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Escherichia coli assembles thiamine (vitamin B;) by coupling 4-amino-5-

hydroxymethyl-2-methylpyrimidine pyrophosphate (Hmp-PP) and 4-methyl-5-(6-
hydroxyethyl)thiazole phosphate (Thz-P). These two heterocycles are independently
synthesised through pathways that are currently poorly understood. At least six
structural proteins, IscS, Thil and ThiFSGH, participate in the biosynthesis of the
intermediate thiazole from tyrosine, 1-deoxy-D-xylulose-5-phosphate (Dxp) and
cysteine. As a prerequisite to studying the mechanism of Thz-P biosynthesis, the
soluble expression of ThiH, a protein characterised by a marked tendency to form

inclusion bodies, was investigated. A C-terminal hexahistidine tagged ThiH (ThiH-His)

was successfully expressed in a soluble form from thiGH-His-tag and thiFSGH-His-tag
bearing plasmids. Under anaerobic conditions, ThiG and ThiH-His co-purified and
were shown to form a large multimeric non-covalent complex. Electron paramagnetic
resonance and UV-visible spectroscopies, together with iron and sulphide analyses
revealed the presence of an iron-sulphur cluster within this complex. In_vitro
reconstitution of thiazole synthase activity was also achieved, for the first time, by
using cell-free extracts and proteins derived from adenosine-treated E. coli 83-1 cells.
The addition of adenosine or adenine to growing cultures of A. aerogenes, S.

typhimurium and E. coli has previously been shown to relieve thiamine’s repression of

its own biosynthesis and increase the expression levels of the thiamine biosynthetic
enzymes. By exploiting this effect, in vitro thiazole synthase activity of cleared lysates
or desalted proteins from E. coli 83-1 was shown to be dependent upon the addition of
purified ThiGH-His complex, tyrosine (but not cysteine or Dxp) and an as yet
unidentified intermediate present in the protein fraction from these cells. The activity

was strongly stimulated by the addition of S-adenosylmethionine and NADPH.
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Chapter 1.
Introduction

“There is present in rice polishings a substance different from proteins and salts,
which is indispensable to health and the lack of which causes nutritional polyneuritis”

Christian Eijkman and Gerry Grijns, 1906

1.1 Thiamine and its Discovery

Thiamine (Figure 1.1), also known as vitamin Bj, is a water soluble vitamin.
The biologically active forms of thiamine are the correspondent pyrophosphate (TPP)
and triphosphate (TPPP). Thiamine pyrophosphate is the cofactor of several enzymes
involved primarily in carbohydrate metabolism. These enzymes participate in the
biosynthesis of neurotransmitters, pentoses used as nucleic acid precursors and in the
production of reducing equivalents used against oxidative stress and in several
biosynthetic pathways (1,2) (section 1.2). Thiamine triphosphate is present in nerves
where it has been shown to activate a chloride ion channel. A deficiency of thiamine in
humans affects the cardiovascular (wet beriberi) and nervous (dry beriberi) systems.
Therefore, besides being used to prevent and treat beriberi, this vitamin is also efficient
in the treatment of neurological disorders such as the Wernicke-Korsakoff syndrome

and possibly Alzheimer’s disease.

NH,

NT X N+

Figure 1.1. Structure of thiamine.

The history of thiamine began with the investigations into the causes of beriberi.

This neurological disease was particularly widespread in Asia where a diet essentially



based on polished rice could not supply sufficient vitamin, as this is mainly contained
in the rice husk. The early symptoms of beriberi include loss of appetite with
subsequent muscle weakness and lassitude; as the disease progresses, affected people
develop paresthesia (spontaneous sensations such as burning and tingling), possible
swelling of feet and lower legs and also mental confusion and psychosis. Degeneration
of the heart muscle causes heart failure, which is generally the cause of death. In the
1880s, as much as 40 % of the Japanese Navy crew might have developed beriberi. Dr.
K. Takaki, at the time Director General of the Naval Medical Services, discovered the
correlation between the disease and the poor diet of the sailors, and by ordering an
increase in the meat, fish and vegetable rations succeeded in dramatically reducing the
incidence of beriberi. In the meantime, Dutch medical officers Dr. C. Eijkman and Dr.
G. Grijns, working at a military hospital in Java, observed that polyneuritis gallinarum,
a beriberi like disease in chickens, could be induced in chickens fed with polished rice
and reverted by feeding rice bran. This observation would have eventually led to the
revolutionary notion that the absence of a substance in food could cause a disease,
which is a founding principle of modern nutrition science. In the first decade of the new
century (1911), a young chemist named C. Funk crystallised an amine extracted from
the rice bran. He thought he had isolated the anti beriberi factor and coined the word
‘vitamin® for ‘vital amine’. Although the substance was not thiamine, the name
remained. It was much later, in 1926, that vitamin B; was finally crystallised, again by
two Dutch chemists, B.C.P. Jansen and W. Donath working in Eijkman’s old
laboratory. Unfortunately, they published the wrong formula and only 10 years later, in
1936, the correct formula was elucidated by R. R. Williams. A chemical synthesis for
thiamine was available soon after, and from the 1950’s, in the Western world, the

vitamin is routinely added to many commercial foods (3-5).

1.2. Reactivity and Biochemical Functions of Thiamine Pyrophosphate

Thiamine pyrophosphate (1) is the main biologically active form of vitamin B;.
It is a cofactor for enzymes involved in carbohydrate and branched-chain amino acid
metabolisms, and helps catalysing the decarboxylation of a-keto acids and C-C bond

formation. In all TPP-dependent enzymes the proton loss from the C2 of the thiazole



ring is the first step in the catalysis (Scheme 1.1). This proton is rather acidic (6) due to
the stabilization of the correspondent carbanion (1a) by the adjacent sulphur and by the
positive charge on the nitrogen (7). This ylide-type carbanion is both a potent
nucleophile and a good leaving group. The following catalytic steps are characterised
by the nucleophilic attack of 1a on the substrate, with subsequent cleavage of a C-C
bond. This cleavage releases the first product, leaving a second, resonance stabilised
carbanion (enamine). Examples of TPP-dependent enzymes are pyruvate and o-
ketoglutarate dehydrogenases, transketolase, 1-deoxy-D-xylulose-5-phosphate synthase

and o-acetolactate synthase.
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Scheme 1.1. Formation of the stabilised ylide-type carbanion.

Pyruvate dehydrogenase and o~ketoglutarate dehydrogenase are two important
enzymes in the Kreb’s cycle. The E1 components of these complexes, catalyse the
decarboxylation of pyruvate (2) and o-ketoglutarate (3), respectively (8), through the
mechanism shown in Scheme 1.2. The nucleophilic addition of the resonance stabilised
thiazolium carbanion to the carbonyl group of the oketo acid, followed by protonation,
leads to the formation of an o~hydroxyacid (4). This adduct readily undergoes
decarboxylation producing a hydroxyalkylthiamine pyrophosphate, stabilised by
resonance (5). This hydroxyalkyl group is then oxidised and transferred to the
lipoamidic prosthetic group of the pyruvate dehydrogenase and o-ketoglutarate

dehydrogenase E2 components, releasing 1a. The E2 components of the respective



complexes then transfer the acetyl or succinyl groups to coenzyme A, with the oxidised
form of the lipoamide being regenerated by the E3 component, which is identical in the
two dehydrogenases. Decreased activities of pyruvate dehydrogenase and o-
ketoglutarate dehydrogenase cause failure in ATP synthesis, and lower ATP levels

have been found in brain regions damaged by thiamine deficiency (2).
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Scheme 1.2. Decarboxylation of o-keto acids catalysed by the TPP-dependent El
components of pyruvate and o-ketoglutarate dehydrogenases. The transfer of the acetyl
and succinyl groups to coenzyme A occurs by a multistep mechanism and involves the

E2 and E3 components of the respective complexes.



TPP-dependent transketolase is one of the enzymes required in the non-
oxidative part of the pentose phosphate pathway (8). This pathway produces NADPH
for various biosynthetic reactions, and riboses for the biosynthesis of nucleotides,
nucleic acids and coenzymes. All the reactions catalysed in the non-oxidative part of
the pathway, which interconverts sugars containing 3-7 carbon atoms, are reversible. In
particular, transketolase transfers a 2-carbon unit from the ketose xylulose-5-phosphate
(6) to an aldose, ribose-5-phosphate (9) or erythrose-4-phosphate (10). As with the
decarboxylation of o-keto acids, the first step is the formation of 1a, followed by
nucleophilic addition to the carbonyl of the ketose and production of 7 (Scheme 1.3).
The C-C bond adjacent to the carbonyl group of 6 undergoes cleavage, releasing D-
glyceraldehyde-3-phosphate and producing the activated glycoaldehyde intermediate 8.
The nucleophilic addition of this intermediate to the carbonyl group of another
aldehyde, followed by the elimination of 1a, leads to the reversible formation of a new
ketose: sedoheptulose-5-phosphate (11, from 9) or fructose-6-phosphate (12, from 10).
The transketolase-catalysed formation of erythrose 4-phosphate is important for the
biosynthesis of aromatic amino acids.

1-deoxy-D-xylulose-5-phosphate synthase (Dxs) is a TPP-dependent enzyme
which catalyses the formation of 1-deoxy-D-xylulose-5-phosphate (Dxp) from pyruvate
and D-glyceraldehyde-3-phosphate (9,10). Remarkably, besides being a precursor for
isoprenoids and vitamin Bg, this sugar is also incorporated in the thiazole moiety of
thiamine pyrophosphate, which is therefore implicated in its own biosynthesis. The
formation of Dxp is likely to occur through the condensation of the
hydroxyethylthiamine pyrophosphate (5), derived from the decarboxylation of the
pyruvate, with the carbonyl group of D-glyceraldehyde-3-phosphate (11), and therefore

through a combination of the mechanisms shown in Schemes 1.2 and 1.3.
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In a similar way, o-acetolactate synthase catalyses the first step in valine and
isoleucine biosyntheses. In both cases the enzyme converts pyruvate into the
correspondent carbanion 5, followed by nucleophilic attack either on another pyruvate
molecule to form o~acetolactate, an intermediate in the valine biosynthesis, or on a-

ketobutyrate to form a-aceto-o~hydroxybutyrate for the biosynthesis of isoleucine (12).

1.3. Thiamine Biosynthesis

Despite the early elucidation of the structure of thiamine and the wealth of
information on TPP-dependent enzymes (sections 1.1 and 1.2), the knowledge of the
biochemical mechanisms and enzymology of thiamine biosynthesis is still fragmentary.
Thiamine biosynthesis occurs in most microorganisms and higher plants. All organisms
able to produce the vitamin initially assemble the correspondent monophosphate (TP)
by coupling 4-methyl-5-(5-hydroxyethyl)thiazole phosphate (Thz-P) and 4-amino-3-
hydroxymethyl-2-methylpyrimidine pyrophosphate (Hmp-PP) (Scheme 1.4); TP is
then converted to TPP, either by direct phosphorylation (in enteric bacteria) or by de-
phosphorylation to thiamine (T) followed by pyrophosphorylation (in aerobic bacteria
and yeast) (5,13). The two heterocyclic precursors of thiamine pyrophosphate, Hmp-PP
and Thz-P, are biosynthesised through independent pathways. It is now accepted that
these pathways differ in enteric bacteria and yeast and that the biosynthesis of thiamine
represents a remarkable example of biochemical diversity. The following paragraphs
summarise some important findings concerning precursors in thiamine biosynthesis and

gene organization, with particular emphasis on the Thz-P biosynthesis in E. coli.



Scheme 1.4. Assembling of thiamine pyrophosphate from Hmp-PP and Thz-P.

1.3.1. Thiamine Precursors

Considerable progress in the identification of the precursors for each
heterocyclic moiety of thiamine has been made, especially in the last 2 decades,
through the use of isotopic labels. Comprehensive reviews on this topic are those by
White and Spenser (5,14). In enteric bacteria such as E. coli and S. typhimurium, it is
now firmly established that all the atoms of 4-amino-5-hydroxymethyl-2-
methylpyrimidine (Hmp) derive from 5-aminoimidazole ribotide (AIR) (Scheme 1.5)
(15,16). In particular, AIR undergoes a complex rearrangement resulting in a ring
expansion of the imidazole by insertion of carbon C4 (or C5) from the ribose unit. In
fact, C4 and C5 appear to be transferred as an intact unit, and whilst one of these
carbon atoms is incorporated into the pyrimidine ring, the other becomes the
hydroxymethyl substituent. The final carbon of Hmp, the methyl group, is provided by
the C2 of the ribose. Therefore, three of the five carbon atoms of the ribose are
incorporated into the imidazole ring of AIR to form the substituted pyrimidine Hmp,
while the remaining two atoms, C1 and C3 are lost. AIR is an intermediate in the de
novo purine biosynthesis, and its imidazole ring derives from glycine, glutamine and

formate (17). It was the combined effort of several research groups which made

OH



possible the rationalization of the complex incorporation patterns of radioactive
precursors [formate, glycine and glucose, see quoted reviews (5,14)], culminating with
the elucidation of the remarkable rearrangement leading from AIR to Hmp, but the
credit of the discovery of the AIR intermediacy in both the purine and thiamine
biosyntheses belongs to Newell and Tucker (18). Their findings remain one of the

milestones in the investigation of thiamine biosynthesis.

Enteric bacteria Yeast

ribose 5-phosphate
glutamine
glycine
formate

De novo purine
biosynthesis

Pyridoxol Histidine

\ IR NG OH
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Scheme 1.5. Assembling of the pyrimidine moiety of thiamine pyrophosphate from the

respective precursors in enteric bacteria and yeast. Adapted from (5,14).



In yeast, whilst AIR is still an intermediate in the de novo purine biosynthesis
(19), it is not a precursor of the pyrimidine moiety of thiamine. In S. cerevisiae, Hmp
derives from histidine (20) and pyridoxol (21). In particular, N1, C2 and N3 of histidine
become N3, C4 and the NH; group of Hmp (Scheme 1.5). The remaining atoms derive
from pyridoxol or, as more recently discovered, from 2’-hydroxypyridoxol (22).
Histidine and pyridoxol in yeast, and AIR in bacteria, are advanced Hmp precursors.
More distant, but common precursors in both bacteria (enteric and aerobic) and yeast
are formate and glucose. Formate is incorporated in the pyrimidine moiety of thiamine
and enters C2 in bacteria (23,24) and C4 in eukaryotes (25,26); glucose, instead, enters
different positions in either vitamin moieties [see Himmeldirk et al, 1998, for a
comprehensive rationalization of all previous findings on the incorporation of
radiolabelled glucose (27)].

In enteric bacteria, the thiazole moiety of thiamine derives from 1-deoxy-D-
xylulose-5-phosphate (28,29), tyrosine (30-32) and cysteine (33). In particular, the
sugar is completely incorporated into the thiazole, as a Cs unit, whilst cysteine donates
the S atom and tyrosine provides the C2 and the nitrogen atoms (Scheme 1.6). In E.
coli, the side chain of tyrosine has been shown to be released as p-hydroxybenzyl
alcohol during the biosynthesis of thiamine (34). The thiazole ring is assembled from
Dxp, Tyr and Cys also in higher plants (35), and whilst enteric bacteria and plants seem
to adopt the same route, aerobic bacteria seem to employ the yeast pathway, assembling
the thiazole moiety from glycine and a pentulose derived from glucose (27,36). Both
the glycine and the pentulose provide the C2-N and the entire carbon backbone,
respectively, as intact units. The source of the sulphur atom is still unclear and, in S.
cerevisiae, both cysteine and methionine have been shown to be sulphur donors
(33,37). Interestingly, Tyr and Gly are mutually exclusive in B. subtilis, P. putida, E.
coli and E. aerogenes (36), supporting the evidence for different pathways to the
thiazole between aerobic and anaerobic bacteria. Mechanisms for the intramolecular
rearrangement of AIR to yield Hmp, and for the formation of the thiazole from Tyr,
Cys and Dxp have been proposed by Spenser and Begley (5,13,38).

10
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1.3.2. Gene Organization, Function and Regulation in E. coli

In E. coli and S. typhimurium the genes involved in thiamine biosynthesis,
transport and salvage have a very similar organization and location on the respective
chromosomes (13). Genes that were first discovered in one organism were soon found
in the other, and vice versa. These genes (Table 1) are organised in three operons,
thiCEFSGH (39-41), thiMD (42,43) and thiBPQ (44), and five single loci, thil (45),
thiK (46), thiL (47), iscS (48,49) and dxs (9,10). A sixth locus, pdxK, is not directly
related to thiamine biosynthesis but the correspondent gene product, encoding a
pyridoxine kinase, is able to phosphorylate Hmp to Hmp-P (13,50). In addition to the
role played in thiamine biosynthesis, both the products of the #4il and iscS genes are
involved in the generation of 4-thiouridine (51,52), and iscS is also part of an operon

essential for the assembling and repairing of Fe-S clusters (53,54).

Gene Position (min)
thiCEFSGH 90.36-90.28
thiMD 47.05-47.03
thiBPQ 1.61-1.56
thil 9.37
thil 9.5
thik 25
dxs 9.43
iscS 53.3

Table 1.1. Position of the genes involved in thiamine biosynthesis in E. coli. Position

of thiK from (46).

The functions of most of the thiamine biosynthetic enzymes have been deduced
and assigned through the characterisation of specific thiamine auxotrophic mutants, and

for a few of them, the activities have been reconstituted (Scheme 1.7).
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In particular, it has been shown that ThiD catalyses either the phosphorylation
of Hmp-P to Hmp-PP or the direct pyrophosphorylation of Hmp to Hmp-PP (50,55).
Whilst mutations in #AiD result in thiamine auxotrophy, mutations in thiM and thiK,
which encode the thiazole kinase and thiamine kinase, respectively, do not impair the
vitamin biosynthesis, suggesting that ThiM and ThiK are involved in salvage processes
(43,46). ThiL is a thiamine monophosphate kinase (47), and ThiE, or thiamine
phosphate synthase, catalyses the coupling of Thz-P and Hmp-PP (56).

This enzyme has been more extensively characterised in B. subtilis, due the
higher solubility than the £. coli homolog, and the crystal structure solved (57). In
addition to the ThiE crystal structure, the analysis of crystal structures of ThiE mutants
has provided evidence to support a coupling mechanism in which Hmp-PP dissociates
to form a proposed carbocation before being attacked by the N3 of Thz-P (58,59). The
thiBPQ operon encodes a transport system for both thiamine and thiamine
pyrophosphate (44), and the product of the dxs gene catalyses the formation of 1-
deoxy-D-xylulose-5-phosphate (sections 1.2 and 1.3.1). The reconstituted activities of
IscS, Thil, ThiF and ThiS, which more directly concern this work, are described
separately and in more detail in section 1.3.3. The activities of ThiH and ThiG will be
the subject of this thesis, and the activity of ThiC, the only enzyme so far found to be
required for the conversion of AIR to Hmp (39) has not been, as yet, successfully
reconstituted (13).

The thiCEFSGH, thiMD and thiBP(Q operons are regulated by thiamine
pyrophosphate (41,43,44), whilst Thil and ThiL are not (45,47). It is not surprising that
Thil, as well as probably IscS and Dxs, are not repressed by the vitamin, since these
enzymes are shared with other biosynthetic pathways. The repression exerted by
thiamine pyrophosphate on its own biosynthesis had been already investigated in S.
typhimurium by Newell and Tucker (60) and in E. coli by Kawasaki and co-workers
(61). The latter, in particular, showed that at least three enzymes (responsible for four
enzymatic activities, given the bifunctionality of ThiD) were subjected to this
repression: ThiD, ThiM and ThiE. Due to the similar extent of repression it was also
proposed that these enzymes could be organised in an operon, which was later
confirmed, for the two kinases, by D. Downs and co-workers who also found that not

only the thiMD but also the thiCEFSGH and thiBPQ operons were transcriptionally
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regulated by the vitamin. They also reported that a mutation in ThiL, and therefore the
inability to convert thiamine to the correspondent pyrophosphate, resulted in decreased
repression of the TPP-regulated thiCEFSGH operon, suggesting that TPP was the
actual effector (41). More recent studies have elucidated the regulatory role of RNA
sequences upstream of genes involved in thiamine biosynthesis or transport, in
prokaryotes (62). These sequences, which contain a highly conserved 38-base thi box
(63), can fold in a conserved secondary structure called the THI element. It has been
proposed that in the presence of thiamine pyrophosphate, a change in this secondary
structure could result in either transcriptional or translational attenuation. In E. coli, this
hypothesis has recently received support from the work of Winkler and co-workers
who have shown that the untranslated regions of t4iC and thiM mRNAs, containing the
thi box, can bind directly to thiamine pyrophosphate and, less efficiently, to thiamine
(64). The resultant mRNAs-effector complexes adopt a conformation which sequesters

the ribosome-binding site and causes a reduction in gene expression (Figure 1.2).

Translation’ @

Protein
Binding

3 NO
TRANSLATION

Figure 1.2. Schematic representation of the TPP-induced change in the mRNA

secondary structure. The conformation of the mRNA-TPP complex precludes any

interaction with the ribosome by sequestering the Shine and Dalgarno (SD) element.

Under these conditions no translation occurs. Adapted from (65).
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More specifically, thiM was shown to be subjected to a TPP-induced
translational repression, whilst #4iC to both translational and transcriptional regulation.
This mode of regulation, characterised by small molecules binding directly to the RNA,
without the intermediacy of a protein, is rare but not unique. Vitamin B;; has also been
shown to interact directly with the mRNA leader sequence of the bruB gene, and to
regulate its expression in a similar way (64-66). In addition to the repression by TPP,
another proposed control mechanism operating on the biosynthesis of the vitamin is the
feedback inhibition exerted by the thiazole but, apparently, not by the pyrimidine
moiety. This difference was noted by Newell and Tucker during their work on §.
typhimurium mutants blocked in the biosynthesis of either one or the other heterocycle:
whilst mutants impaired in the thiazole biosynthesis accumulated Hmp and excreted it
into the medium, no thiazole was accumulated in mutants unable to assemble the
pyrimidine (45,60,67). Newell and Tucker also investigated the de-repression effect
exerted by adenosine on the biosynthesis of the vitamin. The addition of this purine
nucleoside to growing cultures of S. fyphimurium LT2, was shown to release the
repression exerted by TPP on its own biosynthesis, by decreasing the intracellular
content of the vitamin (68). This technique was subsequently exploited in labelling

experiments with the objective of identifying thiamine precursors (29,30).

