4-"2C,]2C-methyl-D-erythritol 4-phosphate (13d). The *C NMR signals of
the product 13d was determined by the addition of [3,4,5-">C3]2C-methyl-D-erythritol
4-phosphate (13c) as a standard. The crucial signals of 13d would arise as double

doublet at 73.8 ppm as shown in Figure 37E. Alternatively, in a sigmatropic
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rearrangement; both fragments would not be recognized by the IspC protein and
therefore, any reaction would not occur.

retroaldol/aldol reaction
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Figure 37: Hypothetical isotopologue species formed by a retroaldol mechanism of
the IspC reaction with protonated [1,2-'°C;]glycolaldehyde phosphate (21b) and the
enolate of hydroxacetone (22) as initial substrates

13d, [3,4-"°C,]2C-methyl-D-erythritol 4-phosphate. A-E are’C NMR spectra obtained
from IspC reactions using [1,2-"°Cj]glycolaldehyde phosphate (21b) and
hydroxacetone (23) as substrates. (A), without IspC enzyme; (B), (C) and (D) with
IspC from E. coli, M. tuberculosis and A. thaliana, respectively. (E), with [1,3,4-
3C;]2C-methyl-D-erythritol 4-phosphate after 3 h incubation of the reaction mixture,
(B). Signals arising from C-3 of 13d.
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The *C NMR spectra obtained after an incubation period of 1.5 and 3 h, respectively,
showed only double doublet signals at 89.2 ppm due to the presence of the hydrate
of 21b (Figure 37B-D). As shown in Figure 37, no evidence for the presence of
[3,4-"3C,]2C-methyl-D-erythritol 4-phosphate (13d) could be obtained. Notably, it
would have been possible to detect any 13d by the specific double doublet signature
of C-3, as confirmed by a titration experiment with [1,3,4-'C3]2C-methyl-D-erythritol
4-phosphate (13c) (Figure 37E). As a result, the >C NMR spectrum showed no
signals of 13d eventually emerging in the reaction (Figure 37B-D), hence, no

indication for the existence of retroaldol mechanism.
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4.1.3.7 Investigation of the role of 1-deoxy-L-ribulose 5-phosphate in the

IspC catalyzed reaction

Wong and Cox reported the formation of the 4-epimer 1-deoxy-L-ribulose 5-
phosphate of 12 (24b, Figure 38) in an IspC reaction mixture without NADPH and a
divalent metal ion (Wong and Cox, 2007). Specifically, they observed a new *C NMR
signal at 71.6 ppm, which was assigned to C-4 of 24. In contrast to this finding, we
observed a corresponding signal (71.49 ppm) together with the signals of C-3 and C-

5 in our preparations of [3,4,5-'°C3]-12 before any incubation.

CH, CH,4
C=—0 =8,
HO—CH HC—OH
HC—OH HC—OH
CH,0® CH,0®
12 24a
CH,4 CH,
c=—0 =0
HC—OH HO—CH
HO—CH HO—CH
CH,0P® CH,0®
25 24b

Figure 38: The enantiomer and diastereomers of 1-deoxy-D-xylulose 5-phosphate

12, 1-deoxy-D-xylulose 5-phosphate; 24a, 1-deoxy-D-ribulose 5-phosphate; 24b, 1-
deoxy-L-ribulose 5-phosphate; 25, 1-deoxy-L-xylulose 5-phosphate.

As shown in the *C NMR spectrum (Figure 39A), [3,4,5-"°Cs]-24 is present in a ratio
of 2.5 % as compared to [3,4,5-"°Cs]-12. After incubation with 0.2 mg and 8 mg IspC
protein for 20 h in the mixture containing 4 mM EDTA, 100 mM Tris/HCI, pH 8.0 and

10 % (v/v) D20 in a total volume of 500 pl, the ratio of [3,4,5-">C3]-24 increased up to

77



Result and Discussion

5 % similarly as a control assay without any enzyme (Figure 39). Any new signals

could not be observed.
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Figure 39: ®*C NMR measurement of the reaction catalyzed by IspC protein in the
absence of NADPH and metal ions

The reaction using [3,4,5-"°Cs]- 1-deoxy-D-xylulose 5-phosphate as substrate was
observed; A, before incubation; B, without enzyme and C, with IspC enzyme from E.
coli; 24, potential diastereomer of 12; asterisk denotes impurity.

Consequently, 12 was incubated in buffer containing Tris/HCI, pH 8.0 and 10 % (v/v)
D,O at 37 °C for a period of 8 days and analyzed the sample by *C NMR
spectroscopy in time intervals of 1 day. The "*C NMR spectra (Figure 40) showed the
increase of the formation of 24 followed by simultaneous decrease of 12. The rate

constant for the formation of 24 was calculated to 3 x 107 s'. The ratios for
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consumption of 1 and the formation of 24, respectively (Figure 40, in box), indicate
that the equilibrium is reached after 8 days of incubation. The equilibrium constant of
[12]/[24] was calculated to 3.45.
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Figure 40: *C NMR spectra of [3,4,5-"°C3]1-deoxy-D-xylulose 5-phosphate and its
diastereomer (24)

The inserted curve in box shows the relative concentration of [3,4,5-"Cs]1-deoxy-D-
xylulose 5-phosphate (12) and its potential diastereomer (24) during 8 days
incubation.

The next experiment was performed to investigate the structure of compound 24 via
NMR analysis. For this purpose, [U-"3C]-12 was prepared according to the published
procedure (Hecht et al., 2001; lllarionova et al., 2006). The *C NMR spectra (Figure
41) shows the presence of 24 after the preparation of 12, specifically the mixture
contains 82 % of [U-"*C]-12 and 18 % [U-"°C]-24.
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Figure 41: *C NMR signals of [U"-C]1-deoxy-D-xylulose 5-phosphate (12) and its
diastereomer (24) (cf. Figure 38)

The upper "*C coupling patterns are originated from U'C 1-deoxy-D-xylulose 5-
phosphate (12) and the lower "*C coupling patterns, to 1-deoxyribulose 5-phosphate
(24).

Al ¥c signals of 24 (resulted from a preparation of uniformly labelled 12) were

13C3'P interactions.

assigned on the basis of the coupling constants for "*C'*C and
The 'H NMR signals were then assigned by HMQC spectroscopy (Figure 41 and
Table 26). The NMR data were in close correspondence with those of 1-deoxy-L-
ribulose-5-phosphate (24b, Figure 38) chemically synthesized earlier (Phaosiri and

Proteau, 2004).

As seen in Figure 41 and Table 26, the ">C chemical shifts as well as the *C'*C and
3¢C3P coupling constants of DXP (12) and DRP (24) are similar. This suggested that
both compounds are structurally related and might display isomers, such as
diastereomer. Notably there exist two diastereomers of 12, namely 1-deoxy-D-
ribulose 5-phosphate (24a) and 1-deoxy-L-ribulose 5-phosphate (24b) (seeFigure 38)
which show identical NMR data. On the basis of NMR, the configuration of 24 can not
be distinguished. Thus, 24 could be 24a, 24b or a racemate of 24a and 24b.
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Table 26 Chemical shifts and coupling constants of [U-">C]1-deoxy-D-xylulose 5-
phosphate (DXP/12) and 1-deoxyribulose 5-phosphate (DRP/24) obtained by *C
NMR spectroscopy and HMQC.

c Chemical shift (ppm) Coupling Constant (Hz)

Position

(ppm) 13C 1H 13C31P 13C13C

DXP DRP DXP DRP DXP DRP DXP DRP

1 25.75 26.90 217 2.20 - - 41.1(2) |40.7 (2
13.0(3) | 12.6 (3)

2 21296 | 213.38 - - - - 411(1) |41.7(1)
41.1(3) |41.7(3)
28(() |-

3 76.92 77.06 4.40 4.25 - - 41.6 (2) | 42.5(2)
39.4 (4) | 40.5(4)
12.8 (1) | 12.6(1)

4 70.66 71.49 4.21 3.97 7.1 7.1 43.6 (5) | 42.5(5)
39.6 (3) | 40.2(3)

5 64.06 63.58 3.75 3.72 4.6 4.8 436 (4) | 42.3(4)
3.3(2) 1.3(2 ?)