1.3.3. Enzymes Involved in the Thiazole Biosynthesis in E. coli

Despite the progress made in the identification of enzymes and precursors
involved in thiamine biosynthesis, little is known about the biochemical mechanism
leading to the formation of the thiazole ring of the vitamin. The assembling of the
thiazole from Tyr, Cys and Dxp requires at least six gene products which are ThiFSGH,
Thil and IscS. More specifically, IscS, Thil and ThiF are involved in the sulphur
mobilization from Cys to the C-terminal carboxylate of ThiS, the sulphur carrier in
thiamine biosynthesis (13,49). ThiS is a small protein (7 kDa) which, despite the low
sequence identity to ubiquitin (14 %), has been recently shown to possess the ubiquitin
fold, in addition to the highly conserved C-terminal Gly-Gly sequence (69). In a
mechanism clearly related to the activation of ubiquitin, the C-terminal carboxylate of

ThiS has to be adenylated before undergoing attack by a nucleophilic sulphur donor.
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The adenylation is catalysed, in an ATP-dependent reaction, by ThiF, which is
homologous in sequence to part of the ubiquitin-activating enzyme, E1 (49,70,71).
Besides ThiS and ThiF, two other E. coli enzymes involved in sulphur insertion into a
cofactor, MoaD and MoeB, share functional and structural similarities with ubiquitin
and El, respectively (Scheme 1.8). ThiF and MoeB show a remarkable sequence
identity (42 % over 245 residues), which is reflected in analogous functions (70,72,73),
and both ThiS and MoaD possess the C-terminal pair of glycine residues, the ubiquitin

fold and form thiocarboxylates involved in sulphur insertion (74).
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Scheme 1.8. Comparison between the proposed activation of ubiquitin (Ub), ThiS and
MoeD by the respective activating enzymes E1, ThiF and MoeB. The sulphur for both
thiamine and molybdopterin biosyntheses is provided by a sulphurtransferase, probably

Thil and CDS (cysteine sulphinate desulphinase), respectively. Adapted from (70).
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The sulphur atom for the biosynthesis of the thiazole is mobilised from Cys by
IscS and Thil, with IscS catalysing the first step and forming an active site persulphide
(49,52). IscS is a pyridoxal phosphate-dependent cysteine desulphurase which,
remarkably, is required in thiamine biosynthesis not only because of the direct role
played in the sulphur transfer but also for the proposed assembling and/or maintenance
of the potential Fe-S cluster in ThiH (48,75,76). From IscS the sulphur atom is
subsequently transferred to Thil, which again forms an active site persulphide (77).
This sequence of reactions is common to both thiamine and 4-thiouridine biosyntheses.

Both the in vivo and in vitro activities of Thil have been recently shown to
depend on two cysteine residues: Cys-456 and Cys-344 (77,78). Wright and co-workers
have elegantly provided evidence that support the sequential sulphur transfer from IscS
to Cys-456 of Thil, and from Cys-456 to 4-thiouridine, via the formation of a
disulphide bridge between Cys-456 and Cys-344, which has to be reduced to allow
subsequent catalytic cycles (78) (Scheme 1.9).

X (ox) X (red)
/SH344
Cys IscS-S-SH Thill
Hyse S
Thi 134
456
Ala IscS-SH Thill
S456-SH
Substrate "S"-Substrate

Scheme 1.9. Representation of the sulphur transfer from Cys to a generic substrate,
catalysed by IscS and Thil. The resultant disulphide bridge in Thil has to be reduced by
a reductant (X) to allow subsequent catalytic cycles. The biosynthesis of 4-thiouridine
has been shown to occur through this mechanism, and a similar mechanism might be

operating in the biosynthesis of the thiazole moiety of thiamine. Adapted from (78).
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As the IscS/Thil couple is also involved in thiamine biosynthesis, the sulphur
insertion into the vitamin could occur via a similar mechanism, perhaps with the
formation of a covalent Thil/ThiS intermediate.

Once the C-terminal carboxylate of ThiS is adenylated by ThiF (A, Scheme
1.10), the sulphur atom can be transferred to this protein, but neither the donor nor the
form of ThiS actually responsible for the sulphur insertion into the forming thiazole,
have been conclusively identified. Initial investigations led Begley and co-workers to

isolate ThiS thiocarboxylate (B), which was thought to be the actual sulphur carrier
(71).
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Scheme 1.10. Mechanism for the biosynthesis of the thiazole moiety of thiamine

ThiS

proposed by Begley (38). X was proposed to be IscS, but there is evidence to support a
similar role played by Thil, at least in vivo. Adapted by (38).



The formation of this intermediate in the thiazole biosynthesis was found to be

conditional, in vivo, to the presence of Thil, since ThiS-COSH could not be detected in
a thil =~ strain. Lauhon and co-workers then successfully reconstituted in vitro the

formation of ThiS-COSH, but showed that Thil was not essential, although it
stimulated the sulphur transfer from IscS to the activated ThiS (49). More recently,
another intermediate in which ThiS thiocarboxylate is crosslinked to ThiF through an
acyldisulphide bond has been isolated (38) (C). The ThiF cysteine residue involved in
the linkage, Cys-184, is essential for thiazole biosynthesis, since in a thiF’ ~ background,
cells transformed with a plasmid encoding a ThiF(C184S) were unable to grow in the
absence of thiazole. Interestingly, this mutation did not affect the in vitro formation of
ThiS-COSH, which was produced at the same rate by both wild type ThiF and
ThiF(C184S). These results led Begley and co-workers to suggest that the ThiFS
crosslinked complex might be the ultimate sulphur donor in the thiazole biosynthesis
(Scheme 1.10) in E. coli. Despite the identification of these intermediates, the sulphur
transfer to any potential thiazole precursor, which could then undergo cyclisation, has
not been as yet successfully reconstituted in vitro. Therefore in E. coli, the biological
functions and origin of ThiS-COSH and the ThiFS complex remain to be elucidated, as
well as the role played, in vivo, by Thil.

ThiG and ThiH, the last two enzymes required for the formation of the thiazole
ring, are likely to be involved in the last steps of the biosynthesis, a complex cyclisation
reaction that would conceivably require sulphur transfer from the ThiFS conjugate (or
ThiS-COSH) to Dxp, condensation with Tyr and cyclisation to the thiazole product.
Relatively little is known about these enzymes, especially about ThiG. Searches for
conserved domains in the ThiG sequence have revealed significant alignment with two
proteins involved in histidine biosynthesis: N’-[(5’-phosphoribosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide isomerase (HisA) and the synthase (or
cyclase) subunit of the imidazole glycerol phosphate synthase (HisF) (12). In particular,
HisF catalyses the formation of the imidazole ring of histidine from an acyclic
precursor which contains a Dxp-like moiety; thus future studies and further
characterisation of ThiG may elucidate functional analogies between these enzymes

(79,80).
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A very recent study by Begley and co-workers, who successfully reconstituted
in vitro thiazole biosynthesis in Bacillus subtilis (81), might support the role of cyclase
for ThiG. B. subtilis shares some metabolic components with E. coli, including some of
the biosynthetic proteins, ThiFSG, Thil and NifS (an IscS ortholog), and two
precursors, Dxp and Cys. ThiF and ThiS have been shown to have virtually identical
functions to those of the E. coli enzymes, and the same might be for ThiG, which
catalyses the condensation and cyclisation of the identified precursors to Thz-P (81)
(Scheme 1.11). However, whilst B. subtilis depends upon ThiO, an oxygen dependent
flavoenzyme, to utilize glycine to provide the C2-N3 fragment of the thiazole
(13,36,82), E. coli and other enteric organisms use tyrosine to provide the C2-N3 unit
and substitutes ThiO with an oxygen sensitive protein, ThiH (48,83). This suggests
analogies, but also significant differences, in the biosynthetic strategies adopted by the

two organisms to assemble the thiazole.

Ala Cys
COOH
HZN——/
ThiO
o o  X-SSH X-SH o COOH
s/U\ T e s/“\ ¥4_> s/U\ " N/\s
Thi : i AMP - —
: © : Thi SH Thic, Dxp —

ATP ‘

PPi

OP
Scheme 1.11. Thiazole biosynthesis in B. subtilis. All four cysteine desulphurases (X),

NifS, YrvO, NifZ and CSD, identified in the organism were able to transfer the sulphur
atom from Cys to ThiS-COAMP in vitro. Adapted from (81).

On the basis of sequence similarities, ThiH has been classified as a member of
the ‘radical SAM’ superfamily (84). All the members of this family have been shown
or predicted to be Fe-S cluster enzymes requiring S-adenosyl methionine (SAM) for
activity. A highly conserved cysteine triad, CxxxCxxC (Figure 1.3), has been
identified amongst the over 600 potential SAM-dependent radical enzymes.
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ThiH 83-94 NLCANDCTYCGTF
BioB 51-62 GACPEDCIKYCPDQ
LipA 82-93 AITCTRRCPFCDYV
ArrAE 24-31 SGCVHECPGCYN
PfIAE 27-38 QGCLMRCLYCHN
Kam 131-142 NQCSMYCRYCTR

Figure 1.3. Alignment of E. coli ThiH with sequences from BioB, LipA, ArrAE and
PfIAE from E. coli and Kam from Bacillus halodurans.

This cysteine motif has been shown or supposed to provide the actual ligands
for the Fe-S clusters within a number of well characterised family members such as
lysine 2,3-amino mutase (Kam) (85,86), lipoyl synthase (LipA) (87,88), biotin synthase
(BioB) (89,90), pyruvate formate-lyase activating enzyme (PflIAE) (91) and anaerobic
ribonucleotide reductase activating enzyme (ArrAE) (92). Kam, LipA, BioB, PfIAE,
A1rAE and others, depend on SAM for activity and catalyse Fe-S cluster-mediated
radical reactions initiated by the formation of a transient 5’-deoxyadenosyl radical

(DOA) (Scheme 1.12) (73,85,93,94).

NH, NHz
R
A QH N XN
HaC o N N
—_— + Met
OH
STEP 2 DOA’

Scheme 1.12. Reductive cleavage of SAM to the DOA radical and methionine. The
DOA radical can then abstract a H atom from a suitable donor (R-H). Steps 1, 2 and/or

the H atom abstraction may be concerted.
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This radical, in turn, can abstract a hydrogen atom from either the protein
backbone [as in PfIAE (95-97) and ArrAE (98,99)] or from the substrate [as in Kam
(86), BioB (100) and probably LipA (87,88)], generating another catalytically essential
radical which leads to the formation of the respective products. Scheme 1.13 outlines
the reaction catalysed by BioB and the proposed mechanism for the sulphur insertion

into dethiobiotin (100,101).
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Scheme 1.13. Proposed mechanism for the BioB catalysed formation of biotin.

Reductive cleavage of SAM by the [4Fe-4S]" cluster of the enzyme produces the DOA

radical which abstracts a hydrogen from the methyl group of dethiobiotin. After the
formation of the first C-S bond, a second DOA radical activates position 6 by
abstracting the proS H, and cyclisation occurs. The source of sulphur, [S], has been

proposed to be the cubane [4Fe-4S] cluster of BioB (102,103). Adapted from (100).
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Spectroscopic and biochemical evidence (85,94) obtained from studies on the
characterised SAM-dependent radical enzymes, indicates that the DOA radical might
derive directly from the reductive cleavage of SAM by the Fe-S centre, and several
studies have now suggested that a [4Fe-4S]" cluster is essential for activity
(88,97,99,104). Because of the oxidative degradation of the clusters during the
purification (83,87,105-107), most of these Fe-S cluster proteins are isolated containing
a mixture of [2Fe-2S], [3Fe-4S] and [4Fe-4S] clusters; incubation with exogenous iron
and sulphide increases the fraction of [4Fe-4S]*" clusters, but the reduced form can
only be obtained by an enzymatic source of electrons, the NADPH/flavodoxin
reductase/flavodoxin system (108-110), or by strong chemical reductants such as
sodium dithionite or photoreduced deazaflavin (88,99,102,111). The so obtained [4Fe-
4S]" clusters of Kam and PfIAE have been recently shown to interact directly with
SAM (112,113), and in the case of PflAE, the interaction occurs through the binding of
this cofactor at the non-cysteinyl-ligated unique Fe site (112,114) (in these enzymes the
cluster is chelated to three cysteines of the CxxxCxxC triad, whilst the fourth ligand has
not been identified) (Figure 1.4). This direct interaction might provide an easier route
to the reduction and homolytic scission of SAM (Scheme 1.12), which is predicted to

be a common mechanistic feature to all the members of the radical SAM family.

[T,
Q
w

|||||||

[4Fe-4S]"-SAM

Figure 1.4. Model of the interaction of SAM with the [4Fe-4S]*"" cluster of PfIAE.
Adapted from (112).
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Besides including enzymes of known function, this family also includes several
potential and as yet uncharacterised candidates such as ThiH. Interestingly, amongst the
numerous members, the ThiH sequence most closely resembles that of BioB which
catalyses a sulphur insertion reaction (Scheme 1.13). The intriguing possibility that
ThiH could be mechanistically related to biotin synthase or to other SAM-dependent
radical enzymes, thus suggesting a plausible role for this protein in the thiazole
biosynthesis, stimulated our interest in this enzyme. This thesis describes the work
which has led to the isolation and initial characterisation of a ThiGH complex, to the
demonstration that it contains an oxygen sensitive Fe-S cluster associated with ThiH
(83), and to the successful measurement, in vitro, of thiazole forming activity in an E.

coli cell-free extract containing such a complex.
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Chapter 2.

Expression Studies on ThiH

2.1. Introduction

The investigation of the mechanism through which the thiazole moiety of
thiamine is assembled in E. coli, and possibly in other enteric bacteria (Scheme 1.10),
required the expression and characterisation of ThiH, a potential Fe-S cluster protein
(section 1.3.3). Initial attempts to express this protein confirmed its poor solubility and
its marked tendency to form inclusion bodies, a finding that has already reported by
others (40). This prompted us to consider possible solutions to the problem. The current
chapter describes the different strategies employed with the objective of improving
soluble ThiH expression.

The formation of inclusion bodies (insoluble aggregates) is a typical cellular
response when large amounts of insoluble protein are produced, and it is particularly
common when the expression is under the control of the strong T7 promoter (115).
Misfolding is one of the main causes of protein aggregation and it can occur either
during the assembly of the nascent polypeptide chain or as a consequence of protein
unfolding induced by stress conditions, such as high temperatures (116). Relatively
soluble proteins can be easily over-produced at 37 °C, yielding large amounts of
enzyme after just 3 hours from the induction; conversely, the expression of insoluble
proteins can be sometimes improved by lowering the expression temperature and the
rate of protein synthesis, so that the cellular machinery can better cope with the unusual
high expression of a certain polypeptide (117).

With the purpose of optimising the expression level of ThiH, different
expression temperatures and different expression systems were investigated. In
particular, plasmids were constructed to allow the co-expression of ThiH with other
thiamine biosynthetic enzymes and with proteins shown, in several cases, to increase
the solubility of eukaryotic and bacterial target polypeptides: GroESL (115,118-120),
thioredoxin 1 (115,118) and the proteins encoded by the isc (iron-sulphur cluster)

operon, IscSUA, HscAB and Fdx (121-123).
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GroEL (57 kDa) is a ATP-dependent chaperonin which catalyses protein
folding, both in vivo and in vitro, by providing a physically defined compartment where
proteins can complete their folding process (Figure 2.1). This cylindrical compartment
i1s formed by two GroEL homo-heptameric rings, stacked back to back (116,124).
Within this cavity the protein folding is assisted by another homo-heptameric ring
constituted by GroES subunits (10 kDa), which binds to the GroEL complex. The over-
expression of a recombinant protein can easily overwhelm the machinery of molecular
chaperons in the bacterial host, that is why the co-expression of a target protein with

the GroEL/GroES complex could potentially increase its solubility.

Polypeptide
chain

,,,,,

............
---------------

GroEL

------------

Figure 2.1. Schematic representation of the cylindrical cavity created by the
GroEL/GroES complex, and inside which newly synthesised polypeptide chains can
complete their folding.

E. coli TrxA or thioredoxin 1 (125) is a small protein (12 kDa) with a low redox
potential of —270 mM (126), whose function is to reduce the disulphide bridges in
cytoplasmic proteins, such as ribonucleotide reductase (127), which become oxidised

as part of their catalytic cycle, and must therefore be reduced to continue functioning
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(Scheme 2.1). In a bacterial cell, the formation of S-S bridges is normally confined to
the periplasmic space, since the cytoplasmic environment is kept highly reducing by the
large amounts of reduced glutathione present (126,128). But occasionally, when E. coli
cells are grown aerobically, undesired formation of disulphide bonds may occur in
cytoplasmic proteins, thus inactivating them or causing misfolding and aggregation.
Co-expression of recombinant proteins with TrxA is often employed to improve the
solubility ofteukaryotic proteins expressed in E. coli as TrxA provides a more reducing

cellular environment similar to that found in eukaryotic cells (118).

S

NADPH TrxB (ox) TrxA (red Protein< é
+ . ~SH
NADP TrxB (red TrxA (ox) Proteln\SH

Scheme 2.1. Redox cycle through which TrxB (thioredoxin reductase) and TrxA

catalyse the reduction of disulphide bridges formed in cytoplasmic proteins.

The proteins encoded by the iscRSUA-hscBA-fdx (Figure 2.2) operon assist Fe-
S cluster assembly in vivo, a key step in the post-translational maturation of Fe-S
cluster proteins (53,129). More specifically, IscSUA, HscBA and Fdx directly
participate in the assembly reaction, whilst IscR acts as a transcriptional repressor of
the operon (130). IscS (45 kDa), already introduced in section 1.3.3, catalyses the
removal of sulphur from cysteine. The so formed persulphide, in the active site of IscS,
transfers the sulphur atom to IscU (14 kDa) which, in turn provides a scaffold for the
assembly of an unstable [2Fe-2S] or [4Fe-4S] cluster (131,132). In addition to IscU,
IscA (13 kDa) can also assemble an unstable [2Fe-2S] cluster (133,134); these transient
clusters are then probably transferred to apo acceptor proteins. The insertion of a
cluster into a specific target may require HscA (66 kDa) and HscB (20 kDa), molecular
chaperones which exhibit sequence similarity to DnaK and the co-chaperone Dnal,

respectively (135). HscA and HscB have been shown to interact with IscU (136,137),
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although the biological relevance and function of this and other interactions observed in
vitro amongst the Isc proteins, remain to be elucidated (138). Finally, Fdx is an
adrenodoxin-type ferredoxin containing a stable [2Fe-2S] cluster, which might act as

electron donor in a still unknown step of the cluster assembly (139).

isc} iscS @ fsch hsc>| hscA

Figure 2.2. Genes constituting the isc operon: iscR (486 bp), iscS (1233 bp), iscU (384
bp), iscA (321 bp), hscB (515 bp), hscA (1848 bp), fdx (333 bp).

Fe-S cluster biosynthetic machinery may be required for the assembly and
maintenance of the potential Fe-S centre in ThiH (48), and an insufficiency of this
machinery could be the reason for ThiH’s instability and tendency to aggregate.
Therefore, the co-expression of this enzyme with the Isc proteins, as well as with

GroESL and TrxA, was investigated.
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2.2. Results and Discussion

All plasmids described in this chapter are listed in Table 2.1.

Name Insert Parental Plasmid

pRL200 Ndel/BamH]1 thiH pET-24a(+)

pRL220, pRL220* Ncol/Xhol thiH pBAD/HisA

pRL221 Ncol/Xhol thiH, pBAD/HisA

Xhol/EcoR1 groELS
pRL222 Ncol/Xhol thiH, pBAD/HisA
Xhol/EcoR1 trxA

pRL400 Ncol/BamH1 thiGH pET-24d(+)

pRL8OO Ncol/BamH1 thiGH-His pET-24d(+)

pRL820 Ncol/Xhol thiGH-His pBAD/HisA

pRL8&21 Ncol/Xhol thiGH-His, pBAD/HisA
Xhol/EcoR1 iscSUA-hscBA-fdx

pRL1000 Ncol/BamH]I thiFSGH-His pET-24d(+)

pRL1020 Ncol/Xhol thiFSGH-His pBAD/HisA

pRL1021 Ncol/Xhol thiFSGH-His, pBAD/HisA
Xhol/EcoR1 iscSUA-hscBA-fdx

pRL1300 Ncol/Xhol thiCEFSGH-His pBAD/HisA

pRL1500 Ncol/Xhol thiEFSGH-His pBAD/HisA

Table 2.1. List of plasmids whose construction is herein described. A complete list of

all the assembled plasmids can be found in Appendix A.

2.2.1. pRL200 and pRL220: T7 Compared with araBAD Promoter
It had already been reported that ThiH expressed from a pET-derived plasmid

was highly insoluble (40), therefore a different expression system was considered.

pRL200 and pRL220 were the first plasmids assembled to investigate the expression
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level of ThiH (Figure 2.3). Both plasmids carry thiH (1.1 kbp), but the gene expression
is controlled by the T7 promoter in pRL200 (pET-24a(+) derivative) and by the
araBAD promoter in pRL220 (pBAD/HisA derivative, Table 2.1).

pRL200 was transformed into E. coli BL21(DE3) which encodes the T7 RNA
polymerase, and pRL220 was initially transformed into E. coli LMG194. With the
purpose of comparing promoters of different strength and different induction
conditions, these cells were grown in 2YT medium and induced at 28 °C with

increasing concentrations of inducer, IPTG and L-arabinose, respectively.

MCS - 5158

Xhol
MCS

Figure 2.3. Maps of pRL200 and pR1.220, not to scale. MCS = Multiple Cloning Site.
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SDS-PAGE analysis of soluble and insoluble fractions from both strains
revealed that a comparable amount of soluble ThiH was produced, regardless of either
promoter or inducer concentration (Figure 2.4); conversely, the amount of insoluble
protein was shown to be clearly dependant upon the strength of the promoter and
slightly less sensitive to the inducer concentration (Figure 2.5). This was particularly
true for the leaky pET system, from which expression was obtained even in the absence

of inducer (lane 5, Figure 2.5).

L-arabinose (w/v) IPTG (mM)
2% 02% 0.02% 3 0.05 0.005

ThiH

Figure 2.4. Coomassie Blue stained 15 % SDS-PAGE gel of soluble proteins produced
by pRL220/LMG194 (lanes 1-4) and pRL200/BL21(DE3) (lanes 5-8) after induction
with increasing concentrations of L-arabinose or IPTG, as indicated. M = molecular

weight marker.
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L-arabinose (w/v) IPTG (mM)
0 2% 02% 0.02% 0 0.5 0.05 0.005

Figure 2.5. Coomassie Blue stained 15 % SDS-PAGE gel of insoluble proteins
produced by pRL220/LMG194 (lanes 1-4) and pRL200/BL21(DE3) (lanes 5-8) after
induction with increasing concentrations of L-arabinose or IPTG, as indicated. M =

molecular weight marker.

2.2.2. pRL221 and pRL222: Co-expression of ThiH with GroEL/GroES and
TrxA

As the strength of the promoter did not seem to affect the solubility of ThiH,
two more plasmids were assembled carrying thiH in combination with groESL and
trxA. Plasmids harbouring groESL (2.0 kbp) and t7x4 (360 bp) between the 5’ Xhol
and 3’ EcoR] restriction sites were assembled by L. Peters (123). These fragments were
excised and subcloned into Xhol/EcoRI restricted pRL220, resulting in pRL221 and
pRL222, respectively (Figure 2.6). To ensure high expression level of these
downstream genes, an additional ribosome binding site was introduced by PCR
between the 5’ Xho! site and the start codon.

pRL221 and pRL222 were transformed into both BL21(DE3) and LMG194.
These cells, pRL220/BL21(DE3) and pRL220/LMG194 were grown in parallel, and
the ThiH expression level compared at 15, 22 and 37 °C.
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Figure 2.6. Maps of pRL221 and pRL222, not to scale. MCS = Multiple Cloning Site.
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Analysis of cleared lysates and cell pellets by SDS-PAGE led to the following
conclusions: i) at a certain temperature, and provided the cells contained the same
plasmid, the E. coli strain made little or no difference to the expression level; ii) there
was no increase in the amount of soluble ThiH when co-expressed with GroEL/ES or
TrxA, at any of the tested temperatures; iii) variations of temperature between 15°C
(Figure 2.7) and 37 °C (Figure 2.8) did not affect the level of soluble protein
expression. However higher temperatures did result in increasing amounts of insoluble
ThiH and GroEL. GroEL (57 kDa) is clearly visible on a 15 % SDS-PAGE gel, whilst
GroES (14 kDa) and Trx (12 kDa) migrated too quickly and were not observed.

These results indicated that neither the formation of unusual disulphide bonds
nor a GroEL/ES correctable misfolding, were the principle cause of ThiH poor
solubility, unaffected by factors such as promoter strength, bacterial strain, temperature

and co-expression with accessory proteins.

17.2

Figure 2.7. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-6) and
insoluble (lanes 7-12) proteins produced at 15 °C by pRL220/LMG194 (lanes 1, 7),
pRL220/BL21(DE3) (lanes 2, 8), pRL221/LMG194 (lanes 3, 9), pRL221/BL21(DE3)
(lanes, 4, 10), pRL222/LMG194 (lanes 5, 11) and pRL222/BL.21(DE3) lanes (6, 12). M

= molecular weight marker.
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Figure 2.8. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-6) and
insoluble (lanes 7-12) proteins produced at 37 °C by pRL220/LMG194 (lanes 1, 7),
pRL220/BL21(DE3) (lanes 2, 8), pRL221/LMG194 (lanes 3, 9), pRL221/BL21(DE3)
(lanes, 4, 10), pRL222/LMG194 (lanes 5, 11) and pRL222/BL.21(DE3) lanes (6, 12). M

= molecular weight marker.

2.2.3. Mutations in thiH: Assembling of pRL220*

DNA sequencing of pRL220 revealed the presence of four mutations in thiH.
As these DNA mutations were not conservative, thiH was amplified again using Pfu
Turbo, a DNA polymerase which possesses a 3’-5” exonuclease activity (proofreading
activity), and therefore, a reduced rate of base misincorporation with respect to the
previously used Taq polymerase.

A new pBAD-derived plasmid, otherwise identical to pRL220 (Figure 2.3), was
assembled and it was named pRL220*. As the insolubility of ThiH could have been
caused by a structural instability due to these mutations, the expression experiment
described in section 2.2.1 was repeated at 22 °C, and the ThiH expression from
pRL220*/LMG194 and pRL200/BL21(DE3) compared (Figures 2.10 and 2.11, lanes

1-2). The results confirmed previous observations, i.e. different strains and different
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promoters made very little difference to the expression level of soluble ThiH, indicating
that the presence of the mutations was not the main cause of ThiH poor solubility.

All the subsequent amplifications were carried out by using Pfu Turbo.

2.2.4. pRL400: Co-expression of ThiH with ThiG
Begley and co-workers reported that ThiF and ThiS, co-expressed from a pET-

derived plasmid, co-eluted through several purification steps, suggesting the formation
of a ThiFS complex (71). This finding led us to investigate the co-expression of ThiH
with other thiamine biosynthetic enzymes, and pRL400, a pET-derived plasmid
harbouring the thiGH (1.9 kbp) subsection of the thiCEFSGH operon was assembled
(Figure 2.9).

Xhol
MCS

Figure 2.9. Map of pRL400. MCS = Multiple Cloning Site.
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This plasmid was transformed into BL21(DE3) and the expression level of
soluble ThiH from these cells and from pRL200/BL21(DE3) (section 2.2.1) was
compared at 22 and 37 °C (Figure 2.10). SDS-PAGE analysis revealed that more ThiH
was accumulated in pRL400/BL21(DE3) cleared lysate, and confirmed that
temperature variations had little effect on the amount of soluble protein. Proteins
produced as insoluble aggregates are shown in Figure 2.11.

These results indicated that the co-expression with ThiG produced an increase
in the solubility of ThiH, consistent with the existence of some sort of stabilising effect
exerted by ThiG. It is likely that this stabilization effect was acting at a protein level,
rather than at a mRNA level, since thiH could be translated in large amounts, as
indicated by the presence of inclusion bodies. The gels also showed that ThiG (27 kDa)
and ThiH were present in comparable amounts in both the soluble and insoluble cell

fractions.

ThiH

ThiG
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Figure 2.10. Coomassie Blue stained 15 % SDS-PAGE gel of soluble proteins
expressed at 22 °C (lanes 1-4, 7-8) and 37 °C (lanes 5-6, 9-10) from
pRL220*/LMG194 (lanes 1, 2) pRL200/BL21(DE3) (lanes 3-6) and
pRL400/BL21(DE3) (lanes 7-10). Experiments were carried out in duplicate. M =

molecular weight marker.
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Figure 2.11. Coomassie Blue stained 15 % SDS-PAGE gel of insoluble proteins
expressed at 22 °C (lanes 1-4, 7-8) and 37 °C (lanes 5-6, 9-10) from
pRL220*/LMG194 (lanes 1, 2) pRL200/BL21(DE3) (lanes 3-6) and
pRL400/BL21(DE3) (lanes 7-10). Experiments were carried out in duplicate. M =

molecular weight marker.

2.2.5. pRL800/820 and pRL1000/1020: Co-expression of Hexahistidine-tagged
ThiH with ThiG and ThiFSG

Despite the success of the ThiGH co-expression strategy, the absolute amount
of ThiH produced by pRL400/BL21(DE3) was accounting for just 4-6 % of the total
soluble proteins, as estimated by gel densitometry. In order to simplify the isolation of
such a small amount of protein, pRL800 (Figure 2.12) was assembled, encoding ThiG
and a C-terminal hexahistidine-tagged ThiH (ThiH-His). The expression of
hexahistidine-tagged proteins and their subsequent isolation by metal-affinity
chromatography, has been a successfully employed strategy for the purification of a
number of well characterised Fe-S cluster enzymes (88,89,140,141).
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pRL1000

Ncol/Xhol restriction
and subcloning into
pBAD/HisA

pRL1020

6896 bp

Figure 2.12. Maps of pRL800, pRL1000 and the respective derivatives pRL820 and
pRL1020, not to scale. MCS = Multiple Cloning Site.
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To further explore the potentiality of the co-expression strategy, besides thiGH-
His, a larger subsection of the thiCEFSGH operon, thiFSGH-His (2.9 kbp), was
amplified and cloned into pET-24d(+). The resulting plasmid was named pRL1000.
pRL800 and pRL1000 were transformed into BL21(DE3), and the ThiH expression
level from these cells and from pRL400/BL21(DE3) (section 2.2.4) was compared at
28 °C (Figure 2.13).

The analysis of cleared lysates and pellets by SDS-PAGE showed that all the
samples produced comparable amounts of both ThiG and ThiH, regardless of the co-
expression with ThiFS or the presence of the hexahistidine tag in ThiH. ThiG and ThiF
have very close molecular weights (27 kDa), and ThiF was more clearly visible in the
insoluble fraction from pRL1000/BL21(DE3) (lane 9, Figure 2.13), just above ThiG.
ThiS (7 kDa) was not detected, as it either migrated too quickly or ran as a diffuse band
on the 15 % gel. However the expression of ThiS from pRL1000/BL21(DE3) was

indirectly confirmed by subsequent experiments described in section 4.2.4.

ThiH

ThiF,G

1 2 3 4 5 6 ™M 7 8 9 10 11 12

Figure 2.13. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-6) and
insoluble (lanes 7-12) proteins expressed from pRL400/BL21(DE3) (lanes 1-2, 7-8),
pRL800/BL21(DE3) (lanes 3-4, 9-10) and pRL1000/BL21(DE3) (lanes 5-6, 11-12) at

28 °C. The experiment was carried out in duplicate. M = molecular weight marker.
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These initial results seemed to indicate that ThiF and ThiS were not enhancing
the soluble expression level of ThiH. However, when the expression experiments were
scaled up, from 10 ml to 5 1 cultures, a dramatic difference between pRL800 and
pRL1000 became evident: whilst pRL800/BL21(DE3) cells grew poorly after the
induction, consistently yielding 5-15 g of cell paste, an improved yield of
pRL1000/BL21(DE3) biomass (25-30 g) could routinely be obtained.

In addition to the yield, samples of ThiGH-His complex isolated from
pRL80O/BL21(DE3) showed different characteristics from samples isolated from
pRL1000/BL21(DE3) (sections 3.2.2-3.2.5), suggesting that the presence of ThiFS was,
in some way, affecting the assembly of the ThiGH-His complex.

Two other plasmids, pRL820 and pRL1020 were subsequently obtained by
excising thiGH-His and thiFSGH-His from pRL800 and pRL1000, respectively, and
subcloning the fragments into Ncol/Xhol restricted pBAD/HisA (Figure 2.12). These
two plasmids were originally assembled solely to complete the series of pET- and
pBAD-derived plasmids. However, due to the comparable ThiGH-His expression level
and to a slightly improved yield in cell paste with respect to pRL1000/BL21(DE3),
pRL1020/BL21(DE3) became the expression system of choice for the large scale
production and subsequent purification of the ThiGH-His complex. pRL820 was not
routinely used for expression experiments, but it was found useful as intermediate in
the construction of pRL821 (section 2.2.6) (Figure 2.15), and a ThiGH-His sample
1solated from pRL820/BL21(DE3) was also characterised (sections 3.2.2 and 3.2.4).

Figure 2.14 summarises the main findings on ThiH (or ThiH-His) solubility as

influenced by the co-expression with other thiamine biosynthetic enzymes.
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78.0 kDa

42.7

Figure 2.14. Coomassie Blue stained 15 % SDS-PAGE gel of soluble proteins
expressed from pET-24d(+)/BL21(DE3) (lane 1), pBAD/HisA/BL21(DE3) (lane 2),
pRL200/BL21(DE3) (lane 3), pRL220*/BL21(DE3) (lane 4), pRL800/BL21(DE3)
(lane 5), pRL820/BL21(DE3) (lane 6), pRL1000/BL21(DE3) (lane 7) and
pRL1020/BL21(DE3) (lane 8) at 28 °C. M = molecular weight marker.

2.2.6. pRL821: Co-expression of ThiGH-His with the Isc Proteins

pRL821 was assembled to investigate the effect of the Isc proteins, IscSUA-
HscBA-Fdx (section 2.1), on the soluble expression level of ThiGH-His (Figure 2.15).
The plasmid harbouring iscSUA-hscBA-fdx, pMK400 (123), was constructed by Dr. M.
Kriek in our laboratory. Suitable restriction sites for subcloning this insert into a thiGH-
His-carrying plasmid were found in pRL820. The resultant pRL821 was transformed
into BL21(DE3). Figure 2.16 shows the proteins accumulated in pRL800/BL21(DE3)
and pRL821/BL21(DE3) cleared lysates and pellets, compared after two independent
large scale expression experiments. Due to the closeness of ThiH-His and IscS (45
kDa) molecular weights, it was not possible to estimate any potential difference in the
expression level of ThiH-His; ThiG expression level did not seem to have been

affected, but this protein is not expected to bear an Fe-S cluster.
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Figure 2.16. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-6) and
insoluble proteins (7-8) expressed from pRL800/BL21(DE3) (odd lanes) and
pRL821/BL21(DE3) (even lanes) at 28 °C. Samples in lanes 3-4 and 5-6 were 1:2 and

1:5 dilutions, respectively, of samples loaded on lanes 1-2. M = molecular weight

marker.
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As very little information could be obtained from the comparison of the
expression levels, ThiGH-His, expressed from pRL821/BL21(DE3) was purified and
characterised (sections 3.2.2-3.2.3). The difference in the amount of insoluble proteins
produced from pRL800/BL21(DE3) and pRL821/BL21(DE3) (lanes 7-8 Figure 2.16)
is highly likely to be due to the different promoter’s strength, and it was observed in
other experiments (section 2.2.1). With regard to the other enzymes encoded by
pRL821, the overall expression of these proteins is very similar to that reported by

Kriek and co-workers (123).

2.2.7 pRLI021: Co-expression of ThiFSGH-His with the Isc Proteins

pRL1021 was one of the last plasmids to be assembled (Figure 2.17). It was
obtained by restricting pRL1020 with Agel and Xhol to excise thiFSGH-His,
subsequently subcloned into similarly digested pMK400H (123).

Figure 2.17. Map of pRL1021. MCS = Multiple Cloning Site.
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Metabolic studies on thiamine biosynthesis in S. #yphimurium have provided
supporting evidence for the potential existence of an oxygen sensitive Fe-S cluster in
ThiH and for the role played by the Isc proteins in maintaining active ThiH for thiazole
biosynthesis (48,76). Therefore, the potential effect of reduced oxygenation on the
soluble expression level of ThiH-His from pRL1021/BL21(DE3) was investigated.
Cultures of pRL1021/BL21(DE3) (10 ml in 50 ml tubes) were induced when the ODgpo
reached 0.2 or 0.6 and immediately transferred to 15 ml capped tubes or left in 50 ml
capped tubes, to obtain partial anaerobic conditions during the following 5 h
incubation. The cells were then harvested and lysed to analyse the ThiGH-His
expression level. Taking ThiG as reference point (IscS and ThiH-His are not resolved
on the gel), SDS-PAGE analysis showed little influence on the expression level by

either aeration or induction point (Figure 2.18).
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Figure 2.18. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-4) and
insoluble (lanes 5-8) proteins expressed from pRL1021/BL21(DE3) at 28 °C. Cell
cultures were induced when ODgyy = 0.6 or ODggo = 0.2 as indicated, then moved to 50
ml tubes (lanes 1-3, 5-7) or to 15 ml tubes (lanes 4, 8). M = molecular weight marker.
The pellets were diluted several times before being loaded onto the gel and that it is

why the expression level of soluble and insoluble proteins seems comparable.
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pRL1021/BL21(DE3) was subsequently grown on a large scale to isolate and
analyse the ThiGH-His complex produced by this expression system (sections 3.2.2-
3.2.5).

araBAD

pRL13500
7521 bp

Xhol

Figure 2.19. Maps of pRL1300 and pRL1500, not to scale. MCS = Multiple Cloning
Site.
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2.2.8. pRLI300 and pRL1500: Expression of ThiCEFSGH-His and
ThiEFSGH-His.

The assembly of pRL1300 and pRL1500 (Figure 2.19) finally allowed the co-
expression of ThiH-His with all the proteins encoded by the thiCEFSGH (5.0 kbp)
operon. Proteins expressed from pRL1020/BL21(DE3), pRL1300/BL21(DE3) and
pRL1500/BL21(DE3), independently grown on a large scale, were analysed by SDS-
PAGE (Figure 2.20). Given that the protein concentration in the cleared lysates was the
same (4 mg/ml), the overall over-expression from pRL1500 appeared to be poor
(Figure 2.20, lane 3), and surprisingly, whilst ThiE (23 kDa) was produce as insoluble
protein from pRL1300, it was not produced at a detectable level from pRL1500.
Several subsequent attempts to assemble a plasmid over-expressing solely ThiE,
revealed that the over-production of this protein was undetectable from pBAD-derived
plasmids, whereas it was mainly produced as insoluble inclusion bodies from a pET-
derived plasmid (section 4.2.2). It is still unclear why ThiE was over-produced from a

pBAD-derived plasmid exclusively when co-expressed with ThiC.
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Figure 2.20. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1-3) and
insoluble (lanes 4-6) proteins expressed from pRL1020/BL21(DE3) (lanes 1, 4),
pRL1300/BL21(DE3) (lanes 2, 5) and pRL1500/ BL21(DE3) (lanes 3, 6) at 28 °C. M =

molecular weight marker.
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On the other hand, ThiC (Figure 2.20, lane 2) appeared to be relatively soluble,
whilst ThiG and ThiH-His solubility did not seem to have been improved by the co-
expression with ThiCEFS. The ThiGH-His complex was not isolated from
pRL1300/BL21(DE3) and pRL1500/BL21(DE3).

2.3. Summaryv and Conclusions

Several plasmids carrying thiH alone or in combination with other genes have
been assembled in the attempt of increasing the soluble expression level of ThiH.
Finding a suitable expression system for ThiH proved to be more difficult than
expected, since the variation of those parameters which normally affect the solubility of
a protein, i.e. strength of the promoter, temperature and bacterial strain, appeared to be
rather ineffective in the case of this protein. It was therefore necessary to consider other
strategies.

There is considerable literature precedent for the expression of poorly soluble
eukaryotic or bacterial proteins being improved by co-expressing them with the
GroEL/ES chaperon system or with TrxA. Therefore, this co-expression strategy
seemed to be a reasonable starting point and pRL221 and pRL222 were assembled.
Unfortunately the solubility of ThiH did not benefit from the presence of these
accessory proteins, indicating that neither a simple folding problem nor the formation
of undesirable disulphide bridges were the main cause of its insolubility.

The reported existence of a complex between two thiazole biosynthetic
enzymes, ThiF and ThiS, stimulated the assembly of pRL400, a plasmid encoding the
last two ORFs of the thiCEFSGH operon. The co-expression of ThiG and ThiH did
succeed in improving the solubility of ThiH, and represented the first step towards an
optimised expression system. After pRL400, all the plasmids subsequently assembled
encoded a hexahistidine-tagged ThiH, ThiH-His, starting from pRL800 which carried
thiGH-His. The evidence that the co-expression with ThiG was positively affecting
ThiH stability, led to the assembly of two other plasmids, pRL.821 and pRL1000. From
pRL821, ThiG and ThiH-His could be expressed together with the Isc proteins, which
had been shown to increase the solubility of some Fe-S cluster enzymes; from

pRL1000, ThiGH-His could be expressed together ThiF and ThiS. In both cases, the
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soluble expression level of ThiH-His did not seem to have been further improved,
although this was more difficult to estimate in the case of pRL821, due to the inability
of resolving IscS from ThiH-His by SDS-PAGE. Therefore ThiGH-His was isolated
from different expression systems and characterised, as described in Chapter 3. Large
scale expression experiments and analysis of purified ThiGH-His samples highlighted
differences, amongst the expression systems, which could have never been revealed by
a simple SDS-PAGE analysis of proteins derived from small scale expression
experiments. From these experiments, pRL1000/BL21(DE3) and
pRL1020/BL21(DE3), both over-expressing ThiFSGH-His, emerged as the best
expression systems.

ThiH-His soluble expression level was not further increased even when this
protein was over-expressed from pRL1021, pRL1300 and pRL1500, harbouring
thiFSGH-His-iscSUA-hscBA-fdx, thiCEFSGH-His and thiEFSGH-His, respectively.
Amongst these systems, the ThiGH-His complex was isolated and characterised only
from pRL1021/BL21(DE3). In conclusion, pRL1020/BL21(DE3) remains the best
source of soluble ThiGH-His.

50



Chapter 3.

Isolation and Initial Characterisation of the ThiGH-His

Complex

3.1. Introduction

The expression studies described in Chapter 2 led to the finding that the
solubility of ThiH (or ThiH-His) could be increased by co-expressing this protein with
ThiG. Several plasmids were also assembled to allow the co-expression of ThiGH-His
with other thiamine biosynthetic enzymes (section 2.2.5) or with the Isc proteins
(sections 2.2.6 and 2.2.7). With the purpose of characterising ThiH-His and to
investigate whether the presence of these proteins affected the properties of the
enzyme, ThiGH-His were over-expressed from different expression systems and
isolated under anaerobic conditions. During the purification procedure ThiG was
consistently found to co-elute with ThiH-His, suggesting the formation of a potential
ThiGH-His complex. Furthermore, the availability of purified samples of ThiH-His
allowed, for the first time, investigation of the potential Fe-S cluster by metal and
sulphide analyses and by UV-visible and EPR spectroscopies.

In this chapter data are presented to demonstrate that ThiH-His is a novel Fe-S
protein able to form a large hetero-multimeric complex with ThiG. Some of these data

have already been published in (83).

3.2. Results and Discussion

3.2.1. Aerobic Purification of ThiH from pRL400

The first attempts to isolate ThiH from the cleared lysate of
pRLA00/BL21(DE3), over-expressing ThiG and ThiH (section 2.2.4), were carried out

under aerobic conditions. ThiH was partially purified by ion exchange chromatography
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(Figure 3.1), followed by desalting through gel filtration (Figure 3.2), and further
purification through hydrophobic interaction chromatography (Figure 3.3) (section
7.5.1). After the third chromatographic step, ThiH eluted from the Source Phe column
was still impure and mainly contaminated by a protein with a molecular weight very
close to that of ThiG (27 kDa). During the screening of a range of dye affinity media, to
which a protein can bind either because of substrate/cofactor similarities or through
hydrophobic or ion exchange interactions, ThiH was found to bind to Blue Sepharose
CL-6B resin (Sigma), which was therefore used to further purify the protein eluted
from the previous steps (section 7.5.1). SDS-PAGE analysis of the eluate (Figure 3.4)

revealed that, even though most of the 26 kDa protein was removed during the

washing, the residual amount was distributed through fractions containing ThiH.

FT WIW2M 18 21 24 26 28 30 32 34 36 38 M40 42 44 46 49 55

Figure 3.1. Ion exchange chromatography. Coomassie Blue stained 15 % SDS-PAGE
gels of proteins eluted from the Q-Sepharose column. FT = flow through, W1, W2 =
washings; M = molecular weight marker. The numbers correspond to fraction numbers.
Fractions 37-43 were pooled, concentrated and applied to a gel filtration column

(Superdex 200, Figure 3.2).
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Figure 3.2. Gel filtration chromatography. Coomassie Blue stained 15 % SDS-PAGE
gels of proteins eluted from the Superdex 200 (S-200) column. M = molecular weight
marker. The numbers correspond to fraction numbers. Fractions 33-40 and 41-45 were

separately pooled and applied to a Source Phe column (Figure 3.3).
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Figure 3.3. Hydrophobic interaction chromatography. Coomassie Blue stained 15 %
SDS-PAGE gels of fractions eluted from the column Source Phe column. A:
purification of fractions 33-40 from the S-200 column (Figure 3.2). B: purification of
fractions 41-45 from the S-200 column. M = molecular weight marker. The numbers
correspond to fraction numbers. Fractions 19-25 from both purifications were pooled

and applied to the Blue Sepharose column (Figure 3.4).
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Figure 3.4. Affinity chromatography. Coomassie Blue stained 15 % SDS-PAGE gels
of fractions eluted from the Blue Sepharose column. W = washing; M = molecular

weight marker. The numbers correspond to fraction numbers.

Despite the fact that aerobically purified ThiH was never obtained in high yields
or with a high purity, these experiments allowed two interesting observations. Firstly,
fractions containing ThiH were characterised by a pale brown colour which tended to
fade over time; secondly, the 26 kDa protein co-eluted with ThiH through several
chromatographic steps.

Fe-S cluster proteins are normally coloured because of their characteristic
absorbance between 400 and 500 nm; more specifically they tend to be dark reddish-
brown if containing [4Fe-4S] or [3Fe-4S] clusters (142-144) or deep red if containing
[2Fe-2S] clusters (87,107,145). Most of these proteins, then, undergo cluster
degradation when treated with an oxidant such as K3;[Fe(CN)g] (107,146), or following
exposure to air (105,145). Thus the short-lived brownish colour of the ThiH-containing
fractions provided the first piece of evidence supporting the potential existence of an
Fe-S cluster in the protein, and led to the development of an anaerobic purification
protocol.