4.1.3.8 Mechanistic discussion of IspC protein from the structural point of

view

The importance of the hydroxy groups at C-3 and C-4 of 1-deoxy-D-xylulose
5-phosphate (12) has been shown by analogues of 12 comprising hydroxy functions
at the respective positions. Two substrate analogues, namely 3-deoxy-12 and 4-
deoxy-12 served as weak inhibitors (Hoeffler et al., 2002). On the other hand, the
other substrate analogues 1-fluoro,1-deoxy-D-xylulose 5-phosphate (Fox and
Poulter, 2004) and 1-deoxy-D-xylulose 5-phosphonate (Phaosiri and Proteau, 2004)
have been demonstrated to replace 1-deoxy-D-xylulose 5-phosphate (12) as
substrates in the IspC reaction. Notably, both alternative substrates possess hydroxy
groups at C-3 and C-4 position of 12. Regarding the important role of hydroxy groups
at C-3 and C-4 of 12, the reaction can be considered to follow a retroaldol
mechanism. Alternatively, the respective hydroxy groups might act as metal binding
sites, indicating the essential role of the respective hydroxy groups in both

sigmatropic and retroaldol mechanisms.

The experiments performed in this study did not provide any evidence for a retroaldol

mechanism. In the experimental setting using [1-"°C]- and [3-'*C]2C-methyl-D-
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erythritol 4-phosphate (13a and 13b) as substrates, the crucial double labeled
isotopologues [3,4-"°C,]-12 (12c), were not detected via >*C NMR analysis (Figure 33
and Figure 34). Additionaly, the unlabeled hydroxyacetone was not incorporated into
[1,3,4-"°C3]-13 (13c) in the IspC reaction, therefore did not produce [4,5-'°C;]-12
(12e) (Figure 35 and Figure 36). Moreover, [1,2-"°C,]glycoaldehyde phosphate (21b)
and unlabeled hydroxyacetone (23) were not recognized as substrates in the IspC
reaction, notably '>*C NMR spectra did not show the formation of 13d (Figure 37).
Instead, the above-mentioned experiments afforded the products that can be

explained by a sigmatropic mechanism.

The next experiment was performed to detect the enzymatic generation of 24b
(Figure 38) which was claimed as a product of retroaldol mechanism (Wong and Cox,
2007). As a surprise, it was observed that '>C NMR signals due to 24b or its
enantiomeric form were already present in the assay mixture containing [1,3,4-"°C3]-
12 prior the incubation. The signal intensities of 24b were 2.5 % as compared to the
signals due to [1,3,4-">C3]-12. The incubation of the substrate [1,3,4-'C3]-12 at 37°C
for 20 h resulted in an increase of the concentration of 24b by a factor of 2 in the
absence of metal ion. Notably, this increase was not dependent on the presence of
IspC protein. On the basis of this result, it can be concluded that 24b is a
spontaneous isomerization product of 12 and not an intermediate in the IspC reaction
via a retroaldol mechanism in the absence of metal ion as claimed earlier (Wong and
Cox, 2007). Moreover, the crystal structure of E. coli IspC protein in complex with
24b illustrated that the C-3 hydroxy group of 24b is not involved in any hydrogen
bonding (Mac Sweeney et al., 2005) explaining why 24b is not recognized as a
substrate. Instead, it was found that it functions as a weak inhibitor with a K; value of
180 uM (Phaosiri and Proteau, 2004).

The crystal structure of IspC protein from E. coli in complex with the inhibitor
fosmidomycin and Mn?* (Steinbacher et al., 2003) showed that the metal ion is
ligated to the carboxylic oxygen atoms of Asp-150, Glu-152, Glu-231, and with the
oxygen atoms at C-1 and N-hydroxy of fosmidomycin. The crystal structure of IspC
from E. coli in complex with fosmidomycin, Mg®* and NADPH
(Yajima et al., 2007) confirmed this binding topology and displayed the same

conformation of fosmidomycin (Figure 42A, green). When the substrate, 1-deoxy-D-
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xylulose 5-phosphate (12), was modeled into the structure, an interaction between
the metal ion and the carbonyl group of C-2, as well as with the hydroxy group at C-3
of 12 was suggested (Steinbacher et al., 2003). This topology which is similar to the
first step of the reaction catalyzed by acetohydroxy acid isomeroreductase, illustrates
that the carbonyl group of C-2 is polarized by the metal ion, thus facilitating the
rearrangement (sigmatropic) reaction in a scheme where the hydroxy group at C-3 is
fixed by the coordination to the metal ion (Steinbacher et al., 2003).

NADPH
NADPH

__» different conformation

__» similar conformation

Fi

DXP
F2

A B

Figure 42: Comparison of DXP modeled into the IspC crystal structures at different
conformations

A, comparison of DXP conformation from pdb files: 1Q0Q (Mac Sweeney et al.,2005,
red) and 10NP (Steinbacher et al., 2003, green); B, comparison of DXP conformation
from pdb files:1Q0Q (Mac Sweeney 2005, red) and 2JCZ (Henriksson et al., 2007,
blue).

On the other hand, a different conformation of fosmidomycin (Figure 42B, blue) was
reported on the basis of a complex structure of IspC from M. tuberculosis, with the
inhibitor, Mn** and NADPH. When the substrate was modeled into this scaffold, the
hydroxy group at C-4 of 12 was found close to Mn®** and the neighbouring
carboxylate  group of Glu153 (corresponding to Glu152 in the
E. coli protein) could serve as an acceptor for H" from the C-4 hydroxy group.
Additionally, Glu222 (corresponding to Glu231 in the E. coli protein) was found to be
perfectly positioned for deprotonation at C-3 (Henriksson et al., 2007). Indeed, a
complex structure with the substrate, 1-deoxy-D-xylulose 5-phosphate (Figure 42A
and B, red), and with NADPH showed the predicted binding (Mac Sweeney et al.,
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2005). This topology supports a hypothetical aldol/retroaldol-type mechanism where
deprotonation at the C-4 hydroxy group is followed by the cleavage between C-3 - C-
4 of 12 and deprotonation at C-3 hydroxy yielding glycoaldehyde phosphate and

hydroxyacetone as intermediates.

The crystallographic data of E. coli IspC protein also revealed the existence of a
flexible loop at the active site (amino acid residues 206-216) (Reuter et al., 2001;
Steinbacher et al., 2003; Mac Sweeney et al., 2005; Yajima et al., 2007) which is
capable to fold into at least three different conformations depending on the ligands in
complex with the protein. Specifically, the structure of the apoenzyme displays an
unordered loop comprising amino acids 206 — 216 (Figure 43A), whereas the
NADPH and especially the complex with bound NADPH and 1-deoxy-D-xylulose 5-
phosphate showed a well ordered loop closing the active site region of the enzyme
(Figure 43B). This can be taken as evidence that upon substrate binding, this
variable, initially disordered lid interacts with NADPH and closes the active site,
protecting the reactants completely from the solvent environment. The finding could
also explain why the intermediate, 2C-methyl-D-erythrose 4-phosphate (19) as well

as other putative intermediates can not be trapped.
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v

Figure 43: Crystal structures of monomeric IspC protein from E. coli.