The persistent co-elution of the 26 kDa protein with ThiH was intriguing, and
the potential formation of a ThiGH complex certainly deserved further investigation.
Therefore, with the objective of facilitating the isolation and subsequent
characterisation of ThiH alone or in a complex, it was decided to append a

hexahistidine tag to the C-terminus of the protein and to express it as ThiH-His.
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3.2.2. Anaerobic Purifications of ThiGH-His

ThiH-His was over-expressed from BL21(DE3) cells transformed with pRL800,
820, 821, 1000, 1020 and 1021 (Chapter 2). Depending on the expression system,

variable yields in cell paste were obtained (Table 3.1).

Expression System Cell Paste Yield (g/5 1 cultures)
[vector/BL21(DE3)]

pRL&OO 5-15

pRL820 27-28

pRL821 ~30

pRL1000 25-30

pRL1020 28-32

pRL1021 27*

Table 3.1. Cell paste yields obtained from different ThiGH-His expression systems.

* Grown just once.

ThiH-His and any associated protein were isolated under anaerobic conditions
(< 2 ppm O;) by nickel affinity chromatography immediately followed by a gel
filtration step (section 7.5.2). Purified ThiH-His proved to be a very unstable protein
with a marked tendency to precipitate. The use of buffers containing glycerol and a
relatively low NaCl concentration, as well as the prompt removal of the imidazole by
gel filtration, helped to prevent precipitation. Due to this instability, safe long term
storage of purified samples at —80 °C required the addition of extra glycerol to a final
concentration of 25 % (w/v), and a ThiH-His concentration not exceeding 6-7 mg/ml.
This optimised purification protocol typically yielded 30-50 mg of ThiH-His (with
variable amounts of ThiG) from about 30 g of cell paste.
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ThiH-His was anaerobically isolated for the first time from
pRL800/BL21(DE3). Rather surprisingly, SDS-PAGE analysis of the proteins isolated
from this system by the affinity chromatography, showed the presence of the 26 kDa
protein (Figure 3.5) already observed during the aerobic purification of ThiH (section

3.2.1).

Ry = . 4 78.0KDa
A B i

® Thil-Hy —~ - weooeew - .

s -

g THIC —= W o £ 30.0

- 172

% o 123

FTW1 3 5 7 9 11 13 15 17 19 21 23 M

; W kDa

- - - ”7'—-. o e —ThiH-His
B | ' 300 - ;

‘ e ae w *ThiG
B o TR ok G R 5 T : .
N " :
From fract. 16-21 432  From fract. 13-15+
123 - 22-24

234 5 6 7 8 M2 3 4 5 6 7

Figure 3.5. Purification of ThiGH-His from pRL800/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight
marker. The numbers correspond to fraction numbers. Fractions 16-21 and 13-15 + 22-

24 from the nickel-chelating column were separately pooled and gel filtered.

N-terminal sequencing of that band revealed that the first seven amino acids
corresponded to the ThiG sequence. The identity of the protein was later confirmed by

ESI-MS analysis (Figure 3.6) of a ThiGH-His sample isolated from pRL1020 (Figure
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3.11), which showed the presence of two species with masses consistent with those
expected for ThiH-His (found 44140.9 Da, calculated 44143.0 Da) and ThiG (found
26889.4 Da, calculated 26896.1 Da). Despite being co-expressed with ThiGH-His,
neither ThiF nor ThiS were detected in that sample, indicating the potential formation

of a complex constituted solely by ThiG and ThiH-His.

100+ 44140.9
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Figure 3.6. ESI-MS of ThiGH-His isolated from pRL1020/BL21(DE3).

ThiG and ThiH-His were then isolated from pRL821/BL21(DE3) cells grown in
2YT medium supplemented with FeSO; (0.4 mM) immediately after the induction
(section 7.5.2). During the elution of ThiH-His from the nickel-chelating column, two
sets of equally concentrated fractions, named A and B and different in colour, were
observed; they were separately pooled and each pool desalted and concentrated (Figure
3.7). Batch A was blackish and darker than batch B. SDS-PAGE analysis revealed the
presence of a 23 kDa protein in both batches, but slightly more abundant in batch A.
Interestingly, the same protein was also detected in purified ThiGH-His samples

isolated from pRL1021/BL21(DE3) grown without exogenously added iron (Figure
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3.8), and occasionally, with a much weaker intensity, in samples isolated from other
expression systems. Batches A and B were further analysed by analytical gel filtration

chromatography (section 3.2.3).
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Figure 3.7. Purification of ThiGH-His from pRL821/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight
marker. A = concentrated and gel filtered batch A; B = concentrated and gel filtered
batch B. The numbers correspond to fraction numbers. Fractions 11-15 (batch A) and
15-21 (batch B) from the nickel-chelating column were separately pooled and gel
filtered.
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Figure 3.8. Purification of ThiGH-His from pRL1021/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight

marker. The numbers correspond to fraction numbers. Fractions 15-20 from the nickel-

chelating column were pooled and gel filtered.

Figures 3.5, 3.9, 3.10 and 3.11 show the elution profile of ThiG and ThiH-His
isolated from pRL800, 820, 1000 and 1020 in BL21(DE3), respectively.
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Figure 3.9. Purification of ThiGH-His from pRL820/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight
marker. The numbers correspond to fraction numbers. Fractions 15-21 from the nickel-

chelating column were pooled and gel filtered.

The amount of ThiG associated with ThiH-His after the two chromatographic
steps is clearly different between the ThiGH-His and ThiFSGH-His over-expressing
systems (Figure 3.12). This amount was estimated by gel densitometry and found to be
approximately 0.2 and 1.0 mol equivalents of the ThiH-His, respectively. Since these
results were highly consistent amongst vectors carrying identical inserts, one possible

explanation is that the presence of tAiFS in the plasmid favoured the association of
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ThiG and ThiH-His, although it is still unclear whether ¢hiFS is affecting the synthesis
or stability of the mRNA, or whether there is a direct interaction amongst the expressed
proteins. Both SDS-PAGE and ESI-MS analyses, however, seemed to rule out the
presence of ThiF and ThiS proteins in purified ThiGH-His samples isolated from
pRL1000/BL21(DE3) and pRL1020/BL21(DE3).
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Figure 3.10. Purification of ThiGH-His from pRL1000/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight
marker. The numbers correspond to fraction numbers. Fractions 11-17 from the nickel-

chelating column were pooled and gel filtered.
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Figure 3.11. Purification of ThiGH-His from pRL1020/BL21(DE3). Coomassie Blue
stained 15 % SDS-PAGE gels of proteins eluted from A: nickel-chelating column and
B: gel filtration column. FT = flow through; W = washing; M = molecular weight
marker. The numbers correspond to fraction numbers. Fractions 13-19 from the nickel-

chelating column were pooled and gel filtered.
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Figure 3.12. Coomassie Blue stained 15 % SDS-PAGE gel of purified ThiGH-His
samples isolated from pRL800/BL21(DE3) (lane 1), pRL1000/BL21(DE3) (lane 2) and
pRL1020/BL21(DE3) (lane 3). M = molecular weight marker.

3.2.3. Analytical Gel Filtration Chromatography

As mentioned in the previous section, the ratio of ThiG to ThiH-His in purified
protein samples was observed to vary. As a result of this variation, and unless
otherwise stated, the term ‘ThiGH-His’ is used to indicate the total amount of protein,
without defining the proportion of ThiG and ThiH-His associated in the complex.

ThiGH-His samples were analysed by analytical gel filtration chromatography,
under anaerobic conditions, to gain further information on the size of the potential
complex. Samples were applied to an S-200 HR 10/30 pre-packed column (AP
Biotech) (section 7.5.3) and protein elution monitored at 280 and 420 nm to
simultaneously detect the absorption due to aromatic residues and to the presence of
potential Fe-S clusters, respectively. Fractions were collected during the elution and
subsequently analysed by SDS-PAGE. Figures 3.13 and 3.14 show the chromatograms
and the correspondent SDS-PAGE gels obtained from the gel filtration of ThiGH-His
samples isolated from pRL800 and pRL1000 in BL21(DE3), respectively. In both cases

ThiH-His was eluted at t ~23 min in a complex with ThiG and at t ~30 min as a

monomer.
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Figure 3.13. Analysis of ThiGH-His isolated from pRL800/BL21(DE3) by analytical
gel filtration chromatography. Chromatogram and Coomassie Blue stained 15 % SDS-
PAGE gel of fractions eluted from the S-200 HR column. The trace labelled ‘420 nm,
10 X sens.” was mathematically obtained from the trace ‘420 nm, 1 X sens.” by
multiplying by 10 the corresponding values. M = molecular weight marker. The
numbers correspond to the fraction numbers and to the retention time of the eluted

proteins. Original data from HPLC file: HPLC\Methods\S200gf.061.

64



29.5
|

>
£
qw; 195 =280 nm
5 ] 420 nm, 10 X sens.
<%
m
®
(14
S
" RO
2
®
(a]
05 — '
15 40
Thil-His — s @ih e s Qg @ - .
. Lo - 300
ThiG — e iy w- =
o g2

22 24 26 28 30 32 34 36 38minMP 123

Figure 3.14. Analysis of ThiGH-His isolated from pRL1000/BL21(DE3) by analytical
gel filtration chromatography. Chromatogram and Coomassie Blue stained 15 % SDS-
PAGE gel of fractions eluted from the S-200 HR column. M = molecular weight
marker. The numbers correspond to the fraction numbers and to the retention time of

the eluted proteins. Original data from HPLC file: HPLC\Methods\S200gf.010.
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By comparison with standard proteins of known size, the retention time of 23
min was found to correspond to an apparent molecular weight of >400 kDa, thus
suggesting the formation of a large multimeric complex, seemingly constituted by
equal amounts of ThiG and ThiH-His; the retention time of 30 min corresponded to an
apparent molecular weight of 44 kDa, perfectly consistent with the actual size of ThiH-
His. The proportion of ThiGH-His complex was variable and limited by the amount of
ThiG, thus being very low (< 10 %) in samples isolated from pRL800 and
pRL821/BL21(DE3), and much higher (50-80 %) in samples isolated from pRL1000
and pRL1020/BL21(DE3) (section 3.2.2). The chromatograms also showed that both
the complex and monomeric ThiH-His absorbed at 420 nm, consistent with the
presence of an Fe-S cluster in this protein. By gel filtering a ThiGH-His sample [from
pRL1000/BL21(DE3)] on a preparative scale, the portion of ThiH-His present as a
monomer was separated from that associated with ThiG and the iron content of both
fractions assayed (section 3.2.4, Table 3.2).

As mentioned in section 3.2.2, during the anaerobic purification of the ThiGH-
His expressed from pRL821/BL21(DE3), two differently coloured samples containing
a 23 kDa impurity and named batch A and B, were isolated. Analysis by gel filtration
chromatography and SDS-PAGE of batch B gave very similar results to those shown in
Figure 3.13; analogous analysis of batch A provided clues on the nature of the 23 kDa
protein. This protein was eluted from the S-200 HR column together with high
molecular weight proteins in fractions showing a very strong absorption at 420 nm
(fractions 22-26, Figure 3.15), thus explaining the dark colour of the batch. Although
the high molecular weight proteins could have contributed to the absorption at 420 nm,
these 60-70 kDa proteins were also eluted in colourless fractions from other
purifications (Figure 3.9 A, fractions 7-11); therefore it seemed more likely that the
chromophore absorbing at that wavelength was associated with the 23 kDa protein. N-
terminal sequencing of the protein and a database search based on the knowledge of the
first seven residues (SHHHEGL) identified a hypothetical protein, YqjI containing
eleven histidines in a sequence of forty residues, and thus explaining the high affinity
for the nickel-chelating column. At first it was hypothesised that the high expression
level of this protein might have been promoted by the addition of FeSOj4 to the culture

medium (section 3.2.2). However, the persistency of the band even after the elimination
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of exogenously added iron, and above all, the fact that is was virtually absent in
ThiGH-His samples isolated from other expression systems, led to the conclusion that
this small protein might be related to the Isc proteins encoded by both pRL821 and
pRL1021. The nature of this correlation is presently unclear as the function of the

protein is thus far unknown.
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Figure 3.15. Analysis of ThiGH-His isolated from pRL821/BL21(DE3), batch A, by
analytical gel filtration chromatography. Chromatogram and Coomassie Blue stained
15 % SDS-PAGE gel of fractions eluted from the S-200 HR column. The trace labelled
‘420 nm, 10 X sens.” was mathematically obtained from the trace ‘420 nm, 1 X sens.’
by multiplying by 10 the corresponding values. M = molecular weight marker. The
numbers correspond to the fraction numbers and to the retention time of the eluted

proteins. Original data from HPLC file: HPLC\Methods\S200g£.004.
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3.2.4 Metal and Sulphide Analyses

ThiGH-His samples isolated from different sources (section 3.2.2) were
analysed for iron and sulphide content by the methods of Fish and Beinert (147,148),
respectively (section 7.5.4) (Table 3.2). The presence of iron and other metals such as
zinc and nickel was also investigated by ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectroscopy), which independently confirmed the estimation of the
iron content by the method of Fish. We are very grateful to Dr. N. Shaw (Lonza,
Switzerland) for the ICP-AES analysis.

ThiGH-His from §% Fe Fe (AES) Ni(AES) Zn (AES)
[vector/BL21(DE3)] mol/mol ThiH-His
pRLSOO 0.69 £ 0.02 0.45 +0.05 0.45 1+ 0.01 0.039 £ 0.001 0.33 £0.05
pRL820 2.31 £0.08 0.87 £ 0.02 0.95 <0.1 <0.1
pRLl 000 2.32 £ 0.06 0.91 +0.03 0.95 <0.1 <0.1
pRL102O 1.87 £0.09 0.96 £0.03 0.90 £ 0.01 0.044 £ 0.005  0.22+£0.05
pRL1021 24+0.1 1.36 £ 0.03 1.28 <0.2 0.2+0.1
pRL1000, M* 150 £0.04  0.57+0.02 - - -
pRL1000, C * 2.8+0.2 0.87 £ 0.02 - - -

Table 3.2. Sulphide and metal content of ThiGH-His samples isolated from different
expression systems. The S* and Fe values represent the mean of three independent
measurements + SD. Where possible, the measurements of Fe, Ni and Zn by ICP-AES
were obtained in duplicate and they are expressed as mean + SD.

* M = ThiH-His monomer and C = ThiGH-His complex. M and C were obtained by gel
filtration of a purified sample of ThiGH-His (section 7.5.3). The iron and sulphide
content of that specific sample was 0.86 + 0.03 and 2.18 + 0.07 mol/mol ThiH-His,

respectively.
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Based on the data so far presented and also on the lack of an Fe-S cluster
binding motif in ThiG (section 1.3.3), it is probably correct to assume that this protein
did not contribute to the metal content of the samples.

Table 3.2 shows that all the samples contained iron and inorganic sulphide thus
supporting, together with the brownish colour and the absorption at 420 nm, the
existence of an Fe-S cluster in ThiH-His. In particular, the colour was consistent with
the presence of a [3Fe-4S] or [4Fe-4S] cluster, or even a mixture of the two species
(143,144). Despite the fact that the proteins were isolated under anaerobic conditions,
all the ThiGH-His samples contained sub-stoichiometric amounts of iron and sulphide,
typically 1 Fe and 2 S atoms per ThiH-His polypeptide chain. Therefore only about 25
% of ThiH-His could contain a potential [4Fe-4S] cluster. The isolation of proteins with
just a fraction of their intact clusters is not uncommon and it is mainly due to oxidative
degradation which might occur either during the expression or purification procedure
(141,143,149).

The analysis of samples from different expression systems allowed some
interesting observations. For example, ThiH-His isolated from pRL800/BL21(DE3)
contained the lowest iron and sulphide content. This was initially interpreted as a result
of the lower amount of ThiG present in the corresponding ThiGH-His sample (section
3.2.2), as ThiG could have shielded and protected, in some way, the cluster in ThiH-His
from degradation. However, samples isolated from pRL820/BL21(DE3) with an
equally low content in ThiG, and also pure ThiH-His monomer, contained more iron
and definitely more sulphide than ThiGH-His from pRL800/BL21(DE3), thus
indicating that there was no direct correlation between the ThiG content of the complex
and the iron content in ThiH-His. The low content in iron and sulphide of ThiGH-His
samples isolated from pRL800/BL21(DE3), and the poor yield in cell paste (Table
3.1), may be a consequence of the conspicuous production of inclusion bodies from this
expression system (Figure 2.16, lane 7), which could not only overwhelm the Fe-S
cluster biosynthetic machinery but ultimately become toxic for the cells themselves.

Conversely, ThiH-His isolated from pRL1021/BL21(DE3) contained the
highest iron and sulphide content, hence suggesting that the expression with the Isc

proteins might have assisted and promoted the cluster assembly in the protein.

However, the ThiGH-His sample analysed contained a 23 kDa impurity (Figures 3.7
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and 3.8) which probably bears a strong chromophore (section 3.2.3) and this might
have contributed to the iron balance, therefore these data alone are not conclusive on
the effect of the Isc proteins on the iron content in ThiH-His.

ICP-AES analysis of nickel and zinc in the samples indicated that the residual
amount of nickel (from the nickel-chelating column) was negligible. Some zinc, which
may have been bound adventitiously, was also detected but, presently, there is no

evidence suggesting any structural or catalytic role for this metal in the thiazole

biosynthesis'.

3.2.5 Spectroscopic Properties of the Complex

Figure 3.16 shows the UV-visible spectra of as isolated and equally
concentrated ThiGH-His samples and pure ThiGH-His complex. The spectrum of
ThiH-His monomer is shown in Figure 3.17.

These spectra, recorded in air tight cuvettes, exhibit absorption maxima in the
range 390-410 nm characteristic for sulphide-to-iron charge transfers within Fe-S
centres (g = 4000-7000 M ¢cm™) (87,107), and a shoulder at 340 nm. Slight differences
in the position of the maxima or in the relative intensity of the shoulder at 340 nm,
amongst samples isolated from different sources, are not necessarily significant and
might be due to subtle oxidative effects. Conversely, the intensities of the absorption
maxima between 390 and 410 nm seem to be consistent with and to reflect the iron
content of the samples (section 3.2.4). The spectra resemble those reported for LipA
and PfIAE, and are consistent with the presence of a mixture of [3Fe-4S] and [4Fe-4S]
clusters (143,144).

! The effect of the addition of Zn®" (50 uM) on the in vitro thiazole synthase activity (Chapter 6) of
reaction mixtures containing de-repressed pRL1020/83-1 proteins, purified ThiGH-His, Tyr, ATP and
Hmp, was investigated. The presence of the metal halved the activity (11 pmol/mg of protein/h),
probably as a result of the ThiGH-His inactivation or inhibition.
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Figur 3.16. UV-visible spectra of ThiGH-His samples and ThiGH-His complex. The
ThiH-His concentration in all the samples was 3 mg/ml. Spectra were recorded in 50

mM Tris-HC1, S mM DTT, 25 % (w/v) glycerol.
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Figure 3.17. UV-visible spectrum of ThiH-His monomer, 1 mg/ml in 50 mM Tris-HCl,
5 mM DTT, 25 % (w/v) glycerol.
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Fe-S clusters can easily interconvert, depending on the oxidising or reducing
conditions (107,142,145,146,150), undergo conversion from the free to the protein-
bound form (107) and also oxidative degradation (105) (Figure 3.18). Therefore, with
the purpose of confirming the presence of an oxygen sensitive prosthetic group, the

effect of exposing ThiGH-His to air was investigated.

Reducing Conditions
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Figure 3.18. Interconversion between Fe-S clusters. Reducing conditions favour the
conversion from a [2Fe-2S] to a [4Fe-4S] proceeding through the incorporation of
endogenous or exogenous iron and sulphide; oxidising conditions, instead, promote the
degradation of [4Fe-4S] to [2Fe-2S] clusters with loss of iron and sulphide. [3Fe-4S]
clusters are probable formed as stable intermediates during of the interconversion
between [2Fe-2S] and [4Fe-4S] clusters. Extreme oxidising conditions can also cause
complete cluster destruction. The EPR active oxidation states of the clusters have been

underlined.

A protein sample was transferred to an uncapped cuvette and UV-visible spectra

recorded every hour for 7 hours. Within the first two hours of exposure, the absorption
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at 410 nm decreased rapidly, indicating cluster oxidation and probably degradation (87)
(Figure 3.19). After 2 hours, the UV-visible spectra remained virtually unchanged;

however, samples exposed to air overnight, precipitated.
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Figure 3.19. UV-visible spectra of ThiGH-His (4-5 mg/ml in ThiH-His) from
pRL800/BL21(DE3) before and after exposure to air. The cuvette containing the
sample was uncapped, mixed and spectra recorded every hour until the trace did not
exhibit any further change (7 h). The spectra were recorded in 50 mM Tris-HCI, 5 mM
DTT, 25 % (w/v) glycerol.

Besides undergoing oxidation, Fe-S clusters can also be reduced by dithionite or
by 5-deazaflavin plus irradiation (87,88,107,143,151,152). The ultimate reduced state
for a [4Fe-4S] cluster is the +1 which is EPR active and UV-visible featureless
(143,153). Figure 3.20 shows the changes in the absorption at 410 nm of a ThiGH-His
sample incubated with 5-deazaflavin (DAF) and irradiated with a commercial light
projector for 45 min: very similar spectra were obtained for photoreduced aconitase

containing a [4Fe-4S]" (154).
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Figure 3.20. UV-visible spectra of ThiGH-His from pRL1020/BL21(DE3) (6 mg/ml in
ThiH-His) in 50 mM Tris-HCl, 5 mM DTT, 25 % (w/v) glycerol. The sample was
anaerobically incubated with 5-deazaflavin (33 pM) and irradiated for 45 min with a
light projector. The cuvette was then uncapped, mixed, returned to the glove box and

the spectrum recorded after 30 min.

At the end of the incubation time the ThiGH-His sample was almost colourless.
As for other Fe-S proteins, the process was reversible and exposure to air restored the
initial UV-visible trace (146,152). Taken together, these results strongly suggested the

presence of an Fe-S cluster in ThiH-His.
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The presence of an Fe-S centre in ThiH-His was then independently confirmed
by EPR. The EPR spectra of ThiGH-His isolated from pRL1020/BL21(DE3) were
recorded and analysed by Prof. D. J. Lowe and Dr. S. A. Fairhurst (John Innes Centre,
Norwich) (83) and are shown in Figure 3.21.
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mT
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Figure 3.21. X-band EPR spectra of ThiGH-His (114 uM in ThiH-His) isolated from
pRL1020/BL21(DE3). A: as isolated; B: after reduction with dithionite (1 mM, 30

min).

The spectrum of the as isolated protein showed a signal typical of a [3Fe-4S]
cluster (Figure 3.21, A) which integrated to 0.7 uM; upon reduction with dithionite a
new signal, characteristic of S = 1/2 species and consistent with a [4Fe-4S]” cluster (g,

=2.02 and g; =1.91) appeared (Figure 3.21, B). This signal integrated to 1.1 uM. As
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ThiH-His (5 mg/ml, 114 uM) contained roughly 1 Fe/polypeptide chain, about 6 % of

the clusters present in the protein were detectable by EPR.