(A), apoenzyme (pdb file 1KSH(Reuter et al.,2002)) and (B), enzyme in complex with
NADPH (orange) and 1-deoxy-D-xylulose 5-phosphate (blue) (pdb file 1Q0Q(Mac
Sweeney et al., 2005)). The flexible loop (residues 206-216) in both structures is
shown in magenta.

Peculiarly, the loop is capable to open the cavity of the active site in the presence of
compounds like 1-deoxy-1-fluoro-D-xylulose 5-phosphate (Fox and Poulter, 2004)
and 1-deoxy-D-xylulose 5-phosphonate (Phaosiri and Proteau, 2004) as analogues
of the substrate as well as 2C-methyl-D-eryhtrose 4-phosphate (19) as analogue of
the product (Hoeffler et al., 2002). These analogues were accepted as substrates by
IspC protein from E. coli with Ky of 227 uM, 690 yM and 158 uM respectively. This
concept could explain why no IspC reaction precedes when hydroxyacetone and
glycoaldehyde phosphate were used instead of substrate. Both substances do not
act as substrate analogues but rather as possible intermediates in the retroaldol
mechanism. They are not able to induce the opening of the lid of the active site,

therefore are not recognized by the protein.

4.2 IspE protein

4.2.1 Characterization of IspE protein from Aquifex aeolicus

4-Diphosphocytidyl 2C-methyl-D-erythritol kinase (IspE protein) catalyzes the
conversion of 4-diphosphocytidyl 2C-methyl-D-erythritol into 4-diphosphocytidyl
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2C-methyl-D-erythritol 2-phoshate. The catalytic activity of the recombinant IspE
protein was measured by 13C NMR spectroscopy and photometry.

NH, NH>
K\N @? (KN
HOL o~ @ @ |\ A ispEyony 0K Pues Q@ |‘ A
|/ T O—I|9—O—F|’—O ON o ﬁ o) f T O—E;)O—IID—O oN o
OH OH 09 o° OH OH 0° 0©
ATP  ADP

HO OH >’f’< HO OH

Duriiuata DED
ryruvaie [l =4

NADH ——— > Absorption at 340 nm
LDH K

NAD*
Lactate

Figure 44: Photometric assay of the IspE reaction

The photometric assay (see Methods 3.3.6.2.1) was performed according to

published procedure (lllarionova et al., 2006) using auxiliary enzymes in order to

observe the decrease of NADH absorption at 340 nm as shown in Figure 44.
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Figure 45: "*C NMR spectra of [1,3,4-"°C3]4-diphosphocytidyl-2C-methyl-D-erythritol
and [1,3,4-"°Cs]4-diphosphocytidyl-2C-methyl erythritol-2-phosphate
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The *C NMR measurement was performed using multiply *C labeled substrate
[1,3,4-"3C3]4-diphosphocytidyl 2C-methyl-D-erythritol to enhance the sensitivity and
selectivity of the observation (see Methods 3.3.6.2.2). ">*C NMR signals detected in a
typical NMR assay are shown in Figure 45. The chemical shifts as well as the *C'*C
coupling constants of 4-diphosphocytidyl 2C-methyl-D-erythritol and  4-
diphosphocytidyl 2C-methyl-D-erythritol 2-phosphate have been published earlier
(Rohdich et al., 1999; Luttgen et al., 2000).

4.21.1 Cloning and expression of the ispE gene from Aquifex aeolicus

The cloning and expression of ispE gene from A. aeolicus was carried out in the
laboratory of ‘Division of Biological Chemistry and Drug discovery, College of Life
Sciences, University of Dundee, Dundee, DD1 5EH, UK'. The information on the
recombinant protein is shown in Table 27.

Table 27 Cloning of the ispE gene from Aquifex aeolicus

Accesion number Uniprot (entry O67060)
Vector pET15b vector (Novagen)
Host E. coli, BL21 (DE3)

4.21.2 Purification of recombinant IspE protein from Aquifex aeolicus

The purification of IspE protein from Aquifex aeolicus was completed in the
laboratory of ‘Division of Biological Chemistry and Drug discovery, College of Life
Sciences, University of Dundee, Dundee, DD1 5EH, UK’. The gene was preceded by
a Hisg-tag, to enable the purification of the recombinant protein via metal chelating
affinity chromatography. The polyhistidine tag was removed by thrombine-mediated
proteolysis, followed by anion exchange chromatography affording the purified
protein in a buffer containing 10 mM Tris/HCI, pH 8.5, 20 mM NaCl and 1 mM DTT.
The purified protein had an apparent mass of 30 kDa as judged by gel-filtration
chromatography, in a good agreement with sedimentation velocity experiment

affording a calculated mass of 29.8 kDa.
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4.21.3 Metal dependence of IspE protein from Aquifex aeolicus

The activation of IspE protein by metal ions was analyzed using *C NMR
spectroscopy as described under Methods 3.3.6.2.2. The reaction was started by the

addition of 5 mM of various metal ions as shown in Table 28.

Table 28 Metal dependence of Aquifex aeolicus IspE

Metal Relative activity (%)
None 0

Mg?* 100

Mn?* 94

Co* 52

cu®* 40

Fe?* 16

Zn?* 13.5

Ni%* 10.7

Ca* 8.1

Aquifex aeolicus IspE showed maximum activity in the presence of Mn?* or Mg”. The

optimum  concentraton for both Mn** and Mg* was 2 mM

(Figure 46).

+
e Mn?
—~~ o 2+
2 oy 1,57 E N *- Mg
S Lo e
43 ‘_E. //,'I SR \:‘0-—__.____..___.____.____._ .
@ !
C - ¢/ N Y P
o S10] £/ T y
= € i/ MNP
— _' h /
g2 |/
i
() S 0.5 ,”,’I
~ ’,:,'
i
K
0.0 | T | T
0.0 2.5 5.0 7.5 10.0

metal concentration (mM)

Figure 46: Mg?* and Mn?* dependence of IspE protein from Aquifex aeolicus
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4.21.4 PH dependence of IspE protein from Aquifex aeolicus

The catalytic activity of A. aeolicus IspE was determined using the photometric assay
in buffer containing 50 mM citrate, 50 mM HEPES, 50 mM Tris/HCI and 50 mM boric
acid in a total volume of 200 ul. The pH was adjusted to values of 5 - 10 with HCI or

NaOH. The assay mixture was prepared and measured according to the Methods
3.3.6.2.1.

The result of this study is shown in Figure 47 as a curve of relative activity of IspE
protein at different pH values. The maximum activity is found at pH 8.5. Based on this
study, the buffer containing 100 mM Tris/HCI, pH 8.5 was then always used for the
assay of A. aeolicus IspE.