2++
]

The reductant-induced conversion of cluster states to [4Fe-4S seems to be a

quite common property to the radical SAM enzymes (84,94) (section 1.3.3), and the
EPR spectra of as isolated and reduced ThiH-His are very similar to those of spore
photoproduct lyase (151), LipA (88) and ArrAE (152), which are some of the
characterised members of the radical SAM superfamily. Sequence homology searches
by iterative profile methods (84) had identified ThiH as a potential family member, due
to the presence of a conserved cysteine triad (CxxxCxxC) in its sequence. Interestingly,
this classification of ThiH preceded the characterisation of the enzyme and the
demonstration that it actually contains an Fe-S cluster (83). In fact, all the so classified
radical SAM enzymes, have been shown or are predicted to be Fe-S proteins requiring
S-adenosylmethionine to catalyse Fe-S cluster-mediated radical reactions initiated by
the formation of a 5’-deoxyadenosyl radical. Despite the fact that the role of the cluster
in ThiH remains to be elucidated, there is evidence supporting the SAM requirement
for in vitro thiazole biosynthetic activity of E. coli cell-free extracts containing purified
ThiGH-His (Chapter 6). Further spectroscopic characterisation of the cluster in ThiH is
required to substantiate the hypothesis of the involvement of a radical mechanism in the

biosynthesis of the thiazole moiety of vitamin B; in E. coli.

3.2.6 In Vivo Activity of the ThiH-His Expressed from pRL1020/BL21(DE3)

The expression of ThiH as a hexahistidine-tagged protein did certainly facilitate
its isolation and characterisation. The presence of a (His)s tag does not normally
interfere with the spectroscopic features or activity of the proteins to which it is
appended (81,88,107,141). In the case of ThiH-His this was verified by investigating its
ability to complement 4iH ~ mutants in vivo. E. coli KG33 cells are auxotrophic for the
thiazole moiety of vitamin B; and are known to contain a lesion in ThiH (39). These
cells, transformed with pRL1020 showed a vigorous growth on thiamine deficient
medium, whilst the same cells transformed with pBAD/HisA (control plasmid) grew

poorly (Figure 3.22). These complementation experiments indicated that ThiH-His
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encoded by pRL1020 was active, thus allowing the KG33 cells to produce the thiazole

and therefore thiamine.

Figure 3.22. Complementation experiment. 5 tenfold serial dilutions of
pBAD/HisA/KG33 and pRL1020/KG33 cultures (ODggo ~ 1.3) were plated onto TPP-
free selective solid medium containing arabinose, Tyr, Cys and Hmp. The plate was

incubated at 37 °C for 36 h.

3.2.7 Chemical and Enzymatic Reconstitution Experiments

The biogenesis of iron-sulphur clusters is a complex process which requires a
consortium of conserved proteins, the Isc proteins (section 2.1), to assemble and insert
these prosthetic groups into specific targets. However protein-bound [2Fe-2S] and

[4Fe-4S] clusters can be formed in vitro by reconstitution reactions in which the apo-
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protein is incubated with excess iron and sulphide (5-10 molar excess) under anaerobic
conditions (91,102,155,156). The yield of this reaction varies from protein to protein;
for example, [4Fe-4S] cluster proteins such as BioB and LipA can be fully
reconstituted to contain about 4 Fe/polypeptide chain (87,107), whilst reconstituted
ArrAE and MiaB contain only 2-3 Fe/polypeptide chain (99,141).

The Isc proteins were purified by Dr. T. Ziegert in our laboratory (157).
Attempts to reconstitute ThiH-His were carried out either by the traditional chemical
method (102,107,156) or enzymatically, by incubating ThiGH-His with just IscS or
with IscSUA, HscBA and Fdx, in the presence of cysteine and iron. The chemical and
enzymatic methods were more or less equally efficient, and apparently reconstituted
ThiGH-His samples were found to contain 2-3 Fe/monomer. However, it must be
pointed out that at the time these experiments were carried out, suitable analytical
spectroscopic techniques were not available to confirm that all the iron and sulphide
had been successfully included in a functional Fe-S cluster. In the case of ThiGH-His,
this analysis would have been extremely useful, since the presence of glycerol in the
reaction mixture caused the formation of colloidal FeS, which could have been
adsorbed on the surface of the protein and not easily removed even after EDTA
treatment and gel filtration. In fact, control experiments in which BSA (a protein that
does not contain a natural Fe-S cluster) was incubated with iron and sulphide in the
presence of glycerol, followed by EDTA treatment and gel filtration, showed that
(presumably) colloidal FeS had become associated with the protein, which exhibited
UV-visible features very similar to those of a real Fe-S cluster protein.

Since the glycerol, which could not be removed as it was essential for the
stability of the protein (section 3.2.2), seemed to interfere with the procedure, no

further attempt to reconstitute ThiH-His was made.
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3.3 Summaryv and Conclusions

ThiH (or ThiH-His) was isolated from ThiGH over-expressing systems under
both aerobic and anaerobic conditions. A 26 kDa protein, subsequently identified as
ThiG by ESI-MS and N-terminal sequencing, was found to co-elute with ThiH under
either conditions, suggesting the formation of a relatively stable complex. Due to the
bleaching of aerobically purified ThiH samples, an anaerobic purification protocol was
developed to avoid oxidative degradation of the potential Fe-S cluster in the protein.
Anaerobically purified ThiH-His had a persistent, stable brownish colour but showed a
marked tendency to precipitate, and could only be concentrated and frozen in the
presence of high glycerol concentrations.

ThiH-His anaerobically isolated from different expression systems, was found
to co-elute with different amounts of ThiG, and an almost 1:1 ThiGH-His mixture
could be routinely obtained from ThiFSGH-His over-expressing systems such as
pRL1000 and pRL1020/BL21(DE3). Neither ThiF nor ThiS were detected in purified
ThiGH-His samples isolate from these sources, but the presence of these proteins or of
the correspondent genes in pRL1000 or pRL1020, allowed the recovery of larger
amounts of potential ThiGH-His complex. The properties of the ThiGH-His complex
were confirmed by analytical gel filtration chromatography, and the size of the complex
estimated to be approximately 400 kDa.

Elemental analysis was used to quantify the amount of iron and sulphide present
in ThiGH-His samples from several sources. Despite the fact that these samples were
isolated under anaerobic conditions, approximately 1Fe and 2S per ThiH-His
polypeptide chain were retained, thus indicating partial oxidative cluster degradation.
However, the remaining Fe-S clusters could be detected by UV-visible and EPR
spectroscopies, which indicated that ThiH-His contained a mixture of [3Fe-4S] and
[4Fe-4S] clusters. Unfortunately, the data currently available are not sufficient to
determine which one of these species is important for the biological activity of the
protein, although as a potential radical SAM enzyme, ThiH-His might be expected to
require a reduced [4Fe-4S]" cluster to participate in the biosynthesis of the thiazole.

Finally, a complementation experiment using cells containing a mutation in

thiH, showed that ThiH-His encoded by pRL1020 is active in vivo.
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The data presented in this chapter demonstrated for the first time that ThiH is an
Fe-S cluster protein which can be isolated in a large complex with ThiG. The initial
hypothesis that ThiG might provide some protection of the Fe-S cluster in ThiH-His
was discredited by the metal analysis of different ThiGH-His samples, which revealed
similar iron contents in samples with different ThiG contents, and by the co-elution of
ThiG and ThiH-His during the aerobic purification, which suggested that this complex
could potentially exist even under conditions which do not favour the integrity of the
cluster. The elucidation of the function of the cluster in ThiH and of the nature and
purpose of the interaction between ThiG and ThiH in the thiazole formation, awaits

further structural and biochemical analysis.
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Chapter 4.

Expression of Thiamine Biosynthetic Enzymes and

Synthesis of Thiamine Precursors

4.1. Introduction

As described in Chapter 1 (sections 1.3.2 and 1.3.3), the biosynthesis of the
thiazole ring of vitamin B from the precursors Tyr, Cys and Dxp requires at least six
enzymes, ThiFSGH, Thil and IscS. Once assembled, the Thz-P is coupled to Hmp-PP
by ThiE to yield thiamine monophosphate (TP). The pyrimidine moiety of thiamine is
biosynthesised through an independent pathway and is activated as the pyrophosphate,
Hmp-PP, by ThiD (Scheme 4.1).

HO OPO,*
) : SH fN
HzN 2 0 N\%
NH
HzN COzH 5_ == 2
Tyr Dxp Cys HO OH
g J
ThiFSGH, ThiC i
Thil + IscS
NH, NH
s OPO,* 2
3- . R
<\NI\/ + /NL N TOP206 ThiD Nl)ﬁ/\OPos2
P %
N )\N/
Thz-P Hmp-PP Hmp
. J

Scheme 4.1. Thiamine pyrophosphate (TPP) biosynthesis in £. coli.
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In addition to the ThiGH-His expression systems described in Chapter 3,
plasmids encoding other thiamine biosynthetic enzymes, Thil, ThiE and ThiD, were
assembled, and as a prerequisite to the investigation of the biosynthesis of the thiazole
moiety of thiamine in E. coli, ThiF and ThiS were expressed and partially purified.
Furthermore, the thiazole precursor Dxp was enzymatically synthesised using partially
purified 1-deoxy-D-xylulose-5-phosphate synthase (Dxs), whilst the vitamin moieties
Hmp and Thz-P were obtained through chemical synthesis.

4.2. Results and Discussion

4.2.1. Expression of Thil

The E. coli thil gene (1.5 kbp) was amplified by PCR using primers designed to
introduce 5’ Ncol and 3’ BamH1/Sacl restriction sites. The resultant PCR product was
first ligated into pBAD-TOPO and then subcloned into pET-24d(+). The pET-derived
vector, pRL600 (Figure 4.1), was transformed into BL21(DE3), and Thil (55 kDa) was
expressed at 37 °C for 4 h.

Cleared lysate and pellet were analysed by SDS-PAGE, and soluble Thil was

clearly observable in the cleared cell lysate (Figure 4.2).

Neol T7

BamHIL
Sacl
MCS

Figure 4.1. Map of pRL600. MCS = Multiple Cloning Site.
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17.2

12.3

M 1 2 3 4

Figure 4.2. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1, 2) and
insoluble (3, 4) proteins produced by two colonies of pRL600/BL21(DE3). M =

molecular weight marker.

4.2.2. Expression of ThiE
E. coli thiE (660 bp) was amplified by PCR using primers designed to introduce

5’ Ncol and 3’ Xhol restriction sites. The reverse primer should have also introduced a
C-terminal (His)s tag but, as the stop codon upstream the region encoding the tag was
erroneously not removed, the expressed protein did not contain the six extra histidines.
The PCR product was ligated into pBAD-TOPO and then sequentially
subcloned into pBAD/HisA, pBAD/His repair’ and pET-24d(+). The resultant vectors
were named pRL2000, 2020 and 2030, respectively, and transformed into BL21(DE3).
Attempts to over-express ThiE (4 h at 37 °C) from pRL2000/BL21(DE3) and then from
pRL2020/BL21(DE3), proved unsuccessful. In each experiment, both the cleared
lysates and pellets were analysed by SDS-PAGE, but ThiE could not be detected in
either of the two protein fractions. Then, as Backstrom et al. had previously succeeded
in expressing this protein from a pET-derived vector (56), pRL2030 was assembled
(Figure 4.3). The vector was transformed into BL21(DE3) and C43(DE3), and ThiE
expressed at 37 °C for 4 h from both strains. SDS-PAGE analysis of cleared lysates and

? pPBAD/His repair was assembled by Dr. M. Kriek in our laboratory and was obtained from pBAD/HisA
by insertion of a sequence encoding a N-terminal (His)s tag in frame with any ligated gene product.
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pellets from pRL2030/BL21(DE3) and pRL2030/C43(DE3) finally revealed the
presence of ThiE (23 kDa) in the insoluble protein fractions (Figure 4.4).

pRL2030
5896 bp

Figure 4.3. Map of pRL2030. MCS = Multiple Cloning Site.

78.0 kDa
42.7
S 30.0
ik —— 17.2
1 2 3 4 M

Figure 4.4. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1, 3) and
insoluble (lanes 2, 4) proteins produced by pRL2030/BL21(DE3) (lanes 1, 2) and
pRL2030/C43(DE3) (lanes 3, 4). M = molecular weight marker.
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In these experiments the strength of the promoter proved to be crucial, as
expression of ThiE could only be obtained from a pET-derived vector. This was rather
surprising since ThiE had previously been tentatively identified by SDS-PAGE in the
insoluble protein fraction of induced BL21(DE3) transformed with pRL1300, a pBAD-
derived vector harbouring the whole thiCEFSGH-His (section 2.2.8) operon. However,
neither soluble nor insoluble ThiE expression was obtained from BL21(DE3)
transformed with pRL1500, another pBAD-derived vector encoding ThiEFSGH-His. In
summary, these results seem to indicate that the expression of ThiE is extremely
sensitive to the specific expression system, and that it can be dramatically affected by

either the strength of the promoter or the presence of other co-expressed proteins.

4.2.3. Expression of ThiD

pRL2200 and pRL2220 (Figure 4.5), pBAD and pET-derived vectors,
respectively, harbouring the same thiD-His (830 bp) gene between 5° Ncol and 3’
Xhol restriction sites, were assembled to express ThiD as a hexahistidine-tagged
protein. However, sequencing of pRL2200 revealed that the fourth histidine of the
(His)s tag had been mutated, during the PCR amplification, to a proline. As the
expressed ThiD-His did not efficiently bind to a nickel-chelating column, the protein
will be referred to as ThiD.

pRL2200 and pRL2220 were transformed into BL21(DE3). ThiD (28.6 kDa)
was expressed from pRL2200/BL21(DE3) at 37 °C for 6 h and from
pRL2220/BL21(DE3) at 37 °C for 4 h, in two separate experiments. SDS-PAGE
analysis of the soluble and insoluble protein fractions from both strains revealed that

the protein was mainly present as inclusion bodies (Figure 4.6).

85



Neol T7

Xhol

pRL2200 /LT pRL2220
4815 bp 6055 bp

Figure 4.5. Maps of pRL2200 (left hand side) and of pRL2220 (right hand side). Maps
not to scale. MCS = Multiple Cloning Site.

78.0 kDa

66.3

Figure 4.6. Coomassie Blue stained 15 % SDS-PAGE gels. A: proteins expressed from
pRL2200/BL21(DE3), pellet (lane 1) and cleared lysate (lane 2). B: proteins expressed
from pRL2220/BL21(DE3), cleared lysate (lane 1) and pellet (lane 2). M = molecular

weight marker.
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4.2.4 Expression and Purification of ThiF'S from pRL1800/BL21(DE3)

pRL1800 was obtained from pRL1000 (section 2.2.5), a vector harbouring
thiFSGH-His, by excising thiH and part of thiG with Sall (Scheme 4.2).

pRL1000

Sall Restriction and
re-ligation

pRL1800
6330 bp

Scheme 4.2. Assembling of pRL1800 from pRL1000. Maps are not to scale. MCS =
Multiple Cloning Site.
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The resultant vector, encoding ThiFS, was then transformed into BL21(DE3)
and the expression level of the two proteins compared at 27 and 37 °C after 12-14 h of
induction. As the solubility of both ThiF and ThiS was visibly higher at 27 °C (Figure

4.7), the proteins were routinely expressed at this temperature.

ThiS —

Figure 4.7. Coomassie Blue stained 18 % SDS-PAGE gel of proteins expressed from
pRL1800/BL21(DE3) at 27 (lanes 1, 3) and 37 °C (lanes 2, 4): cleared lysates (lanes 1,
2) and pellets (lanes 3, 4). M1 = low molecular weight marker. M2 = high molecular
weight marker. Despite the fact that ThiS had previously been reported to stain poorly
with Coomassie Blue (71), the protein was clearly visible on 18 % gels (see also

Figures 4.8 and 4.11).

ThiF and ThiS were purified as described by Taylor et al. (71), first by
ammonium sulphate precipitation at 4°C, followed by dialysis, and then by ion
exchange chromatography. In our hands ThiF and ThiS did not co-elute (Figure 4.8),
and the respective fractions were separately pooled and further purified by gel filtration

chromatography (Figures 4.9-4.10).
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ThiS

A B C FT W 16 17 18 19 20 22 24 26 M1 M2

Figure 4.8. First step in the ThiFS purification. Coomassie Blue stained 18 % SDS-
PAGE gel of pellets and supernatant from the (NH4),SO4 precipitation, and fractions
eluted from the ion exchange column (Q-Sepharose). Lanes A and B: 0-20 % and 20-50
% pellets from the (NH4),SO;4 precipitation, respectively; lane C: supernatant from the
50 % saturation with (NH4),SOs. The solubilised 20-50 % pellet was applied onto a Q-
Sepharose column. FT = flow through; W = washing; M1 = low molecular weight
marker; M2 = high molecular weight marker. Numbers correspond to the fraction
numbers. Fractions 18-19, enriched in ThiS, and fractions 24-26, enriched in ThiF,

were pooled, concentrated and applied to a S-75 gel filtration column.

3 —— g —
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3579111315161718192021M1M2

Figure 4.9. ThiS purification. Coomassie Blue stained 18 % SDS-PAGE of fractions
eluted from the gel filtration column (S-75). M1 = low molecular weight marker; M2 =

high molecular weight marker. Numbers correspond to the fraction numbers.
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Figure 4.10. ThiF purification. Coomassie Blue stained 15 % SDS-PAGE gel of
fractions eluted from the gel filtration column (S-75). M = molecular weight marker.
Numbers correspond to the fraction numbers. Fractions 2-3 from 2 purifications were

pooled and concentrated.

ThiS (7 kDa) was purified to a high purity (> 95 %) (Figure 4.11), as estimated
by SDS-PAGE, and in relatively high yield (80 mg from 27 g of cell paste). However,
ThiF (27 kDa) was obtained rather less pure (Figure 4.11), in a much lower yield (the
purest fractions from two purifications were pooled to give 20 mg of protein from a

total amount of 77 g of cell paste), and was not further purified.

16.9
e }‘27 14.4
- 10.7

ThiS %a #
2.5 kDa

1 2 M1 M2
Figure 4.11. Coomassie Blue stained 18 % SDS-PAGE gel of purified ThiF (lane 1)
and ThiS (lane 2). M1 = high molecular weight marker; M2 = low molecular weight

marker.
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Samples of ThiS and ThiF were analysed by ESI-MS. The molecular weights
were determined to be 7309.1 and 27068.2 kDa, respectively. These results are in very
good agreement with the calculated molecular weights based on the amino acid
sequences of the two proteins: 7311.3 kDa for ThiS and 27068.9 kDa for ThiF which
contains an extra N-terminal valine deriving from the introduction of the 5’ Ncol

restriction site during the amplification of the t4iFSGH-His fragment (section 2.2.5).

4.2.5 Expression and Purification of Dxs-His

BL21(DE3) cells transformed with a pET-23b-derived vector encoding a
hexahistidine-tagged Dxs (67 kDa) were kindly donated by Prof. A. Boronat (10). Dxs-
His was expressed from these cells at 22 °C for 5 h. Figure 4.12 shows the expression

level of the protein in either the soluble or insoluble fractions.

g S 78.0KkD

8 ws— Dxs-His' .
: -~ 42.7
g . 30.0

s i 172
g o 123

1 2 3 4 M

Figure 4.12. Coomassie Blue stained 15 % SDS-PAGE gel of soluble (lanes 1, 2) and
insoluble (3, 4) proteins expressed from 2 colonies of BL21(DE3) transformed with a
pET-23b-derived vector encoding Dxs-His. Colony 1 = lanes 1, 3; colony 2 = lanes 2,

4. M = molecular weight marker.

Dxs-His was purified by nickel affinity and gel filtration chromatographies to
50-60 % purity (Figure 4.13), as estimated by SDS-PAGE analysis. The purification
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yielded 170 mg of partially purified Dxs-His from 19 g of cell paste, and this protein
was used for the enzymatic synthesis of 1-deoxy-D-xylulose-5-phosphate without any

further purification.

LFTW 2 4 6 7 8 9 10 11 12 13BSA

Figure 4.13. Dxs-His purification. Coomassie Blue stained 15 % SDS-PAGE gel of
fractions eluted from the nickel-chelating (A) and gel filtration (B) columns. L =
cleared lysate; FT = flow through; W = washing. Numbers correspond to the fraction
numbers. Fractions 7-12 from the nickel-chelating column were applied to a gel

filtration column (S-75). BSA was used as molecular weight marker.

4.2.6. Enzymatic Synthesis of 1-deoxy-D-xylulose-5-phosphate (Dxp)

Dxp was enzymatically synthesized as described by Taylor et al. (158) (Scheme
4.3), by using partially purified Dxs-His (section 4.2.5) and commercially available
aldolase and triose phosphate isomerase (Sigma). The progress of the reaction was
monitored by TLC analysis (159), and when it was judged to be complete (> 80 %
conversion), the proteins were removed by ultrafiltration (10 kDa MWCO) and the
mixture freeze-dried.

Dxp was purified by semi-preparative HPLC to remove any trace of residual
thiamine pyrophosphate (added to the reaction mixture as Dxs-His cofactor, section

1.3,
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Scheme 4.3. Enzymatic synthesis of 1-deoxy-D-xylulose-5-phosphate.

4.2.7. Synthesis of 4-amino-5-hydroxymethyl-2-methylpyrimidine (Hmp)
Hmp was synthesised from 4-amino-5-aminomethyl-2-methylpyrimidine (14)
as described by Westphal and Andersag (160) (Scheme 4.4) and purified by silica

chromatography. The product was obtained as a white to off-white powder in fair yield

(60 %).

NI NH, NaNO, (1.1 eq), H*(2 eq) NI OH
& Ho0, 62°C, 1h N NH,

60%

Scheme 4.4. Synthesis of 4-amino-5-hydroxymethyl-2-methylpyrimidine (Hmp).
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4.2.8. Synthesis of 4-methyl-5-(B-hydroxyethyl)thiazole phosphate (Thz-P)

4-methyl-5-(B-hydroxyethyl)thiazole phosphate was obtained by bisulphite
cleavage of thiamine monophosphate (161). The compound crystallised from the
reaction mixture at 4 °C and was recovered in good yield and highly pure (> 90 %)

without further purification (Scheme 4.5).

s OPO; %
< |
N+ 3

K28205 (4.5 eq)

OPO3 %
NI H,0, RT, 36 h <\ ji\/ )\
0,
/L / 90% (if H* form
N NH

2 65% (if K* form)

Thz-P
TP

Scheme 4.5. Synthesis of 4-methyl-5-(8-hydroxyethyl)thiazole phosphate (Thz-P).

4.3. Summary and Conclusions

Plasmids encoding various proteins potentially required for assaying in vitro
thiazole formation in E. coli, were assembled. The expression level of Thil, ThiE and
ThiD from the respective vectors transformed into BL21(DE3) was investigated, and
ThiF and ThiS were expressed and purified.

The thiamine precursors, Hmp, Thz-P and Dxp were synthesised following
published procedures, and in particular, the availability of a source of Dxs allowed the

enzymatic synthesis of 1-deoxy-D-xylulose-5-phosphate.
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Chapter 5.

In Vivo Studies on Thiamine Biosynthesis

5.1. Introduction

Bacterial cultures grown in TPP-free minimal media normally produce very
small quantities of thiamine pyrophosphate [15 pg per | of culture (5)]. However, if the
growth medium is supplemented with the vitamin (0.1-0.2 uM), efficient uptake results
in high intracellular concentrations [140 pg of TPP/mg of dry cells, as estimated in S.
typhimurium (60)] (60,61). Increased levels of TPP have been correlated with the loss
of thiamine biosynthetic activity in both E. coli and S. typhimurium cells (60,61,68).
This effect has been rationalised in terms of repression, rather than inhibition, exerted
from the vitamin on its own biosynthesis (41,43,44,61,162). More recent studies by
Winkler and co-workers (64) have provided supporting evidence for the negative
regulatory role of TPP, which has been shown to bind to untranslated regulatory
regions in thiM and thiC mRNAs, thus resulting in attenuation of either transcription or
translation of these key operons involved in thiamine biosynthesis (section 1.3.2).