100 A
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Figure 47: PH dependence of Aquifex aeolicus IspE

relative activity (%)

4.21.5 Temperature dependence of IspE protein from Aquifex aeolicus

The specific activities of Aquifex aeolicus IspE at various temperatures were
calculated using 3C NMR spectroscopy. Assay mixtures were prepared as described
under Methods 3.3.6.2.2 and incubated at temperature ranging from 20 — 80 °C. The

reaction was terminated by the addition of EDTA to a final concentration of 30 mM
before *C NMR measurement.
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Figure 48: Temperature dependence of Aquifex aeolicus IspE with inserted Arrhenius
plot

The result is depicted in Figure 48 as a curve of IspE activity at different temperature.
As can be seen, the A. aeolicus IspE reached maximum activity at 60 °C. The

Arrhenius plot was depicted accordingly, affording an activation energy 64.2 kJ.mol™.

421.6 CDP-ME and ATP dependence of IspE protein from Aquifex aeolicus

The measurements were performed using the photometric assay as described under
Methods 3.3.6.2.1. For the measurement of ATP dependence, the concentration of
ATP was varied from 10 to 1300 uM, while 4-diphosphocytidyl 2C-methyl-D-erythritol
(CDP-ME) was fixed to a saturated concentration of
1 mM (see Figure 49A). On the other hand, for the measurement of CDP-ME
dependence, the concentration of CDP-ME was varied from 10 — 1300 yM and
measured with a fixed 1 mM concentration of ATP (see Figure 49B). The catalytic

activities were measured at 37 °C.
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Figure 49: CDP-ME and ATP dependence of IspE protein from Aquifex aeolicus

(A) Michaelis-Menten kinetics showing initial rate versus ATP concentration; (B)
Michaelis-Menten kinetics showing initial rate versus 4-diphosphocytidyl-2C-methyl-
D-erythritol concentration; insets, Liveweaver-Burk plots; dotted lines show 95 %
confidentiality.

The results of this study are shown in Figure 49A and B. The curves show that the
substrates dependence of A. aeolicus protein follows Michaelis-Menten kinetics the
Kwu for CDP-ME and ATP of 121 and 222 uM, respectively. The maximum catalytic

activity (Vmax) at 37 °C was 1.5 ymol min™ mg™.

4.21.7 Kinetic parameters of IspE protein from Aquifex aeolicus

As a summary, the kinetic parameters of IspE Aquifex aeolicus are listed in Table 29

below.

Table 29 Kinetic parameters of IspE protein from Aquifex aeolicus

Kinetic parameters Values

Keat (CDP-ME — CDP-MEP)s7+c | 0.758

Kw (CDP-ME) 121 uM

Ku (ATP) 222 uM
Metal ion preference Mn%*, Mg®*
PH optimum 8.5

Tax 60 °C
Activation energy 64.2 kJ.mol’
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4.2.1.8 Discussion

The characterization of IspE proteins from some organisms have been reported
(Rohdich et al., 2000; Luttgen et al., 1999; Bernal et al., 2004). The kinetic
parameters from some published data are shown in Table 30. The sequence
identities of IspE from Aquifex aeolicus are 30 % compared to E. coli and 13 % when
compared to Lycopersicon esculentum show the high sequence conservation among
the bacterial enzymes.

Table 30 Kinetic parameters of recombinant IspE proteins from different sources

Organism Paper Metal ion Vimax Ku (ATP) | Ku(CDP-
umol min™ ME)
mg”’

E. coli Littgen et | Mg 33

al., 2000
Bernal et | Mg* 1.6 420 150
al., 2004

Lycopersicon | Rohdich et | Mg®* 34

esculentum al., 2000

Aquifex This study |Mn?* and | 1.5 222 121

aeolicus Mg**

4.2.2 Inhibition kinetics of the inhibitors of the reaction catalyzed by IspE

protein

The X-ray crystal structure of the ternary complex (Miallau et al, 2003) of Escherichia
coli protein shows IspE as a homodimer and the presence of three pockets at the
active site: the adenosine, the cytidine, and the methyl erythritol phosphate pockets.
A molecular modeling analysis was performed by the group of ETH Zlrich using the
program MOLOC that revealed the existence of an additional small hydrophobic
pocket at the cytidine binding site. However, the structure-activity-relationship

suggests that this hydrophobic pocket is not used by the substrate.
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Figure 50: Potential inhibitors of the IspE protein
The inhibitors were synthesized by the group of ETH Zurich.

The potential inhibitors (Figure 50) were designed to occupy both the cytidine and
hydrophobic subpocket as shown by the binding of representative inhibitor 31 in

Figure 51.
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hydrophobic pocket

Cytidine pocket

Figure 51: Schematic representation of the binding mode of inhibitor 31
Potential H-bond is depicted in red dash; distance in A.

To confirm the binding of the ligand in the IspF protein from Escherichia coli, the
photometric assay was performed as described under Methods 3.3.6.2.1 in the
presence of inhibitor. The 1Csy and K; were determined photometrically as described
under Methods 3.3.6.4.1 and 3.3.6.4.2, respectively.

The result of this study is shown in Table 31. The ligands were shown to be potent
inhibitors of E. coli IspE, yielding ICsy and dissociation constants of inhibitors to
nanomolar range. The three best ligands 26, 31 and 32 inhibit E. coli IspE with
inhibition constants (Kj) of 640, 290 and 360 pM, respectively. The 3C NMR
measurements (see Methods 3.3.6.2.2) in the presence of the inhibitors were

performed and the result (not shown) confirmed the inhibition of IspE protein.
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Table 31: IC5p, mode of inhibition and K; of Escherichia coli IspE inhibitors

Ligand Mode ICs0 (M) Ki (M) Kis (UM)
26 Competitive 6+0.1 0.64+0.1 —
27 Competitive 19 £0.1 1.6 £0.1 —
28 mixed 79+5.2 3.7+£0.5 23.5+ 7.1
29 mixed 398 £ 5.1 42+0.6 21.6+£ 6.2
30 Competitive 71+0.1 32.3+28 —
31 Competitive 8+0.1 0.29+0.1 —
32 Competitive 6+0.1 0.36 £ 0.1 —
33 Competitive 8+0.2 1.2+0.3 —
34 Competitive 22 +1 26+0.1 —
35 mixed 48 + 17 8217 —
36 Competitive 102 £ 15 16.3+£1.0 —
37 — + 500 uM — —

Ki, competitive inhibition constant; Kis, Uncompetitive inhibition constant; mode
inhibition and inhibition constant were estimated with program dynafit (Kuzmic, P,
1996).
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4.3 IspF protein

4.3.1 Characterization of IspF protein from Arabidopsis thaliana

IspF protein, known also as 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase,
catalyzes the conversion of 4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate
into 2C-methyl-D-erythritol-2,4-cyclodiphosphate. The enzyme utilizes divalent metal

ions such as Mn?*, Mg®*, Zn?**, and Co?".
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Figure 52: Photometric assay of the IspF reaction coupled with auxiliary enzymes
(dashed box)

The enzyme converts 4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate (15)
into 2C-methyl-D-erythritol-2,4-cyclodiphosphate (16).

The reaction can be observed via >*C NMR spectroscopy using [1,3,4-"°Cs}4-
diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate (see Herz et al., 1999).
Alternatively, an enzyme-coupled assay with auxiliary proteins (see lllarionova et al.,
2006) allows the reaction to be monitored spectrophotometrically at 340 nm (Figure
52). The spectrophotometric measurement has the advantage that the detection of
the catalytical reaction is more sensitive, allowing to measure the initial activity of the
protein with a smaller concentration of enzyme and substrate whereby the >*C NMR
spectroscopy provides a straight forward detection of substrate and product. Both
assays are adapted from papers published by Herz et al., 2001 and lllarionova et al.,
2006.
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4.3.1.1 Cloning and expression of the ispF gene from Arabidopsis thaliana

Arabidopsis thaliana ispF gene was cloned by Johannes Kaiser (TUM, 2004).