The addition of adenosine or adenine during the growth phase of enteric
bacteria, such as 4. aerogenes (163), S. typhimurium (60,68) and E. coli (30,61,162), is
known to cause a decrease in the intracellular concentration of thiamine pyrophosphate.
The consequent release of the vitamin repression is then expected to lead to increased
levels of TPP biosynthetic enzymes; in fact, Kawasaki and co-workers have
demonstrated that E. coli cells pre-treated with adenine possessed increased ThiE and
ThiMD activities (61).

Adenosine and adenine are negative regulators of the de mnovo purine
biosynthesis (17,164,165), the main pathway by which 5-aminoimidazole ribotide
(AIR) is assembled (Scheme 5.1).
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Scheme 5.1. Formation of AIR through the first five steps of the de novo purine
biosynthesis. 1: glutamine PRPP amidotrasferase; 2: GAR synthetase; 3: GAR
transformylase N; 3°: GAR transformylase T; 4: FGAM synthetase; 5: AIR synthetase.
The genes encoding the respective enzymes are indicated. Abbreviations are as follows:
PRPP, S5-phosphoribosyl-1-pyrophosphate; PRA, 5-phosphoribosylamine; GAR,
glycinamide ribonucleotide; FGAR, formylglycinamide ribonucleotide; FGAM,
formylglycinamidine ribonucleotide; AIR, 5-aminoimidazole ribonucleotide; IMP,

inosine 5’-monophosphate. Adapted from (17).
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As AIR is a branch point metabolite which is converted to purine nucleotides
and to Hmp for thiamine biosynthesis (section 1.3.2), the addition of adenosine or
adenine to growing bacterial cultures is thought to reduce thiamine biosynthesis by
decreasing the pools of this intermediate.

An alternative minor biosynthetic route to AIR and Hmp has been recently
discovered, in S. typhimurium, by D. Downs and co-workers (166-169). Under aerobic
growth conditions, this alternative pyrimidine biosynthetic (APB) pathway can bypass
only the first enzyme of the de novo purine biosynthesis, phosphoribosylpyrophosphate
amidotransferase (PurF, Scheme 5.1), requiring the remaining purine biosynthetic
enzymes to assemble AIR. It is therefore likely that the APB pathway is also subjected
to the regulation by adenine or adenosine. Furthermore, the function of this pathway is
dependent on the medium composition, and PurF-independent thiamine biosynthesis
does not normally occur in minimal glucose or citrate media, such as those used in the
experiments described here.

Once inside cells, adenosine and adenine can be interconverted. One of the
proposed mechanisms through which these compounds might repress the de novo
purine biosynthesis is their conversion to hypoxanthine (17,170-172) (Scheme 5.2).
Hypoxanthine and guanine have been suggested to be PurR co-repressors (172), and
PurR is the protein which controls the gene expression of almost all the enzymes
required in the de novo purine biosynthetic pathway (172). Besides being a source of
hypoxanthine, adenine has also been shown to increase the levels of purR mRNA
(173), and as its addition to the growth medium results in increased pools of AMP/ATP
(172), feedback inhibition of PurF is another possible way in which adenine might

control the de novo purine biosynthesis (17).
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Scheme 5.2. Pathways of purine interconversion. 1: purine nucleoside phosphorylase;

2: adenosine  deaminase; 3:  guanosine  kinase; 4:  hypoxanthine
phosphoribosyltransferase; 5: adenine phosphoribosyltransferase. Abbreviations are as
follows: rib-1-P, ribose 1-phosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate; IMP,
inosine 5°-monophosphate. The addition of adenine (40 mg/1) to the growth medium of
wild type E. coli has been shown to increase the adenosine deaminase (2) and purine

nucleoside phosphorylase (1) levels 14 and 1.4 times, respectively (17).

Whilst the TPP content in E. coli K12 has been more efficiently lowered by
adenine under the conditions adopted by Kawasaki (61), A. aerogenes (163), S.
typhimurium LT-2 (60,68) and E.coli 83-1 (30) have been de-repressed in the presence
of adenosine.

Adenosine treated E. coli 83-1 has been successfully used for in vivo studies on
thiamine biosynthesis, allowing the identification of tyrosine (30) and Dxp (29) as
precursors of the thiazole ring of the vitamin. As the de-repression of thiamine

biosynthesis observed upon treating bacterial cells with adenosine has been proposed to
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result from the accumulation of thiamine biosynthetic enzymes (61), these de-repressed
cells had potential to provide an optimised cell-free system to allow thiazole
biosynthesis to be assayed in vitro.

As a prerequisite to the investigation of in vitro thiazole biosynthesis using
extracts from adenosine treated £. coli 83-1, preliminary studies on the in vivo thiamine
production by these cells were conducted.

Another E. coli strain, KG33, which is a Thz-P auxotroph and was used for in
vivo complementation experiments (section 3.2.6), was considered as a potential system
for in vitro studies. pPBAD/HisA/KG33 was de-repressed by thiamine starvation and the
correspondent cleared lysate assayed for in vitro thiazole biosynthesis in the presence

of purified ThiGH-His.

5.2.  Results and Discussion

Unless otherwise specified, the term ‘thiamine’ is used to indicate any vitamin

form, without regard to the extent of phosphorylation.

5.2.1. Effect of the Adenosine Treatment on the Production of TPP by E. coli
83-1

E. coli 83-1 cells, Tyr/Trp/Phe auxotrophs were a generous gift from Prof. R.
Azerad and Prof. M. Therisod. These cells were incubated with adenosine under
experimental conditions analogous to those adopted by Newell and Tucker in their
investigation of the de-repression of thiamine biosynthesis in S. typhimurium LT2
(mutant T) (60,68). However, modifications to the growth medium were required to
provide the auxotrophic growth requirements for E. coli 83-1 (30), which include the
aromatic amino acids Phe, Trp and Tyr. Besides being essential for growth, Tyr is also
one of the thiazole precursors, therefore if this amino acid was not provided, E. coli 83-
1 would have to rely on the Tyr scavenged from protein degradation for de novo
thiamine biosynthesis.

The time course of the in vivo de-repression and subsequent burst in thiamine
production in E. coli 83-1 was investigated in detail. Each experiment consisted of two

parts. During the first part, cells were grown in the presence of adenosine (300 mg/l)
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for exactly 2.5 h before being harvested. In the second part, the cell pellets were
washed and re-suspended in medium lacking any growth component and containing no
supplements, Tyr plus Hmp or Thz-P plus Hmp. During either phase of the experiment,
cell samples were withdrawn every 30 min and the thiamine content estimated by the
thiochrome assay (174) (section 7.7.1).

Figure 5.1 shows the difference in the TPP content between adenosine treated
and untreated cells (negative control) during the first part of the experiment. As
expected, the addition of adenosine during the growth phase, caused a drop in the initial
TPP content (3-4 ng/mg wet cells), with the vitamin level remaining low for about 2 h,

before starting to increase towards the end of this first phase.
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Figure 5.1. TPP content of E. coli 83-1 incubated with (solid line) or without (dashed
line) adenosine. The experiments were carried out in duplicate. Original data from

HPLC files: HPLC\Methods\FLUC18 2.061, 67

During the period of low thiamine concentration, E. coli 83-1 was freed from

the vitamin repression and could accumulate higher (de-repressed) levels of
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biosynthetic enzymes, thus being able to produce approximately 1.5-3 times more TPP
than the negative control using the Tyr and Hmp provided in the medium (second part
of the experiment, Figure 5.2). Under these conditions, the burst in the vitamin
production may be ascribed to de novo synthesis of thiazole (30,175), since this moiety
does not accumulate in TPP depleted cells, such as adenosine-treated cells or in

mutants unable to assemble Hmp-PP (60,163).
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Figure 5.2. TPP production by washed cell suspensions of E. coli 83-1 previously
incubated with (solid lines) or without (dashed lines) adenosine. The experiments were
carried out in duplicate and the error was estimated to be < 8 %. Original data from

HPLC files: HPLC\Methods\FLUC18_2.061, 62, 66.

In a positive control experiment, using media supplemented by the addition of
not only Hmp, but also Thz-P, both adenosine treated and untreated cells were able to
produce 60-70 ng of TPP/mg wet cells (Table 5.1, column 4). This suggests that in
experiments where the medium was supplemented with Hmp and thiazole precursors,

any Thz-P produced would be rapidly converted to TPP, and that neither ThiD nor
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ThiE were limiting the TPP formation. Indeed, these results strongly suggest that, under

the conditions investigated, thiazole biosynthesis is likely to be the rate-limiting step.

Initial Culture Conditions - Tyr + Tyr+ Hmp + Thz-P+ Hmp
+ adenosine 56%0.1 34+2 64+ 4
- adenosine 89+0.2 11.4+£0.2 67x1

Table 5.1. Effect of adenosine treatment on the TPP content (ng/mg wet cells) of
washed cell suspensions of E. coli 83-1. Cells were initially cultured for 2.5 h in DM1
medium with or without adenosine, as indicated, then transferred to fresh DM medium

supplemented as indicated, and incubated for 2 h. The data are the mean of 2

independent measurements + SD.

The observation that the pre-incubation with adenosine had lowered the
intracellular TPP concentration and, as a result, may have increased the expression
level of the rate determining thiazole biosynthetic enzymes, contrasted with the
activities of ThiD and ThiE which were not equally affected. This is an unexpected
result since the genes encoding these two proteins belong to the thiMD and thiCEFSGH
operons and ought therefore to be subjected to coordinated repression by thiamine
(41,43,61,64,162). Despite the lack of a simple explanation for these results, Newell
and Tucker observed a precisely analogous effect with the Salmonella mutant used for
their studies (60). An alternative regulatory mechanism, operating at the translational or
metabolic level can be invoked to explain these observations, but it is clear that more
than one factor is controlling the balance of the different thiamine biosynthetic
enzymes.

In summary, the results obtained from the de-repression of E. coli 83-1 are in
very good agreement with those obtained from analogous experiments on S.

typhimurium (60,68). In fact, if a correction factor of 0.1 or 0.2 [the dry mass content is
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normally 10-20 % of the wet mass (176)] is used for the conversion of the dry weight
(used to expressed the results obtained from the studies on S. typhimurium) to the wet
weight of cells, the TPP content in the two organisms is numerically very close and
varies in a similar way during both phases of the de-repression experiment.

Thus, the U-shaped variation in the vitamin content during the 2.5 h of the
adenosine treatment was observed to be a quite typical common feature. A possible
explanation for this shape is provided by studies on the metabolism of adenosine in E.
coli (171). These studies demonstrated that 10 min after the addition of this nucleoside
(93 mg/1) to growing bacterial cultures, hypoxanthine and inosine (Scheme 5.2) begun
to be excreted into the medium, with adenosine being completely metabolised after 70
min. The total amount of inosine and hypoxanthine excreted after 100 min
corresponded to 98.5 % of the adenosine initially added, with the remaining 1.5 %
being up taken by the cells in the form of hypoxanthine for nucleic acid biosynthesis, as
no de novo purine biosynthesis occurs in the presence of adenosine or its metabolites
(section 5.1). This rapid extracellular production and accumulation of hypoxanthine,
which also results in an increased intracellular concentration of the co-repressor, could
actually be related to the decrease in the intracellular TPP level after just 30 min from
the addition of adenosine.

It is more difficult to explain the abrupt increase in the vitamin content 2 h after
the addition of the purine nucleoside. Both S. typhimurium 1.T2 and E. coli 83-1 seem
to be able to overcome the repression of the known pathways to AIR (section 5.1),
under conditions in which at least the extracellular concentration of hypoxanthine is
expected to be high. Again, an alternative regulatory mechanism can be invoked, but
our current understanding of the factors controlling the cross-talk amongst different

biosynthetic pathways is still fragmentary.

5.2.2. Comparison between Adenosine Treated 83-1 and pRL1020/83-1 Cells
in the Presence of [-L-arabinose
As the assembly of Thz-P was observed to be rate limiting for TPP production

in de-repressed E. coli 83-1 cultures, the effect of expression plasmids encoding

structural genes known to be required for Thz-P biosynthesis under these conditions,

103



was investigated. The de-repression experiments described above were repeated using
the E. coli pRL1020/83-1 strain, obtained from the transformation of the 83-1 cells with
pRL1020, a plasmid encoding ThiFSGH-His (83).

E. coli 83-1 and pRL1020/83-1 were cultured in the presence of adenosine (to
de-repress thiamine biosynthesis) and B-L-arabinose (to induce the expression of
ThiFSGH) for 2.5 h (Figure 5.3). However, washed cell suspensions of pRL1020/83-1
produced only marginally more TPP than 83-1 (Figure 5.4), and comparative analysis
of the proteins in the cleared cell lysates by SDS-PAGE, did not show an appreciable
difference in the protein expression levels (Figure 5.5). This maybe due to the short
induction time or it may be a function of the high glucose content of the growth

medium acting to repress expression from pRL1020 (177).
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Figure 5.3. TPP content of E. coli 83-1 and pRL1020/83-1 incubated with adenosine in
the presence of  PB-L-arabinose. Original data from HPLC files:
HPLC\Methods\FLUC18_2.076-77.
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Figure 5.4. TPP production by washed cell suspensions of E. coli 83-1 and
pRL1020/83-1, previously incubated with adenosine and B-L-arabinose. Original data
from HPLC files: HPLC\Methods\FLUC18 2.076-77.
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Figure 5.5. Coomassie Blue stained 15 % SDS-PAGE gel of soluble proteins expressed
during the adenosine treatment of E. coli pRL1020/83-1 (lanes 1-3) and 83-1 (lanes 4-
6) in the presence of B-L-arabinose. 50 (lanes 1, 4), 100 (lanes 2, 5) and 150 (3, 6) pg of
protein were loaded. Lane 7: purified ThiGH-His from pRL800. M = molecular weight

marker.
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Interestingly, at the end of the adenosine treatment (i.e. 2.5 h into the de-
repression phase) the TPP level in both E. coli 83-1 and pRL1020/83-1 was still low,
probably as a result of the persistence of repressing conditions for the de novo purine
biosynthesis (Figure 5.3). This might be in some way related to the presence of the
arabinose, as the omission of the sugar in all the subsequent large scale de-repression
experiments (Chapter 6), resulted in the typical U-shaped variation in the thiamine
content of adenosine treated pRL1020/83-1. As the presence of pRL1020 did not alter
the response to the adenosine treatment, but conveniently conferred ampicillin
resistance, extracts from de-repressed E. coli pRL1020/83-1 were used to assay thiazole

biosynthesis in vitro.

5.2.3. De-repression Experiments on E. coli KG33 Cells

The addition of adenosine or adenine during the growth phase of enteric
bacteria de-represses thiamine biosynthesis by lowering the pools of AIR and therefore
the intracellular vitamin content. A similar effect could in principle be obtained by pre-
culturing mutants blocked in one or more steps of thiamine biosynthesis in rich media
(containing enough vitamin to support the growth), and then allowing them to grow in a
TPP-free medium until they consume most of the vitamin they have sequestered. At
that point, all the biosynthetic steps prior to the blockage should become de-repressed,
allowing the accumulation of specific intermediates. For example, mutants unable to
assemble the thiazole have been shown to accumulate the pyrimidine portion of the
vitamin (45,60,67). However, as previously mentioned, accumulation of Thz-P in
mutants unable to synthesise Hmp-PP has not been observed, and it has been proposed
that this compound might exert a feedback inhibition on its own biosynthesis (60,163).

E. coli KG33 contains a mutation in ThiH responsible for the Thz-P auxotrophy
of this strain (section 3.2.6) (39). As the other genes encoded by the thiCEFSGH
operon of these cells are intact, starvation of thiamine should allow the de-repression of
all the biosynthetic steps prior to that catalysed by ThiH, thus potentially leading to
increased expression levels of ThiCEFSG and possibly, to the accumulation of the

direct ThiH substrate. Cell-free extracts from such de-repressed E. coli KG33 could
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then provide an optimised system to test the in vitro thiazole synthase activity of
purified ThiGH-His.

To provide evidence supporting this hypothesis, E. coli KG33, transformed with
pBAD/HisA to confer ampicillin resistance, was de-repressed by thiamine starvation.
2YT medium, which contains the equivalent of 1.3 mg/l of TPP (the vitamin is present
as unphosphorylated thiamine) and TPP-supplemented (3 mg/l, section 7.7.3) Davis-
Mingioli medium (178) were chosen as rich growth media. pPBAD/HisA/KG33 cells
were cultured in these media overnight, then harvested, washed and transferred to TPP-
free Davis-Mingioli medium. Samples were withdrawn every 90 min for 10-12 h to
monitor the cellular growth and to estimate the thiamine content. Figures 5.6 and 5.7
show the time course of bacterial growth and consequent decrease in the intracellular

TPP content.

pBAD/HisA/KG33 cultured overnight in Davis-Mingioli

medium + TPP
45 1.8
40 + +16
i)
o 35 + +14 E
S c
o 30 + + 1.2 8
E QL 2 +1 @
-~ O 20 =@==TPP content 08 *
& o T —— Growth TV° ®
= 15 + +o6 &
oD 1 i
o 10 04 <
51 + 0.2
&—6 @
0 ; : ( f . i i f 0
0 1.5 3 4.5 6 7.5 9 10.5 12

time, h

Figure 5.6. Time course of pBAD/HisA/KG33 growth in minimal Davis-Mingioli
medium, and consequent depletion in TPP. Cells were previously cultured overnight in
Davis-Mingioli medium supplemented with 3 mg/l TPP. The experiment was carried
out in duplicate. The error associated with the estimation of the TPP content was < 5 %
and the error associated with measurement of the optical density of two independent

cultures was < 1 %. Original data from HPLC file: HPLC\Methods\FLUC18.041.
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pPBAD/HisA/KG33 cultured overnight in 2YT medium
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Figure 5.7. Time course of pBAD/HisA/KG33 growth in minimal Davis-Mingioli
medium, and consequent depletion in TPP. Cells were previously cultured overnight in
2YT medium. The experiment was carried out in duplicate. The error associated with
the estimation of the TPP content was < 7 % and the error associated with measurement
of the optical density of two independent cultures was < 1.5 %. Original data from

HPLC files: HPLC\Methods\ FLUC18.042, 43.

Cells cultured overnight in either 2YT or the TPP-supplemented Davis-Mingioli
media contained approximately 40 ng of TPP/mg of wet cells and grew until the
intracellular vitamin concentration dropped to 4-5 ng/mg of wet cells, which appears to
be the amount below which growth stops and thiamine biosynthesis might be expected
to become de-repressed (60). A similar TPP content was found in E. coli 83-1 cells
cultured overnight in DM1 medium which contains limiting amounts of growth
requirements (section 5.2.1).

As pBAD/HisA/KG33 grown in TPP-enriched Davis-Mingioli medium was
able to consume the vitamin accumulated overnight more quickly than cells cultured in
2YT (Figures 5.6 and 5.7), the first medium was chosen to prepare large scale cultures
of de-repressed cells able to provide the required components for an in vitro thiazole

synthase assay. It would not have been possible to investigate thiamine biosynthesis in
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vivo as with E. coli 83-1, since pPBAD/HisA/KG33 is unable to express active ThiH
(section 3.2.6). Cleared lysates from thiamine depleted cells were incubated with
purified ThiGH-His, Hmp and the thiazole precursors Dxp, Cys and Tyr for 4 h at 37
°C, under anaerobic conditions. Analysis of the reaction mixtures (Figure 5.8) revealed
that the minimal amount of thiamine produced by the pBAD/HisA/KG33 lysate was
not increased by the addition of purified ThiGH-His. The lysate, however, was able to
form thiamine from exogenously added Hmp and Thz-P, thus indicating that ThiD and
ThiE were not limiting the formation of the vitamin. Therefore, an almost totally
inactive thiazole biosynthetic pathway appears to be responsible for the extremely low
thiamine-forming activity of the pBAD/HisA/KG33 lysate supplemented with the
thiazole precursors and purified ThiGH-His. The reason why the addition of purified
ThiGH-His did not produce any effect is presently unclear.

TP+TPP, pmol/mg prot/h

KG33 KG33+ThiGH-His KG33+Thz-P

Figure 5.8. Overall TP and TPP production. /n vitro complementation of a cleared

lysate from thiamine depleted pPBAD/His/KG33 with purified ThiGH-His. Original data
from HPLC file: HPLC\Methods\ FLUC18_2.008.
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5.3. Summaryv and Conclusions

Thiamine pyrophosphate regulates its own biosynthesis by repressing
translation and transcription of key biosynthetic enzymes. This repression can be
partially removed by decreasing the intracellular vitamin content.

The addition of adenine or adenosine to growing cultures of enteric bacteria has
been shown to result in thiamine depletion by decreasing the pools of one of the
precursors of the vitamin, AIR, produced through the de novo purine biosynthesis. As a
consequence, adenosine treated E. coli 83-1 cells were able to produce up to 3 times
more vitamin B; than untreated cells, under conditions in which de novo thiamine
biosynthesis can be ascribed to de novo thiazole biosynthesis. As the incubation with
adenosine is likely to increase the expression level of thiamine biosynthetic enzymes,
E. coli 83-1 treated in this way proved to be a suitable system for studies on in vitro
thiazole biosynthesis.

Under the conditions investigated, the biosynthesis of the thiazole appeared to
be rate limiting. However, transformation of E. coli 83-1 with pRL1020, and induction
of ThiFSGH-His expression during the de-repression of the resultant strain, did not
result in any appreciable increase in thiazole/thiamine production.

Finally, the attempt to de-repress E. coli pBAD/HisA/KG33, derived from a
Thz-P auxotroph strain, by thiamine starvation, proved to be unsuccessful. In fact, in
vitro complementation of a cleared lysate derived from these de-repressed cells with
purified ThiGH-His did not result in increased thiazole biosynthetic activity. This

cellular system was not further used for in vitro studies.
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Chapter 6.

In Vitro Reconstitution of the Thiazole Synthase Activity
Using E. coli Cell-free Extracts

6.1. Introduction

In vivo feeding studies and isolation and characterisation of relevant
auxotrophic mutants, have led to the identification of proteins and precursors involved
in the biosynthesis of the thiazole ring of thiamine in different organisms (Chapter 1).
The combined effort of several groups has also succeeded in elucidating most of the
mechanistic details of the sulphur transfer from cysteine to the C-terminal carboxylate
of ThiS (49,71,77,179), and two potential direct sulphur donors for Thz-P assembly,
ThiS-COSH (71) and a ThiFS crosslinked complex (38), have been identified in E. coli.
However, none of the subsequent steps in thiazole biosynthesis has been so far
elucidated, due to difficulties encountered in the development of a functional in vitro
thiazole synthase assay. These final steps would conceivably involve ThiG and ThiH
and require sulphur transfer from the ThiFS conjugate (or ThiS-COSH) to Dxp,
condensation with Tyr and cyclisation to the thiazole product.

Very recently, Begley and co-workers have successfully reconstituted in vitro
thiazole biosynthesis using a fully defined biosynthetic system containing B. subtilis
purified proteins and the thiazole precursors Cys, Gly and Dxp (81). Although B.
subtilis shares some metabolic components with E. coli, including some of the
biosynthetic proteins (ThiFSG, Thil and IscS) and two precursors, Dxp and Cys, the
thiazole biosynthetic pathways also differ significantly (section 1.3.3). In fact, whilst B.
subtilis depends upon ThiO, an oxygen dependent flavoenzyme and utilise glycine
(13,82), E. coli uses tyrosine and substitutes ThiO with an oxygen sensitive protein,
ThiH (48,83). Thus, the potential inactivation of ThiH by dioxygen might explain why

previous attempts to obtain in vitro thiazole biosynthesis by aerobically incubating




over-expressed E. coli ThiFSGH and Thil with Dxp and radiolabelled ThiS-COSH or
Tyr, failed to produce any detectable amount of thiazole product (13,180).

This chapter describes the successful reconstitution of in vitro thiazole
biosynthetic activity using a cell-free system containing extracts from adenosine treated
E. coli pRL1020/83-1 (Chapter 5) and purified ThiGH-His [from
pRL1020/BL21(DE3)], under anaerobic conditions. The dependency of the thiazole
synthase activity on the concentration of Tyr, Cys and Dxp, and on the addition of
ThiFS and SAM/NADPH, was also investigated.

6.2. Results and Discussion

6.2.1. In Vitro Assay Strategy and Conditions

Several problems were overcome during the development of a functional
thiazole synthase assay:

1) Direct detection of Thz-P is difficult. As previously mentioned, the thiazole
has been proposed to exert a feedback inhibition on its own biosynthesis (60,163). This
might explain why this compound is normally present at low levels (32,35) and does
not accumulate in cells (section 5.2.3), and consequently, why the direct detection of
Thz-P is difficult (35,60). In fact, most of the previous in vivo studies on thiazole
biosynthesis using labelled precursors, relied on the isolation of the final product, i.e.
labelled thiamine, from which the thiazole could then be obtained by bisulphite
cleavage (section 4.2.8) and thus characterised (29-33). Employing a similar strategy,
the assay described here relies on the efficient coupling any thiazole produced to Hmp-
PP and on the measurement of the thiamine content (TP and TPP) by quantitative
oxidation to the fluorescent thiochrome derivatives and HPLC analysis
(35,81,174,181,182). Under these assay conditions, the amount of de novo thiamine

produced corresponds directly to the amount of de novo Thz-P produced (Scheme 6.1).
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Scheme 6.1. Coupled assay strategy. Hmp is pyrophosphorylated to Hmp-PP by ThiD.
ThiE then efficiently couples any Thz-P assembled from Tyr, Cys and Dxp to Hmp-PP.
The resultant TP and TPP are oxidised to fluorescent derivatives [thiochrome method

(174), section 7.3, method 16 B], and analysed by HPLC.

2) Thiamine biosynthesis is repressed. The tight regulation of thiamine
biosynthesis can be overcome by the addition of adenosine (or adenine) to the growth
medium (60,61,68,163). Adenosine-treated, de-repressed cells therefore have the
potential to provide an optimised cell-free system suitable for a thiazole synthase assay.
This suitability was confirmed by the detailed in vivo studies on the de-repression of E.
coli 83-1 described in Chapter 5. E. coli 83-1 was transformed with pRL1020, as it
conveniently conferred ampicillin resistance, and then used throughout the
investigation of in vitro thiazole biosynthesis.

3) E. coli accumulates intracellular TPP when cultured on rich media. When
cultured on rich media (such as 2YT or LB), E. coli sequesters thiamine, resulting in
very high intracellular levels of background TPP (> 1 nmol/mg of protein). As this was
found to compromise the accurate estimation of de novo thiamine biosynthesis, cleared
lysates from pRL1020/BL21(DE3), grown and induced in 2YT medium (section 7.3),
were routinely gel filtered, whilst cleared lysates from adenosine-treated pRL1020/83-1
(grown in minimal medium) were gel filtered when required. Gel filtration of the cell

lysates efficiently reduced the TPP and TP backgrounds (Table 6.1).
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For sake of clarity, the gel filtered pRL1020/BL21(DE3) and pRL1020/83-1
lysates will be referred to as ‘ThiGH-enriched protein fraction’ and ‘de-repressed 83-1

proteins’, respectively.

Before Gel Filtration After Gel Filtration
Cleared Lysate TPP TP TPP TP
(pmol/mg of protein)
pRL1020/BL21 > 1000 70 220-250 0.5-5
pRL1020/83-1 150-170 15-20 60-100 2-5

Table 6.1. TPP and TP content of cleared lysates from pRL1020/BL21(DE3) and de-
repressed pRL1020/83-1 cells before and after gel filtration through a NAP-10 column.

4) Thiazole biosynthesis must be the rate limiting step in a coupled assay.
Control experiments demonstrated that the de-repressed pR1L.1020/83-1 cleared lysates
were able to produce thiamine at more than 50 pmol/mg of protein/h when supplied
with Hmp and Thz-P in the presence of ATP and Mg?" (Figure 6.3, sample 6). This
was far greater than the rate of de novo thiazole biosynthesis observed in assays
containing solely Hmp and the thiazole precursors, and indicated that the ThiD
dependent pyrophosphorylation of Hmp and the ThiE dependent coupling of Thz-P and
Hmp-PP to yield TP or TPP were not rate limiting under the assay conditions.

5) ThiH contains an oxygen sensitive Fe-S cluster. Elegant metabolic studies
with Salmonella enterica mutants (48,76,183) and the characterisation of purified E.
coli ThiGH-His (83) (Chapter 3) demonstrated that ThiH contains an oxygen sensitive
Fe-S cluster required for Thz-P biosynthesis; therefore the thiazole synthase activity
was assayed under anaerobic conditions.

Reaction mixtures typically contained the components listed in Table 6.2.
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Component Volume or Final Conc.
De-repressed pR1.1020/83-1 lysate (40-45 mg/ml) or 100 pl
proteins (15-25 mg/ml)
ThiGH-enrich. protein fract. (15-25 mg/ml) or 100 Wl
purified ThiGH-His (8-9 mg/ml)
Tyr 1.6 mM
Cys 1.6 mM
Dxp 1.0 mM
Hmp 0.6 mM
ATP 20 mM
Mg”" * 20 mM
DTT * 5mM

Table 6.2. Components present in a typical assay. Reaction volumes ranged between

250 and 350 pl, as required.

*: MgCl; and freshly prepared DTT were added to the anaerobic reaction buffer [Tris-
HCl 50 mM, pH 8.0, glycerol 20 % (w/v)] used to re-suspend the cell paste; the

presence of these components in the reaction mixtures will be henceforth implied.

To determine the background levels of TP and TPP present in the assays,
control reactions were prepared and immediately stopped for analysis, whilst the
remaining reactions were incubated for 4 h at 37 °C. At the end of the incubation,
proteins were removed by acid precipitation followed by centrifugation, and the
supernatants oxidised by the addition of a strongly alkaline K;[Fe(CN)s] solution and
analysed by RP-HPLC (174) (section 7.3, method 16 B). A typical HPLC trace is
shown in Figure 6.1. For each set of conditions, the amounts of TP and TPP were
estimated separately, the respective background levels subtracted, and the results,

corresponding to de novo thiamine biosynthesis, expressed as pmol/mg of protein/h.
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Figure 6.1. HPLC traces of oxidised reaction mixtures containing the de-repressed
pRL1020/83-1 proteins, purified ThiGH-His, ATP, Hmp and Tyr. One of the reactions
was immediately stopped (t = 0), whilst the other was stopped after 4 h incubation at 37
°C (t = 4h). Retention times for TPP and TP are 6.7 and 8.1 min, respectively
(chromatographic system 1, section 7.3, method 16 B). Original data from HPLC file:
HPLC\Methods\FLUC18 2.070.

6.2.2. Thiazole Synthase Activity in E. coli Cleared Cell Lysates

Using the assay strategy described above, de novo production of both TP and
TPP was measured in the de-repressed pRL1020/83-1 lysate, anaerobically incubated
with ATP, Hmp and the thiazole precursors, Tyr, Cys and Dxp. This basal activity was
estimated at approximately 7 pmol/mg of protein/h (Figure 6.2, column 1 and Figure
6.3, sample 2) and was confirmed to be higher than the activity measured in lysates
derived from repressed cells (4-5 pmol/mg of protein/h, Figure 6.3, sample 1).
However, the difference in thiamine biosynthetic activity between de-repressed and

repressed cells was more pronounced in vivo (1.5-3 times) than in vitro (about 1.5

times).
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The gel filtered pRL1020/BL21(DE3) cleared lysate, containing over-expressed
ThiFSGH-His, was also assayed under identical conditions and shown to be active,
producing almost exclusively TPP (8-11 pmol/mg of protein/h, Figure 6.2, column 7).
This was a surprising result as earlier attempts to measure ir vitro thiazole biosynthesis
from a ThiFSGH over-expressing extract had been unsuccessful (13,180). However, the
thiazole synthase activity described herein was assayed in an expression system
optimised for the soluble expression of the ThiGH-His complex (Chapter 2), and
maintained under anaerobic conditions.

As in vivo studies (Chapter 5) and control experiments (section 6.2.1) had
demonstrated that thiazole biosynthesis was likely to be the rate limiting step for de
novo thiamine biosynthesis, the effect of mixing the pRL1020/BL21(DE3)-derived
fraction and the de-repressed 83-1 lysate was investigated. Mixtures containing
different ratios of these two extracts were assayed (Figure 6.2) and showed activities
higher than either individual extract (to a maximum of 16.5 pmol/mg of protein/h),
which may indicate that the two extracts could be providing complementary

components.

@TPP
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pmol/mg prot/h
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% of ThiGH-enriched protein fraction replacing the de-
repressed pRL1020/83-1 lysate

Figure 6.2. De novo TP and TPP production from mixtures of ThiGH-enriched protein
fraction and de-repressed pRL1020/83-1 lysate containing increasing amounts (0 to 100
%) of ThiGH-enriched protein fraction. All samples contained ATP, Hmp, Tyr, Cys
and Dxp. Original data from HPLC files: HPLC\Methods\FLUC18 2.071,72.
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The addition of the ThiGH-enriched protein extract also increased the TPP:TP
ratio when compared with the de-repressed 83-1 lysate, revealing a difference in the

thiamine phosphate kinase (ThiL, 35 kDa) activities of the two extracts.

6.2.3. Comparing the Effect of the ThiGH-Enriched Protein Fraction and
Purified ThiFS and ThiGH-His

The increased activity obtained by mixing the ThiGH-enriched protein fraction
and the de-repressed pRL1020/83-1 cell lysate suggested the possibility that the rate
enhancing component(s) provided by ThiGH-enriched protein fraction were the over-
expressed proteins. As induced pRL1020/BL21(DE3) over-produces ThiFSGH-His, the
effect of adding purified ThiFS (section 4.2.4) and ThiGH-His (section 3.2.2) to the
pRL1020/83-1 lysate was investigated, and compared with the effect exerted by the
addition of the ThiGH-enriched protein fraction. Figure 6.3 shows that whilst the
addition of both purified ThiGH-His and ThiGH-enriched protein fraction resulted in
an approximate 3-fold increase in activity, the addition of ThiFS had a much less
pronounced effect. More detailed studies on the effect exerted by ThiF and ThiS on the
thiazole biosynthetic activity of reaction mixtures containing de-repressed
pRL1020/83-1 proteins and purified ThiGH-His are described in section 6.2.5.

These results suggested the possibility that the amount of ThiGH present in the
de-repressed 83-1 cell lysate was limiting the rate of thiamine biosynthesis, and
provided for the first time evidence for in vitro thiazole synthase activity of the ThiGH-
His complex, isolated under carefully controlled anaerobic conditions, as described in
Chapter 3. Interestingly, the addition of ThiGH-His to the de-repressed 83-1 lysate or
proteins led consistently and almost exclusively to de novo production of TP but to
little or no TPP (see also Figures 6.5 and 6.15). The relationship between the ThiGH-
His dependent TP biosynthesis and the efficiency of ThiL dependent phosphorylation
to form TPP has yet to be fully elucidated.

As purified ThiGH-His could efficiently substitute for the ThiGH-enriched
protein fraction, producing the largest increase in the basal activity of the de-repressed

pRL1020/83-1 lysate, this simplified system was used for subsequent studies.
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Figure 6.3. De novo TP and TPP production. All samples contained Tyr, Cys, Dxp,
ATP and Hmp. Sample 1 (from a separate experiment; original data stored in the HPLC
file: HPLC\Methods\FLUC18 2.084): repressed pRL1020/83-1 cleared lysate; sample
2: de-repressed pRL1020/83-1 cleared lysate; sample 3: sample 2 plus ThiGH-enriched
protein fraction; sample 4: sample 2 plus purified ThiGH-His; sample 5: sample 2 plus
purified ThiFS (1.1 mg/ml); sample 6: sample 2 plus Thz-P (0.6 mM). Original data
from HPLC file: HPLC\Methods\FLUC18 2.041.

Experiments were conducted at a relatively high concentration of ThiGH-His
(2.3-3.3 mg/ml, final concentration), which might intuitively be expected to maximise
turnover. However, in subsequent investigations, a decrease in activity at these high
ThiGH-His concentrations was observed, consistent with either the effect of a more
pronounced protein precipitation or with other components becoming rate limiting
(section 6.2.6).

The effect of pre-incubating the ThiGH-His complex with iron and sulphide (1
hour, under anaerobic conditions) prior to the addition to the reaction mixtures was also
investigated (original data from HPLC file: HPLC\Methods\FLUC18 2.08). The
reconstitution did not appear to increase the activity, and ‘as isolate’ ThiGH-His was

almost exclusively used in all the subsequent experiments.
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6.2.4. Thiazole Synthase Activity Dependency on the Concentration of the
Precursors

The concentration dependence of the thiazole synthase activity was determined
for the known thiazole precursors, Dxp, Tyr and Cys, in reaction mixtures containing
de-repressed pRL1020/83-1 lysate and purified ThiGH-His. In particular, to remove
any potential interference from endogenous amounts of these metabolites, the de-
repressed cell lysate was desalted using a NAP-10 column and the protein-containing,
high molecular weight fraction isolated. Initial experiments with this de-repressed
pRL1020/83-1 protein fraction showed that it retained at least the same level of activity
of the unfractionated lysate (15-20 pmol/mg of protein/h, compare sample 3 in Figure
6.3 with Figure 6.4 A, B, C), providing a further simplification of the system for in
vitro studies.

The precursor dependent activity was investigated by varying the concentrations
of each of the known precursors, otherwise maintaining the standard assay conditions
(Table 6.2). In these experiments, the Dxp concentration was increased from 0 to 3.7
mM?, and the Cys concentration from 0 to 2 mM, but rather surprisingly, in both cases
the de novo thiamine production was almost completely unaffected by the presence of
these two putative precursors (Figure 6.4 A and B). Conversely, the thiazole synthase
activity appeared to be absolutely dependent on the presence and concentration of Tyr

up to approximately 0.2 mM (Figures 6.4 C and 6.5).

* All the HPLC traces from the Dxp dosage showed the presence of an extra peak with a retention time
almost identical to that of unphosphorylated thiamine (10.4 min, method 16 B, chromatographic system
1). The production of this substance, not detected in any other set of conditions, was not included in the
calculations to estimate the amount of de novo TP and TPP biosynthesised. Due to the small amounts
produced, no attempt to characterise this compound was made.
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Figure 6.4. Effect of the concentration of Dxp (A), Cys (B) and Tyr (C) on the overall
production of TP and TPP. In these experiments the amount of TPP produced varied
from 0 to 20 % of the total thiamine production. Original data from HPLC files:
HPLC\Methods\FLUC18_2.018, 19, 24, 28.
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Figure 6.5. HPLC traces of oxidised reaction mixtures incubated with increasing
concentrations of Tyr (0-2 mM) for 4 h at 37 °C. All samples also contained Cys, Dxp,
ATP and Hmp. Original data from HPLC file: HPLC\Methods\FLUC18 2.024.

Subsequent studies on thiazole synthase activity were conducted using a further
simplified system containing Tyr as the only exogenously added thiazole precursor.
Therefore, and unless otherwise indicated, the term ‘standard assay’ refers to a mixture
containing the following components: de-repressed pRL1020/83-1 proteins, purified
ThiGH-His, ATP, Hmp and Tyr.

These results raised the intriguing question of the actual source of the Cs unit
and sulphur atom that are incorporated into Thz-P during these experiments. The
component that provides these atoms appeared to co-elute with the proteins when the
de-repressed pRL1020/83-1 lysate was applied onto a NAP-10 gel filtration column,

consistent with the potential existence of a protein-bound intermediate formed in vivo.
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A model of thiazole biosynthesis, as it could occur in our in vitro assay, is

outlined in Scheme 6.2.

{ Step 1. Intermediate production in vivo

0 oH SH
2 ® ThiFs .
OPO;™ N ——~ » Enz-ntermediate
IscS, Thil
H +
OH coo”
Dxp Cys
Step 2. Cell lysis and
gel filtration
OH
) _ s OPO,>
® ThiGH-His
HN + Enz-Intermediate <\ l
N
GOOC Thz-P
Tyr Enz

Step 3. Thiazole biosynthesis in vitro

Scheme 6.2. Proposed model for Thz-P formation under the in vitro assay conditions
described here. The enzyme-bound intermediate is formed in vivo, during the de-
repression phase (step 1). Cells are then harvested, lysed and the lysate applied to a
NAP-10 column (step 2). The intermediate is then eluted with the other de-repressed
pRL1020/83-1 proteins and introduced in the assays where it is required for Thz-P
biosynthesis (step 3).

With regard to the potential structure of this intermediate, it is interesting to
note that the studies by Park et al. (81) on thiazole biosynthesis in Bacillus subtilis have

provided evidence for a C-terminal derivative of ThiS (Figure 6.6) that contains the
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atoms originating from Dxp and Cys. Such an enzyme bound intermediate may
therefore be common to the thiazole forming pathways of tyrosine/ThiH dependent

organisms (such as E. coli) and glycine/ThiO dependent organisms (such as B. subtilis).

OPO5%

Figure 6.6. Proposed structure of an enzyme-bound intermediate and its tautomer for

ThiGH-His dependent thiazole biosynthesis (81).

6.2.5. Thiazole Synthase Activity: Effect of ThiF and ThiS

The addition of both ThiF and ThiS to assays containing the de-repressed
pRL1020/83-1 lysate and all the other components listed in Table 6.2, produced a
slight increase in the basal thiazole biosynthetic activity (section 6.2.3, Figure 6.3).
The effect of these two proteins was further investigated in reaction mixtures
containing de-repressed pRL1020/83-1 proteins and Tyr, plus or minus Cys and Dxp.
Figure 6.7 shows the unexpected results obtained from this experiment. In fact,
analysis of the reaction mixtures and estimation of the thiamine content revealed that,
unlike the effect produced on the pR1.1020/83-1 cleared lysate, the addition of either
ThiFS (sample 3) or Dxp plus Cys (sample 1) slightly decreased the basal activity of
the pRL.1020/83-1 proteins, whilst the combination of ThiFS and Dxp plus Cys seemed
to further enhance this inhibitory effect (samples 3 and 4). Furthermore, in the presence
of ThiFS, the addition of ThiGH-His (sample 4) was not able to restore the activity

measured in sample 2.
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Figure 6.7. Effect of ThiFS on the production of TP and TPP by de-repressed
pRL1020/83-1 proteins. Sample 1: de-repressed pRL1020/83-1 proteins; sample 2:
sample 1 plus ThiGH-His (2.3 mg/ml); sample 3: sample 1 plus ThiFS (1.1 mg/ml);
sample 4: sample 1 plus ThiGH-His plus ThiFS. All samples contained Tyr, ATP and
Hmp. Original data from HPLC file: HPLC\Methods\FLUC18 2.056.

Because of the limited number of experiments, it is not possible to provide an
exhaustive explanation for the results here obtained. In particular, it is difficult to
justify the almost opposite effects exerted by ThiFS, Dxp and Cys on the activities of
the de-repressed pRL1020/83-1 proteins and lysate. One possible explanation is that the
lysate might contain a low molecular weight component, removed from the
pRL1020/83-1 proteins, which allows the conversion of ThiFS and/or Dxp plus Cys
into a suitable thiazole precursor.

Apart from the sulphur atom and the N3-C2 unit, the remaining atoms
constituting the thiazole ring derive entirely from Dxp; it is therefore likely that the
enzyme which catalyses the cyclisation reaction contains a binding site for a Dxp-
derived intermediate. Thus, competitive binding of the sugar to this active site could
explain the reduced thiazole synthase activity observed upon addition of a relatively

high concentration (1 mM) of Dxp to reaction mixtures containing the de-repressed
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pRL1020/83-1 proteins. The effect exerted by ThiFS, enhanced by Cys and Dxp, is
more difficult to justify, since these two proteins are, in principle, required for thiazole
biosynthesis. However, if an intermediate such as that shown in Figure 6.6 was the
substrate for ThiG or ThiH, again, competitive binding of ‘unmodified’ ThiS (i.e.
without sulphur or Dxp derivative covalently bound) to the active site could explain the
decrease in activity (Figure 6.7, sample 4).

In order to gain further insight into the nature of this inhibitory effect, ThiF and
ThiS were individually added to a mixture containing de-repressed pRL1020/83-1
proteins and ThiGH-His, under similar conditions to those just described. The results

are shown in Figure 6.8.
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Figure 6.8. Effect of ThiFS on the overall TP and TPP production of de-repressed
pRL1020/83-1 proteins. Sample 1: de-repressed pRL1020/83-1 proteins; sample 2:
sample 1 plus ThiGH-His (2.3 mg/ml); sample 3: sample 2 plus ThiF (0.9 mg/ml);
sample 4: sample 2 plus ThiS (0.3 mg/ml); sample 5: sample 2 plus ThiF plus ThiS. All
samples contained Tyr, ATP and Hmp. Original data from HPLC file:
HPLC\Methods\FLUC18 2.073.
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Although the basal activity of the de-repressed pRL1020/83-1 proteins, in this
experiment, was approximately 3 times lower than that normally measured (section
6.2.2), the general trend confirmed the previously observed inhibitory effect of Dxp
plus Cys, particularly evident in the presence of either ThiF or ThiS or both (samples 3,
4 and 5). Furthermore, the data seem to indicate that both proteins, individually, were
able to reduce the thiazole synthase activity measured in mixtures containing the de-
repressed pRL1020/83-1 proteins and ThiGH-His. Further experiments are required to
elucidate the mechanism through which ThiF and ThiS, in excess with respect to their
naturally balanced concentration in the pRL1020/83-1 proteins, negatively affect the de
novo thiazole biosynthesis. However, it is tempting to speculate that the assembly of
the thiazole may require the interaction between ThiGH and suitably ‘modified’ or
‘activated’ ThiFS.

As already mentioned, the lysate used for this experiment showed a remarkably
low basal activity (the highest activity measured was approximately 7 pmol/mg of
protein/h, Figure 6.8) despite the fact that the assays were prepared by the usual
protocol (section 7.8.2). This unexpected variation in activity has not been fully
characterised, but repeated experiments have shown that the protein solution eluted

from the gel filtration column occasionally has low activity.