Information about the recombinant protein is summarized in Table 32.

Table 32: Cloning of the ispF gene from Arabidopsis thaliana

Accession number NP-564819
Vector pQE30 vector (N-terminal His-tag)
Host E. coli, M15[pREP4]

The recombinant protein used in this study was produced as a synthetic construct
adapted to E. coli codon usage. The construct was initiated by MRGSHHHHHHGS
as N-terminal His-tag followed by amino acids number 76 - 223. The amino acid
arginine/R 76 is the starting point of the sequence homology (cf. Figure 53) and was

therefore used as the starting amino acid residue in the construct of this study.
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Arabidopsis --MATSSTQLLLSSS——---—--— SLFHSQITKKP-—---—————————————————————— 24
Oryza MLVSPSPYRKYFGASGARKKTAGFLSIPQPKKPPNKTAKLARSLRAISPRDDAMATASSL 60
Ginkgo ~-MAAAFSALVLPKWTD----DSSLKSAI SWVHN-=—=——=————————— e 28
Aquifex = 00 mmmm oo
Escherichia ~ = ---"""""""""""""""""""""“"“"~~——
Mycobacterium =  —----—--— oo
[MRGSHHHHHHGS]
Arabidopsis FLLPATKIG-VWRPKKSLSLS-CRPS---——— ASVSAASSAVDVNESVTSEKPTKTLPF; 76
Oryza FLASPVATAPTARARSTPSASPARPSLRLRRPSTLAAAAVQAEHQPAVAAAPKPPALPFR 120
Ginkgo HOLRPINFSTHICVSRAPILRRGNQFKR----PVCQSANPAVEIKKQSAVAKSAPVLPFR 84
Aquifex = s oo MELR 4
Escherichia ~ =  —-=====——————————— MR 2
Mycobacterium = @ —---——----——mmmm e MNQLPR 6
Arabidopsis IGHGFDLHRLEPGYPLIIGGIVIPHDRGCEAHSD——-——--—- VDAILGALGLPDIGQIFP 128
Oryza VGHGEFDLHRLEPGLPLIIGGIDIPHDRECDAHSDGDVLLHCVVDAILGALGLPDIGOIEP 180
Ginkgo VGHEGFDLHRLEPGLPLIIGEGIDIPHDRGCDAHSDGDVLLHCVVDAILGALGLPDIGQOLEP 144
Aquifex IGFGEFDSHEFVEGKLLILGEGVEIEKDYGLKGHSDGDALLHAITDAILGALGERDIGEIFK 64
Escherichia IGHGFDVHAFGGEGPIIIGGVRIPYEKGLLAHSDGDVALHALTDALLGAAALGDIGKLEP 62
Mycobacterium VELETDVHPIEPGRPCWLVEGLLFPSADGCAGHSDGDVAVHALCDAVLSAAGLGDIGEVEG 66
Arabidopsis DSDPKWKGAASSVFIKEAVRLMDEAGYEIGNLDATLILORPKISPHKETIRSNLSKLLGA 188
Oryza DSDPRWKGADS SVEFMREAVKLMHEAGYELGNLDATLILOKPKISPFKETIRSNLCDLEGA 240
Ginkgo DNDPKWRGAASSVFLKEAVRLMHEAGYELGNLDATLILQRPKLSPHKEAIRTNLCELEGS 204
Aquifex DTDPRWKNAPSRIFLEKALEVMSEKGFNISNIDCVIVADRPKIAPHKERIKESLSKLLEGI 124
Escherichia DTDPAFKGADSRELLREAWRRIQAKGYTLGNVDVTIIAQAPKMLPHIPOQMRVFIAEDLEGC 122
Mycobacterium VDDPRWQGVSGADMLRHVVVLITQHEGYRVGNAVVQVIGNRPKIGWRRLEAQAVLSRLENA 126
Arabidopsis DPSVVNLKAKTHEKVDSLGENRSIAAHTVILLMKK-- 223
Oryza DPSVVNLKAKTHEKVDSLGENRSIAAHTVVLELMRK-- 275
Ginkgo DPSVINLKAKTHEKVDSLGENRSIAAHTIVLLMKK-- 239
Aquifex PKERISLKGKRRE---GFCEGNGLVCMCTVLLVKM-- 156
Escherichia HMDDVNVKATTTEKLGFTGRGEGIACEAVALLIKATK 159
Mycobacterium P---VSVSATTTDGLGLTGRGEGLAATIATALVVSLR- 159

Figure 53: Sequence aligment of IspF proteins from some plants and bacterias.

The amino acid sequence of Arabidopsis thaliana IspF was shown in bold. ¥ shows
the initial amino acid in the Arabidopsis thaliana IspF clone used in this study, and
the letters in the box refer to the additional amino acid due to the N-terminal Histag
attachment. Orange color refers to identical residues in all organisms, yellow color
refers to conserved substitutions, brown color refers to semi-conserved substitutions.

Sequence comparison showed high degree of homology among the plant species
(55 % identity), whereas the homology to the bacterial orthologs is significantly lower
(18 % identity). The enzyme activity of the crude extract was determined to 951 nmol
-1

min" mg' and the expression test showed a high expression level of IspF

protein.(see Figure 54C).
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4.3.1.2 Purification of recombinant IspF protein from Arabidopsis thaliana

Recombinant IspF protein from A. thaliana was purified by Nickel-chelating column
chromatography as described under Methods (3.3.2.2.1) followed by dialysis against
buffer containing 50 mM Tris hydrochloride, pH 8.0, 0.05 M potassium chloride, 1 mM
DTT and 0.02 % NaNs;. This procedure afforded highly purified protein (Figure 54D)
with a specific enzyme activity of 3.6 umol min" mg”. The yield of the 3.8 fold
enriched protein was 79 % (Table 33).

kDa A B C D
iy~ . ﬁ
0-G8 -
20 - -

- -

12—

Figure 54: SDS-PAGE of the purification of recombinant IspF protein from
Arabidopsis thaliana

Note: A, marker; B, wild-type crude extract; C, recombinant crude extract; D, purified
IspF protein.

Table 33: Purification of IspF protein from Arabidopsis thaliana.

Procedure Total Specific activity | Total activity | Yield | Purification
protein | (umol min™ mg™) | (umol min™) factor
(mg)
Cell extract 1910 0.951 1817 100 1
Ni%* 399 3.59 1432.41 79 3.8
sepharose FF
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Partial Edman degradation afforded the N-terminal sequence MRGSHHHHHH
GSRIGHGFDLHRLEP in agreement with the construct as shown in Figure 53.
MALDI TOF analysis of the recombinant protein gave a value of 18,263 Da in good

agreement with the theoretical value of 18,261.47 Da.

4.3.1.3 Metal dependence of IspF protein from Arabidopsis thaliana

The dependence of IspF enzyme activity on divalent metal ions was tested using the
NMR assay described in 3.3.6.3.2.1. The reaction was started by the addition of the
metal ion in a final concentration of 5 mM. Relative catalytic rates of 100 %, 38.5 %
and 29.7 % were found with Co?*, Mg and Mn*" ions, respectively. The addition of 1
mM EDTA vyielded a significant decrease of enzyme activity that could not be
restored when Mg?* and Mn?*, respectively were used in the assay. However, when
Co?* was used in the assay no effect was measured when EDTA was added to the
assay mixture. Interestingly, the addition of Zn?* can significantly increase enzyme
activity when Mg®* together with EDTA were used in the assays, whereas the

enzyme activity was quiet low when Zn?** was tested alone.

Table 34: Relative activity of Arabidopsis thaliana IspF protein in the presence of
metal ions and 1 mM EDTA

Metal ion Relative activity (%)
Co?* 100

Mg** @ 33.8

Fe?* 11

Mn?* 4.6

Ni%* 4.2

Zn?** 2.2

Ca®' 0.8

cu® 0

Mg** 0

The concentration of metal ions and EDTA was 5 mM and 1 mM, respectively.
?Addition of 1 mM Zn?*
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A metal dependence measurement in the absence of EDTA showed the highest
activation of IspF protein by the addition of Co?*, followed by Mn?* and Mg?* with
maximum activities of 13.6, 5.7 and 3.5 umol min™ mg'1, respectively. The optimum
concentrations for Co?*, Mg® and Mn?* were 3, 2 and 0.2 mM, respectively (Figure
55).
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Figure 55: Co?*, Mn** and Mg®* dependence of IspF protein from Arabidopsis
thaliana
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4.3.1.4 PH dependence of IspF protein from Arabidopsis thaliana

The catalytic activity of A. thaliana IspF protein was measured at various pH values
in the range of 5 — 10, in a buffer containing 50 mM glycine, 20 mM potassium
phosphate, 50 mM sodium acetate, 50 mM Tris/HCI, 0.2 mM Mn?*, 10 % (v/v) D20, 4
diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate and A. thaliana IspF as
described under Methods 3.3.6.3.2.1. The assays were analyzed by '*C NMR
spectroscopy.
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Figure 56: PH dependence of the catalytic activity of IspF protein from Arabidopsis
thaliana

The result of this study is depicted in Figure 56 as a curve of relative activity of IspF

protein at different pH values. As can be seen, maximal activity is found at pH 6.0.

4.3.1.5 Temperature dependence of IspF protein from Arabidopsis thaliana

The assay contained 100 mM MES pH 6.0, 0.2 mM Mn?*, 10 % (v/iv) D,O, 4
diphosphocytidyl-2C-methyl-D-erythritol  2-phosphate and IspF protein from
Arabidopsis thaliana. Measurements were performed by 3C NMR spectroscopy after
incubation at different temperatures of 10 - 80 °C as described under Methods
(3.3.6.3.2.1). Figure 57 shows the specific enzyme activity of the Arabidopsis thaliana
IspF protein at different temperatures. It was found that the temperature optimum is

at 65 °C. The activation energy was calculated to 44.5 kJ mol™.
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Figure 57: Temperature dependence of Arabidopsis thaliana IspF (A) and the
Arrhenius plot (B)

4.3.1.6 Substrate dependence of the catalytic activity of the IspF protein from
Arabidopsis thaliana

Measurements were performed by the photometric coupled enzyme assay as

described under Methods 3.3.6.3.1 using 2 mM Mn?*. The reaction was monitored

with a spectrophotometer at 340 nm.
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Figure 58: CDP-MEP dependence of IspF protein from A. thaliana
A, Michaelis-Menten curve and B, Lineweaver-Burk plot were measured at varied

concentration of CDP-MEP.

The Michaelis-Menten and Lineweaver-Burk plot, respectively are shown in Figure
58. The Ky and Vnax values for the substrate CDP-ME were 483 pM and 8.1 umol

min™ mg™, respectively.
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4.3.1.7 NMR forward and reverse reaction

The assay mixture of IspF forward reaction contained 100 mM Tris hydrochloride, pH
8.0, 10 % (v/v) D20, 2 mM MnCl,, 1 mM [1,3,4-"3C3]4-diphosphocytidyl 2C-methyl-D-
erythritol 2-phosphate and IspF protein in a total volume of 500 ul (see Methods
3.3.6.1.3.1). After incubation at 37°C, followed by C NMR analysis, the assay
showed about 60 % conversion from [1,3,4-">C3]4-diphosphocytidyl 2C-methyl-D-
erythritol 2-phosphate (Figure 59A) to [1,3,4-"°Cs]2C-methyl-D-erythritol-2,4-

cyclodiphosphate as shown in Figure 59C.
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Figure 59: "*C NMR spectra of the reaction catalyzed by Arabidopsis thaliana IspF

[1 ,3,4—13C3]4—Diphosphocytidyl-2C—methyI—D—erythritoI 2-phosphate  (A), [1,3,4-
3C;]2C-methyl-D-erythritol-2,4-cyclodiphosphate (B) and the mixture of [1,3,4-"°C3]4-
diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate and [1 ,3,4—13C3]2C-methyI-D-
erythritol-2,4-cyclodiphosphat (C).

To test the possible reverse reaction of IspF protein, the ™C NMR analysis was
implemented. The assay mixture was prepared according to the Methods 3.3.6.3.2.2.
After 1 h incubation and *C NMR measurement, no signals from [1,3,4-"°C3]4-

diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate were generated from [1,3,4-
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13C;]2C-methyl-D-erythritol-2,4-cyclodiphosphate. According to this finding, the IspF
reaction appeared to catalyze an irreversible reaction.

4.3.1.8 Kinetic parameters of IspF protein from Arabidopsis thaliana

The overall of kinetic parameters of IspF Arabidopsis thaliana is shown in Table 35.

Table 35: Kinetic parameters of recombinant IspF protein from Arabidopsis thaliana

Parameter Value

Keat (CDP-MEP —> CYCLO)yn, 37°c | 247 s

Kwv ( CDP-MEP) 483 uM

pH optimum 6.0

Tmax 65°C

Activation energy 44.5 kJ mol™
Metal ion preference Co?*, Mn?*, Mg?*
Reaction Irreversible

4.3.1.9 Discussion

The heterologous expression of ispF genes from A. thaliana has been reported
earlier (Calisto et al., 2007) in order to obtain the three dimensional structure.
However, the kinetics study of A. thaliana IspF was not done before. Here we report
the characterization of IspF protein from A. thaliana, affording Ku of substrate 4-
diphosphocytidyl 2C-methyl-D-erythritol 2-phosphate and V.« of 483 yM and 8.1
umol min™ mg™ that are similar to the Ky and Vinax reported earlier for P. falciparum
IspF of 252 uM and 4.3 pmol min™ mg™, respectively. The metal ions are necessary
for the activity of both recombinant proteins. Specifically, Mn** and Mg** are the
metal of choice for P. falciparum IspF while for A. thaliana IspF, Co**, Mn?** and Mg**
are the metal of choice. The three dimensional structure of A. thaliana IspF has been
revealed before (Calisto et al., 2007), confirming the relevance of the trimer as the
biological assembly which is similar to E. coli protein (Richard et al.,2002;
Steinbacher et al., 2001; Kemp et al., 2005). The importance of Zn** for the catalysis
was remarked in the paper published earlier about three dimensional structure of E.

coli protein (Steinbacher et al., 2001), illustrating that Zn?* ion is bound at the active
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site, helping to position the substrate for a direct attack of the 2-phosphate group on
the B-phosphate. It was therefore considered as metal of choice for IspF protein. This
finding was supported by a paper published recently about tetrahedral coordination of
Zn** at the base of the active site pocket of A. thaliana IspF (Calisto et al., 2007).
Based on this finding, although our experiment showed modest activity with zinc ion,
it is still considered to be the most important metal for IspF protein under
physiological condition.

Despite of the similarity in the coordination of zinc ion, the crystal structure of IspF
proteins from A. thaliana and E. coli show a maijor difference in the large molecular
cavity that forms between subunits and involve the residues that are higly conserved
among the plants. In some bacterial enzymes, especially from E. coli (Kemp et al.,
2004) and M. smegmatis (Buetow et al., 2007), the corresponding cavity has been
shown to be the binding pocket of isoprenoid-like ligands such as isopentenyl
diphosphate (and or dimethylallyl diphosphate), geranyl diphosphate and farnesyl
diphosphate that might be important in the feedback regulatory role (Kemp et al.,
2004). This cavity is absent in the thermophilic IspF protein from Thermus
thermophilus where packing of the subunit is tighter and more stable (Kishida et al.,
2003).0n the other hand, the modeled interaction of the structure of A. thaliana IspF
showed that the electron density of the cavity is suited for the binding of
monophosphate ion and discard the possibility for the binding of geranyl diphosphate
and farnesyl diphosphate (Calisto et al., 2007).

However, the active site architecture is shown to be very well conserved among
bacteria and plants. For this reason, the IspF protein becomes an attractive target for
the discovery of herbicides and antibiotics. Notably, the depletion of IspF protein has
been demonstrated to severely decelerate the growth of bacteria (Campbell and
Brown, 2002).

4.3.2 Fluorescent Inhibitors of Escherichia coli IspF

The crystal structures from E. coli IspF have been reported earlier (Steinbacher et al.,
2001; Richard et al, 2002; Kemp et al., 2002) as a Cz-symmetric homotrimer. The
substrate binding sites are divided into three distinctive pockets: the first pocket that

surrounds the ribosyl-5"-diphosphate group of the diphosphocytidyl moiety, pocket |l
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where the 2C-methyl-D-erythritol 2-phosphate moiety of substrate binds and pocket
[l that binds the cytidyl moiety. Pocket Il and IIl are represented in Figure 60 by the
interaction between the products CMP and 2C-methyl-D-erythritol 2,4-
cyclodiphosphate and IspF protein (Steinbacher et al.,2001). Additionaly, the central

pocket (I) does not make a direct contact to the substrate.

Pocket IlI
:‘\ _____________ ;‘VI ni;
/\ ‘fl) 0," OH (
e N\
_ P—O =0
_____ H, o | | o-" o\\Q&/ )
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Pocket Il

Figure 60: Substrate binding sites of the IspF protein from Escherichia coli

Based on the binding sites of IspF protein, three inhibitors that occupy pocket | and Il
were designed by molecular modeling software (MOLOC). These putative inhibitors
were synthesized at the Laboratorium fur Organische Chemie, ETH Hdnggerberg,
Zurich by the work from C. M. Crane and Prof. Diedrich.

4.3.2.1 The structure of inhibitors

The inhibitors 38, 39 and 40 consist of CDP moieties of the natural substrate
4-diphosphocytidyl-2C-methyl-D-erythritol 2-phosphate (15) to occupy pocket I,
diphosphate as the linker and aromatic residues to occupy pocket Il as shown in
Figure 61. To develop a fluorescence-based enzyme inhibition assay, the fluorescent
anthranilate (2-amino-benzoate) and dansyl
(5,5-dimethylaminonaphthalenesulfamoyl) residues were chosen as aromatic

moieties.
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Figure 61: Structures of substrate-derived fluorescent inhibitors of the IspF protein

The dissociation constants of the complex IspF from E. coli and ligands 38, 39 and
40 at 25°C were determined as 36, 23 and 15 pM.

4.3.2.2 Purification of Escherichia coli IspF from inclusion body

IspF protein was renaturated and then purified from the inclusion bodies (pellet)
according to the aforementioned Methods 3.3.2.2.2. The pellet was obtained from the
disruption of 1.9 g cell of E. coli strain M15pRep4PQE30ispF E.coli2 and stirred
overnight with 15 ml of 8 M urea. The mixture was then centrifuged and the
supernatant was taken as crude extract for purification and loaded into a 6 ml volume
Nickel-chelated column. After renaturation followed by purification and dialysis, 3 mg

of pure IspF protein was obtained with the specific activity of 11.4 ymol min” mg™.

4.3.2.3 Inhibition test

The preliminary assay was analyzed by '*C NMR measurement from a mixture
containing 50 mM Tris/HCI pH 8.0, 4 mM [1,2-"*C,Jacetate (as standard), 25 mM
[1,3,4-°C3]4-Diphosphocytidyl-2C-methyl-D-erythritol-2-phosphate, 10 mM MgCl,
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2.79 ug Escherichia coli IspF (renaturated from Inclusion body) and 60 pl D,O in total
volume of 600 ul at 37 ° C.

The signal of the product [1,3,4-"3C3]2C-methyl-D-erythritol
2,4-cyclodiphosphate was integrated on the basis of acetate standard. Product

formation was calculated every 13 min and depicted as curves in Figure 62.
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Figure 62: '*C NMR assay of Escherichia coli IspF protein in the absence and in the
presence of 4 mM of 38 and 40, respectively

As a result, the calculated residual activities obtained from '>C NMR assay containing
inhibitor 38 and inhibitor 40 were 91.2 % and 76.5 % respectively, when compared to

the assay without inhibitor.

The 1Cso analysis of inhibitor 40 was performed in comparison with CDP and CMP
using >C NMR spectroscopy. The curves of relative activity of IspF protein in the
presence of inhibitors are depicted in Figure 63. The ICs¢s obtained from the curves
were 3 mM, 7.3 mM and 15 mM for inhibitor 40, CDP and CMP respectively. The
crystal structure of E. coli IspF in complex with inhibitor 40 confirmed that the cytidine
moiety of 40 binds tightly into the pocket Il (Crane et al., 2006).
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Figure 63: Inhibition of the reaction catalyzed by Escherichia coli IspF protein by
inhibitor 40, CDP and CMP, respectively

4.3.3 Non-fluorescent inhibitors of IspF protein

The screening of a compound library showed the clusters of inhibition effects
originated from some chemical building blocks (the complete result not shown here).
Two strongest inhibitors S41 and S42 (structures not shown) originated from different
building blocks were further investigated for ICso and inhibition constant (Kj) in the

reaction containing IspF protein from various organisms.

Spectrophotometric assay (as described in the Methods 3.3.6.3.2) was carried out in
the presence of 100 mM inhibitors and IspF proteins from A. thaliana, P. falciparum
or Mycobacterium tuberculosis, respectively. The 1Csp measurements were
performed using both 3C NMR spectroscopy and spectrophotometry, affording a
slightly different result as shown in Table 36. This discrepancy is probably caused by

different protein concentration and the different nature of both assays.

Photometric assay measures the initial velocity of protein while NMR assay only
measures the average velocity. Despite of its less sensitive measurement, the *C
NMR analysis has the advantage of direct detection of substrate and product through
their ">C signals, hence it is always recommended to confirm of inhibitory activity that

has been previously shown via photometric assay.
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Table 36: Inhibition kinetics of IspF protein

IspF from Inh Inhibition assay
different code
organisms I1Cs0 (M) Ki measurement
Photometric | NMR | Mode Ki Error
(%)
Arabidopsis S41 63 50 Noncompetitive Kis=2.9£0.55 | 19
thaliana s42 |16 42 Mixed K=3.6£18 |50
Kis=20.416.5 | 32

Plasmodium S41 49 36 Mixed Ki=2.2+0.59 27
falciparum Kis=4.2+1.3 31

S42 24 50 Noncompetitive Kis=38.716 15
Mycobacterium | S41 47 Noncompetitive | Kis=4+2.2 55
tuberculosis

S$42 9 Noncompetitive Kis=14£1.5 11
Escherichia coli | S41 undetectable No inhibition

S42 82 Noncompetitive | Kis=80.2+19 | 24

The result of this study (Table 36) shows that inhibitors S41 and S42 inhibit IspF
proteins from A. thaliana, P. falciparum and M. tuberculosis relatively stronger than
from E. coli IspF. Specifically inhibitor S41 did not show any inhibition and inhibitor
S42 showed significantly lower K; when compared to A. thaliana IspF while the
inhibition of recombinant IspF from P. falciparum and E. coli showed relatively similar
result when compared to A. thaliana IspF. The dissimilarity in the inhibition potencies
can not be explained by the functional homologues of the amino acid sequence,
notably the sequence identities of IspF proteins from A. thaliana — P. falciparum, A-
thaliana — M. tuberculosis and A. thaliana — E. coli were calculated as 34 %, 37 %

and 50 %, respectively.

From the data (Table 36) it can be seen that the modes of inhibition of both inhibitors
in different organisms are either noncompetitive or mixed type, indicating that the
inhibitors might not bind at the active site of the protein but rather somewhere else at
the protein structure that can induce the conformational change and lower the
binding affinity of the substrate. Moreover, the structure of the inhibitors S41 and S42
do not show any similarity with 4-diphosphocytidyl 2C-methyl-D-erythritol 2-
phosphate (15) (see Figure 52). The mode of inhibition of the inhibitors might explain
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why the inhibition potencies of both inhibitors are significantly lower for E. coli IspF
when compared to A. thaliana IspF, despite of the high sequence similarity. The
sequence identity can be related to the active site architecture of the protein and the
binding sites of substrate and cofactor. The fact that the inhibitors might not bind at
the active site of the protein makes the inhibition potencies not related to the degree

of sequence conservation.
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5 Summary

Terpenoids are one of the largest groups of natural products with a wide diversity in
biological function and application (e.g. as food additives, cosmetics and therapeutic
agents). Terpenoid biosynthesis is known to proceed via two independent pathways,
i.e. the mevalonate pathway and the deoxyxylulose phosphate pathway. Many
pathogenic bacteria use the deoxyxylulose phosphate pathway whereas animals use
the mevalonate pathway. Plants use the mevalonate pathway in the cytosol and the

deoxyxylulose phosphate pathway in their plastids.

This study covers the characterization of 2C-methyl-D-erythritol 4-phosphate
synthase (IspC), 4-diphosphocytidyl-2C-methyl-D-erythritol kinase (IspE) and
2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (IspF) involved in the
deoxyxylulose phosphate pathway. The recombinant proteins served as basis for the
development of inhibition assays designed to discover inhibitors via High Throughput
Screening and to investigate the mode of inhibition. Additionally, the reaction
mechanism of IspC protein was studied with the aim to elucidate the binding of

substrates, intermediates and inhibitors.

Arabidopsis thaliana IspC utilizes NADPH and 1-deoxy-D-xylulose 5-phosphate as
substrates in the forward reaction and converts them into NADP® and
2C-methyl-D-erythritol 4-phosphate with Ky values of 30 and 132 uM, respectively;
the ket value is 4.4 s”'. NADH could replace NADPH with a k., value of 0.63 s’ In
the reverse reaction, Arabidopsis thaliana IspC uses NADP® and 2C-methyl-D-
erythritol 4-phosphate as substrates with Kwu values of
471 and 972 pM, respectively; the ke value is 1.6 s™. Arabidopsis thaliana 1spC
showed maximum catalytic activity at 37 °C and at a pH value of 7.5 in the presence
of 3 mM Mn* or Mg?*.

Plasmodium  falciparum IspC uses NADPH and 1-deoxy-D-xylulose
5-phosphate as substrates in the forward reaction with Ky values of 136 and 281 uM,
respectively; the kg, value is 3.5 s™'. NADH could replace NADPH with a kg4 value of
0.99 s™'. In the reverse reaction, Plasmodium falciparum IspC uses NADP* and 2C-

methyl-D-erythritol 4-phosphate as substrates with Ky values of 475 and 260 uM,
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respectively; the ket is 1.3 s”'. The reaction catalyzed by Plasmodium falciparum
IspC showed maximum catalytic activity at 60 °C and at a pH value of 7.5 in the

presence of 2 mM Mn?* or Mg?*.

A mechanistic study of the IspC reaction was performed using IspC proteins from
Escherichia coli, Mycobacterium tuberculosis and Arabidopsis thaliana in order to
rule out one of two potential reaction mechanisms, i.e., a sigmatropic and a retroaldol
mechanism (see Figure 27). NMR analysis of the IspC reaction using various
isotopologues of 1-deoxy-D-xylulose 5-phosphate and 2C-methyl-D-erythritol
4-phosphate did not support the retroaldol mechanism that has been proposed in the
literature. However, the products arising in the reaction assays could be explained by

a sigmatropic rearrangement.

The crystallographic data of IspC proteins from Escherichia coli and Mycobacterium
tuberculosis indicated the existence of a flexible loop (see Figure 43) that closes the
active site during the catalysis and therefore prevents solvent access (Reuter et al.,
2001; Steinbacher et al., 2003; Mac Sweeney et al., 2005; Yajima et al., Henriksson
et al., 2007). This loop seems to open the active site only for its substrates and
analogues thereof, i.e., analogues of 1-deoxy-D-xylulose 5-phosphate and 2C-
methyl-D-erythritol 4-phosphate. These analogues have been demonstrated to act
either as substrate alternates or inhibitors of the reaction. Notably, the substrate

alternates must possess hydroxy groups at both the C-3 and C-4 positions.

4-Diphosphocytidyl 2C-methyl-D-erythritol kinase (IspE) catalyzes the conversion of
4-diphosphocytidyl 2C-methyl-D-erythritol (CDP-ME) into 4-diphosphocytidyl 2C-
methyl-D-erythritol 2-phosphate (CDP-MEP). The Aquifex aeolicus IspE was studied
via *C NMR spectroscopic and photometric assays. These studies afford a kea value
of 0.75 s and Ky values of 121 and 222 puM for CDP-ME and ATP, respectively.
Maximum activity was observed at 60 °C, pH 8.5 and 2 mM of either Mn** or Mg®*.
Using these assays, it was shown that compounds containing sulfonamide moieties
inhibit IspE enzyme from E. coli with K; values in the nanomolar range (Figure 50 and
Table 31).

IspF protein from Arabidopsis thaliana catalyzes the conversion of 4-diphosphocytidyl
2C-methyl-D-erythitol ~ 2-phosphate = (CDP-MEP) into  2C-methyl-D-erythritol
2,4-cyclodiphosphate (cMEPP) with a ke value of 2.5 s™ and a Ky value of 483 uM.
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The maximum activity was observed at 65 °C, at a pH value of 6.0 and 3 mM Co?".
Fluorescent derivatives of the substrates were tested according to their inhibition
activity against IspF protein of E. coli. The 1Csp measurements were performed for
the most potent inhibitor (40) in comparison with CDP and CMP, affording 1Cs values
of 3.0, 7.3 and 15.0 mM, respectively (Figure 61 and Figure 63). High throughput
screening was performed for potential inhibitors of Arabidopsis thaliana IspF,
affording two inhibitors (S41 and S42) with K values of 2.9 and 3.6 uM (Table 36).
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