6.2.6. Time Course and Effect of the Concentration of ThiGH-His

Reaction mixtures containing cleared lysates or protein fractions (sections 6.2.2
and 6.2.3) did not normally shown any sign of precipitation at the end of the 4 h
incubation at 37 °C. Conversely, assays containing purified ThiGH-His, even a very
low concentrations, showed sign of precipitation after about 2 h. This was probably
caused by the high instability and marked tendency of the ThiGH-His complex to
precipitate (Chapter 3). Despite this clearly observable protein precipitation, a time
course experiment demonstrated that thiamine biosynthesis occurred in an
approximately linear manner (rate = 8 pmol/mg of protein/h) up to 2 hours and
continued at a reduced rate (rate = 2 pmol/mg of protein/h) up to at least 6 hours

(Figure 6.9), with the reaction products remaining stable for at least 24 h at 37 °C. An
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attempt to minimise protein aggregation by adding BSA at a relatively high

concentration (2 mg/ml) proved unsuccessful.
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Figure 6.9. Time course of the production of TP and TPP. All Samples contained de-
repressed pRL1020/83-1 proteins, ATP, Hmp and Tyr. Original data from HPLC file:
HPLC\Methods\FLUC18_2.070.

As the experiment described in section 6.2.3 suggested that the amount of
ThiGH in the de-repressed pRL1020/83-1 lysate (or proteins) could be limiting the de
novo production of thiamine, the effect of varying the concentration of ThiGH-His in
the assay was also investigated (Figure 6.10). The amount of thiamine produced was
approximately proportional to the ThiGH-His added, up to a final concentration of 2
mg/ml, after which additional ThiGH-His gave no increase and in fact decreased the
overall yield of thiamine. Careful observations of the assays revealed the presence of
precipitate in all the reaction mixtures, although it appeared to be more pronounced in
those samples containing more than 1 mg/ml of ThiGH-His. This aggregation may, at

least in part, account for the decreased activity in assays containing a higher

concentration of complex.
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Figure 6.10. Effect of ThiGH-His on thiamine biosynthesis. Overall TP and TPP
production in each assay. Samples contained de-repressed pR1.1020/83-1 proteins,

Hmp, ATP and Tyr. Original data from HPLC files: HPLC\Methods\FLUC18 2.053,
54.

Alternatively, it may be that when ThiGH-His is present at a concentration
above 2 mg/ml, other essential components become rate limiting in the assay. In fact,
the experiments described in section 6.2.2, suggested that the high activity obtained by
mixing the de-repressed pRL.1020/83-1 lysate and the ThiGH-enriched protein fraction,
could result from the availability of different and complimentary components provided
by each extract. The principle component provided by ThiGH-enriched protein fraction
is likely to be ThiGH-His, but the active components provided by the de-repressed
pRL1020/83-1 lysate (or proteins), and potentially accumulated as a result of the
adenosine treatment, have yet to be fully characterised.

Despite the fact that the in vitro assay here reported has allowed, for the first
time, detection of de novo thiazole biosynthesis, the specific substrates and reactions
catalysed by ThiG and ThiH-His remain to be identified. The formation of the thiazole

could require several steps and the interaction of ThiG and ThiH with other auxiliary
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proteins present in the de-repressed pRL1020/83-1 lysate (or proteins). These proteins
might participate in thiazole biosynthesis by assembling direct substrates for ThiG or
ThiH, or by activating these enzymes. This would not be unexpected in the case of
ThiH, since this Fe-S cluster protein might require repairing and/or reduction of the
cluster to remain active (48,76,88,97,99,104). Although it is difficult, at this stage, to
discriminate amongst different potential mechanisms of thiazole formation, the
decrease in activity shown in Figure 6.10 may be consistent with the hypothesis of a
complex multistep process. In fact, if only one other component was limiting thiamine
biosynthesis at high ThiGH-His concentrations, the activity would be expected to reach
a plateau. The almost proportional decrease in activity, instead, may indicate the
existence of more than one rate-limiting step. Elucidation of the detailed mechanism
through which Thz-P is biosynthesised in E. coli awaits the reconstitution of in vitro

thiazole synthase activity in a fully defined biosynthetic system.

6.2.7. Preliminary Fractionation Experiments on the De-repressed

PpRL1020/83-1 Cleared Lysate

In order to gain further evidence supporting the existence of other protein
components limiting thiazole biosynthesis (section 6.2.6) at high ThiGH-His
concentrations (> 2 mg/ml), the de-repressed pRL1020/83-1 lysate was fractionated by
gel filtration chromatography, and the activity of the fractions tested in the presence of
a reduced amount of unfractionated lysate (to provide ThiE and ThiD), ThiGH-His
(2.3-3.2 mg/ml), Tyr, Hmp and ATP.

Aerobic fractionation of the lysate was at first carried out on an analytical scale
(section 7.8.8). Proteins were eluted in fractions 3-5 (Table 6.3 and Figure 6.11) and
fractions 3-7 were tested for thiazole synthase activity. The results are shown in Figure

6.12.
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Fraction Number Retention Time (min)

0-10
10-20
20-30
30-40
40-50
50-60
60-70

~N N U BAWN e

Table 6.3. Fraction numbers and correspondent retention times of proteins eluted from

the analytical gel filtration column (Superdex 200 HR 10/30, AP Biotech). Flow rate:

0.5 ml/min; fraction size: 5 ml.
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Figure 6.11. Coomassie stained 15 % SDS-PAGE gel of proteins eluted from the
analytical gel filtration column (Superdex 200 HR 10/30, AP Biotech). Numbers
correspond to the fraction numbers. M = molecular weight marker. Proteins in fractions
3-5 were concentrated by using MWCO membrane filters (5 kDa). Fractions 6 and 7

were equally treated. Prior to the addition to the reaction mixtures, fraction aliquots

(200 pl) were degassed inside the glove box for 30 min.
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Figure 6.12. Activity test (overall TP and TPP production) on the fractions eluted from
the analytical gel filtration column. Samples contained ATP, Hmp and Tyr. Original
data from HPLC file: HPLC\Methods\FLUC18_ 2.046.

Estimation of the thiamine content revealed that one or more proteins eluted in
fractions 4 and 5, and some low molecular weight component eluted in fraction 6, were
able to appreciably increase (1.5 times) the thiazole synthase activity of reaction
mixtures containing the de-repressed pRL1020/83-1 lysate (25 % of the amount
typically used, Table 6.2) and purified ThiGH-His (Figure 6.12, sample 1). In
particular, the addition of fraction 5 allowed de novo thiamine biosynthesis to occur at a
rate higher than 40 pmol/mg of protein/h, one of the highest activities measured in the
absence of exogenously added Thz-P. Therefore, these results strongly support the
requirement for proteins, other than ThiGH-His, which could become rate limiting
under the conditions investigated. As fractions 4 and 5 contained proteins of a wide
range of sizes (Figure 6.11), the retention times could not be used to estimate the
molecular weight of the potential active components. However, it is interesting to note

that they were eluted in late fractions (retention times > 30 min, Table 6.3).
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The fractionation experiment was repeated on a larger scale (18 ml of de-
repressed pRL1020/83-1 lysate, section 7.8.8). Selected fractions were both analysed
by SDS-PAGE (Figure 6.13) and tested for thiazole synthase activity (Figure 6.14).
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Figure 6.13. Coomassie stained 15 % SDS-PAGE gel of the de-repressed pRL1020/83-
1 proteins eluted from the gel filtration column (S-200, 3.4 cm 1.D. x 85 cm). Numbers
correspond to the fraction numbers. M = molecular weight marker. Prior to the addition
to the reaction mixtures, fraction aliquots (200 pl) were degassed inside the glove box

for 30 min.

Proteins eluted in fractions 26-32 enhanced the rate of thiamine biosynthesis up
to 43 pmol/mg protein/h, in very good agreement with the results obtained from the
small scale fractionation experiment; once again the active components were eluted in
relatively late fractions, and a comparison between Figure 6.11 (fractions 4 and 5) and
Figure 6.13 (fractions 29 and 32) reveals the consistent presence of at least one protein,
around ~ 44 kDa. However, a substantial decrease in activity was also observed upon

addition of fractions 35 and 41. Interestingly, this effect was very similar to that exerted
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by purified ThiF and ThiS (section 6.2.5) added to standard assays plus or minus Dxp
and Cys (Figures 6.7 and 6.8).

Identification of the proteins shown to either enhance or reduce the rate of

thiazole biosynthesis is one of the immediate objective for future studies.

TP+TPP, pmol/mg protein/h

Figure 6.14. Activity test (overall TP and TPP production) on the fractions eluted from
the gel filtration column (S-200, 3.4 cm L.D. x 85 cm). Experiments were not carried
out in duplicate. Samples (200 pl) were degassed for 30 min before being added to the
reaction mixtures. Original data from HPLC file: HPLC\Methods\FLUC18 2.078.

6.2.8. Thiazole Synthase Activity: Preliminary Experiments on the Effect of
SAM and Reducing Agents

As mentioned in Chapter 1 (section 1.3.3) ThiH shares the Fe-S cluster binding
motif, CxxxCxxC, with members of the ‘radical SAM’ family (84), whose activity is
dependent upon the presence of S-adenosyl methionine. Despite the fact that under the

conditions initially investigated, ThiGH-His did not appear to require exogenously
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added SAM to catalyse the thiazole formation, the effects of adding this co-factor and
potential reducing agents, dithionite and NADPH, on the formation of thiamine were
investigated (Figure 6.15). The addition of SAM and a reducing agent (samples 2 and
3) did indeed greatly increase the observed thiazole synthase activity, with NADPH
being more effective than dithionite. Iron and sulphide have been used to reconstitute
the Fe-S clusters of several ‘radical SAM’ enzymes (108,141,184) and were added to
these thiazole synthase assays in an effort to maximize activity. In a separate
experiment, the effect of the addition of SAM alone was examined and shown to result
in a relatively modest increase in activity (Figure 6.16). The data shown in Figures
6.15 and 6.16 have been converted to relative activities, expressed as percentage and

plotted together in Figure 6.17.
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Figure 6.15. Effect of SAM and reducing agents on the production of TP and TPP.
Sample 1: standard assay; sample 2: standard assay containing reconstituted ThiGH-
His pre-incubated with dithionite (1 mM, 30 min), and SAM (1 mM); sample 3:
standard assay containing reconstituted ThiGH-His, SAM (1 mM) and NADPH (1
mM). Original data from HPLC file: HPLC\Methods\FLUC18 2.084 (chromatographic
system 2, section 7.3, method 16 B).
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Figure 6.16. Effect of SAM (without addition of reductant) on the TP and TPP
production of standard assays (de-repressed pRL1020/83-1 proteins, purified ThiGH-
His, ATP, Hmp and Tyr). Original data from HPLC file:
HPLC\Methods\FLUC18 2.070.
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Figure 6.17. Effect of SAM and reducing agents on the TP and TPP production,
expressed as relative activity (%). Sample 1: standard assay; sample 2: standard assay
containing SAM (1 mM); sample 3: standard assay containing reconstituted ThiGH-His
pre-incubated with dithionite (1 mM, 30 min) and SAM (1 mM); sample 4: standard
assay containing reconstituted ThiGH-His, SAM (1 mM) and NADPH (1 mM).
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One of the implications of these results is that the background thiazole synthase
activity observed in our initial assays was dependent on endogenous SAM. The
addition of high concentrations of ATP (20 mM), to permit the pyrophosphorylation of
Hmp to Hmp-PP, may have had the additional beneficial effect of allowing sufficient
SAM to be synthesized in situ by SAM synthetase (185), using methionine presumably
scavenged from protein degradation.

The remarkable increase of activity (from 14 up to 34 pmol/mg protein/h,
Figure 6.15) produced by the addition of both dithionite and NADPH also suggests
that, under the conditions investigated, the rate of thiamine biosynthesis was limited by
the concentration of a reducing agent. The physiological enzymatic source of electrons
for many radical SAM enzymes is the NADPH/flavodoxin reductase/flavodoxin system
(108-110), which can be substituted by strong chemical reductants such as sodium
dithionite or photoreduced deazaflavin (88,99,102,111). Thus, the enhanced activity
observed upon reduction of the ThiGH-His complex with dithionite, supports a
mechanism in which NADPH is used by flavodoxin reductase and flavodoxin to reduce
the cluster in ThiH-His (section 1.3.3).

The fractionation experiments described in section 6.2.7, revealed that the
addition of fractions enriched in yet unidentified proteins deriving from the de-
repressed pRL1020/83-1 lysate, could result in a 1.5-fold increase of the thiazole
synthase activity. In an attempt to rationalise these results, one could speculate that in
assays containing either the de-repressed pRL1020/83-1 lysate or proteins, the activity
depends on ThiGH-His and on the amount of endogenously reduced flavodoxin, which
cannot be efficiently regenerated due to the low concentration or removal (by the gel
filtration step) of NADPH; whilst, in the presence of an excess of physiological
reductant, the flavodoxin/flavodoxin reductase system could work catalytically, with
ThiGH-His remaining, potentially, the only limiting component. A very low
endogenous concentration of NADPH could also explain why the gel filtration of the
pRL1020/83-1 lysate did not decrease the activity (section 6.2.4).

The addition of SAM and NADPH has provided optimised conditions for
thiazole biosynthesis, however, as this high activity is approaching the point (50
pmol/mg of protein/h, section 6.2.1) at which ThiD and ThiE may become limiting,
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supplementation of the reaction mixtures with these two proteins may be required for

future studies.

6.2.9. Proposed Mechanisms for Thz-P Biosynthesis

The stimulation of the thiazole synthase reaction by SAM and NADPH,
together with the observed low stoichiometry of turnover (0.01-0.03 mol thiamine/mol
ThiGH-His) are similar to the properties of other proteins that belong to the ‘radical
SAM’ family of enzymes (88,108), although rigorous proof of this relationship will
require a fully defined biosynthetic system. Radical SAM enzymes bind [4Fe-4S]2+/I+
clusters and SAM in close proximity (112,113,186,187) and are proposed, under
suitable conditions, to generate a highly reactive DOA radical by reductive cleavage of
SAM (Scheme 6.3). This radical, in turn, rapidly abstracts a hydrogen atom from a
suitably placed donor (protein or substrate) to generate a second radical required for

product formation (section 1.3.3).

0
i .

UFe-4s] [4Fe-4S

STEP 1 STEP 2

Scheme 6.3. Reductive cleavage of SAM by a [4Fe-4S]" cluster to the DOA radical
and methionine, and abstraction of an H atom from the substrate RH. Steps 1, 2 and/or

the H atom abstraction may occur in a concerted fashion.
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Several possible radical mechanisms involving SAM and the Fe-S cluster of
ThiH can be envisaged leading to thiazole formation. One possibility is to use the SAM
derived deoxyadenosyl radical to initiate the formation of a tyrosyl radical that leads to
Ca-CB bond cleavage. This side chain cleavage may be directly coupled to the
cyclisation (Scheme 6.4) or lead to the formation of the glycine derived imine that has
been identified as an intermediate in B. subtilis by Park et al. (81) (Scheme 6.5).

The first proposed mechanism (Scheme 6.4) would require Tyr and the
thiodeoxy sugar 17 to form a Schiff base and chelate to an enzyme active site metal
centre (18). A SAM-derived deoxyadenosyl (DOA) radical (or equivalent) could form
the phenolic radical 19, which may lead to Ca-CB bond cleavage and release the

quinone methide 21.
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Scheme 6.4. First proposed mechanism for Thz-P biosynthesis. The SAM derived
deoxyadenosyl radical initiates the formation of a tyrosyl radical that leads to Co-Cf3
bond cleavage. This side chain cleavage is then directly coupled to the cyclisation to

Thz-P.
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Hydration of 21 would lead to p-hydroxybenzyl alcohol 22, a known thiamine
biosynthetic by-product, whilst decarboxylation and dehydration of 23 would lead to
Thz-P. In the formation of the Co-S bond by this mechanism, the metal ion is proposed
to act as electron acceptor (for example, M = Fe’™*").

Alternatively (Scheme 6.5), the Ca-CB bond cleavage which follows the
formation of the tyrosyl radical 24, could release the radical intermediate 25, in

addition to the quinone methide 21.
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Scheme 6.5. Second proposed mechanism for Thz-P biosynthesis. The SAM derived
deoxyadenosyl radical initiates the formation of a tyrosyl radical that leads to Ca-Cf
bond cleavage and then to the formation of the glycine derived imine 26 (81).
Nucleophilic attack by 17 on 26, intramolecular imine formation, dehydration and

decarboxylation eventually lead to Thz-P.
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As in the reaction catalysed by HemN (187), another radical SAM enzyme, a
suitable and as yet unidentified electron acceptor is required to receive an unpaired
electron from the radical intermediate 25, leading, in this case, to the formation of the
glycine derived iminium ion 26. This iminium ion could undergo nucleophilic attack by
the thiodeoxy sugar 17 to form 27. Intramolecular imine formation would lead to the
cyclic intermediate 23, which will dehydrate and decarboxylate to Thz-P.

In both proposed mechanisms, Tyr acts as a substrate for ThiH, consistent with
the observation that the Thz-P requirement of S. fyphimurium strains containing
mutations in the isc operon or in gsA4, could be satisfied by the addition of this amino
acid (48,76). In fact, the Thz-P auxotrophy of these mutants was suggested to arise
from the damage of the Fe-S cluster in ThiH caused by the mutations, and the effect of
Tyr was rationalised in terms of binding to the protein to stabilise it or to maximise the
turnover of the residual active ThiH molecules. Involvement of precursor 17 in thiazole
formation is supported by the data reported in section 6.2.4, and our current hypothesis
is that this thiodeoxy sugar is released by the hydrolysis of an enzyme bound
intermediate, possibly derived from ThiS (Figure 6.6) (81). The mechanisms proposed
herein also suggest a role for ThiG, which could interact with the ThiS-bound
intermediate and catalyse its hydrolysis. Then ThiG could either transfer 17 fo ThiH
(Scheme 6.4) or receive the glycine derived imine 26 from ThiH, and catalyse the
cyclisation to Thz-P in its active site (Scheme 6.5). In the first case ThiH would
conceivably be the active cyclase, whilst in the second case it would be ThiG to
perform this role.

Data supporting such a role for ThiG are the sequence homology to HisF which
catalyses the formation of the imidazole ring of histidine from an acyclic precursor
which contains a Dxp-like moiety (79,80), and the 48 % sequence identity to B. subtilis
ThiG, recently shown to catalyse the cyclisation of Dxp and the glycine imine 26 to
Thz-P, in the presence of a source of sulphur (81).

Further experiments will be required to substantiate and also discriminate
between these two potential mechanisms, both of which imply a close interaction
between ThiG and ThiH, in agreement with the observed formation of a ThiGH

complex (Chapter 3).
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6.3. Summarv and Conclusions

For the first time, using lysates or partially purified protein samples and an
enzyme coupled assay, the thiazole synthase activity of E. coli has been measured.

De novo thiamine biosynthesis was initially detected in lysates obtained from
de-repressed pRL1020/83-1 cells, and subsequently found to be increased (2.5-3 times)
by the addition of the proteins derived from a ThiFSGH-His over-expressing
BL21(DE3) lysate. Purified ThiGH-His and ThiFS were then tested for their ability to
substitute for this fraction. The addition of purified ThiGH-His allowed complete
recovery of the activity and demonstrated that this complex was involved in the rate
limiting step. Purified ThiF and ThiS, instead, substituted less efficiently for the gel
filtered pRL1020/BL21(DE3) lysate and were also shown to reduce the rate of thiamine
biosynthesis in assays containing de-repressed pRL1020/83-1 proteins and purified
ThiGH-His. This effect was exacerbated in the presence of Dxp and Cys.

Studies on the dependence of the thiazole synthase activity on the concentration
of the known precursors, Tyr, Cys and Dxp, revealed that the activity was unaffected
by either the addition or omission of Cys and Dxp in the assays, being instead
completely dependant on the addition of Tyr. A further component that co-purified with
the proteins derived from the de-repressed pRL1020/83-1 lysate, was also required and
is presumed to provide the Cs unit and sulphur for which Dxp and cysteine are known
to be the original metabolic precursors. Besides providing this potential enzyme-bound
intermediate, the de-repressed pRL1020/83-1 proteins were also found to supply other
yet unidentified rate-enhancing protein components. The activity is also strongly
stimulated by the addition of SAM and a reducing agent, with NADPH proving more
effective than dithionite.

These results are consistent with our working model in which the thiazole is
formed from tyrosine and an as yet uncharacterised intermediate by the ThiGH
complex in a SAM/NADPH dependent reaction. Two potential radical mechanisms,
based on the production of a DOA radical and, subsequently, of a tyrosyl radical, have
been proposed.

The development of a functional in vifro assay to investigate thiazole
biosynthesis in E. coli cell-free extracts, constitutes a major step forward in the

elucidation of the detailed and complex mechanism through which this thiamine moiety
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is assembled. Many of the problems inherent to the formation and detection of this
compound were overcome by carefully optimising the biosynthetic system (extracts
from de-repressed cells incubated under anaerobic conditions) and by exploiting a
coupled assay and the highly sensitive thiochrome method. This strategy has allowed
the investigation of several conditions leading to remarkable findings as well as to a
progressive simplification of the assay itself. The experiments described here have
brought to light the existence of potential new accessory proteins, and not previously
reported precursors and cofactors involved in Thz-P assembly, and will help design
experiments to elucidate the details of this highly challenging problem of thiazole
biosynthesis in E. coli. Particularly exciting future experiments might include: (i)
characterisation of the potential enzyme-bound intermediate formed in vivo and which
might have the structure shown in Figure 6.6 (the structure of this intermediate could
also hold the key to understand why ThiF and ThiS exert an inhibitory effect on
thiamine biosynthesis, under the conditions investigated); (i) identification of the
enzymes shown to increase the thiazole synthase activity in assays containing a
relatively high ThiGH-His concentration (potential candidates are flavodoxin and
flavodoxin reductase); (iii) elucidation of the role of SAM and the specific reactions
catalysed by ThiG and ThiH by designing, for example, experiments to trap or detect

hypothetical radical and non radical intermediates.
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Chapter 7.

Experimental Methods

7.1 Materials

Primers were synthesised by Eurogentec Ltd (Southampton). Materials were
purchased from the following suppliers: molecular biology reagents from either
Promega or Qiagen; restriction enzymes from either Promega or New England Biolabs;
Taq DNA polymerase, T4 DNA ligase and molecular weight markers for DNA
electrophoresis from Promega; Pfu Turbo DNA polymerase and E. coli XL1-Blue cells
from Stratagene; dNTPs from MBI Fermentas; electrophoresis grade agarose from
either Bio-Rad or Gibco BRL; pBAD-TOPO and pBAD/HisA cloning systems, E. coli
One Shot and LMGI194 cells from Invitrogen, pET-24d(+), pET-24a(+) cloning
systems and E. coli BL21(DE3) cells from Novagen; yeast-extract, bacto-tryptone and
bacteriological agar from Oxoid; IPTG and kanamycin from Melford Laboratories; 3-
(+)-L-arabinose, K;[Fe(CN)s] and glycerol from Avocado; polyacrylamide-bis
polyacrylamide [30 % (w/v), 37.5:1] from Amresco; adenosine, 4-hydroxybenzoic acid,
2,3-dihydroxybenzoic acid and 4-aminobenzoic acid from Across; D-glucose and
molecular weight markers for SDS-PAGE from BDH; HPLC grade solvents, K,HPO,4
and KH,PO, from Fisher Scientific; HC1O4 [20 % (w/v) solution] from Fluka; aldolase,
triose phosphate isomerase (TPI) (both from rabbit muscle) and all other reagent grade
chemicals from Sigma-Aldrich, unless otherwise stated. S-adenosylmethionine (SAM,
tosylate salt) was a generous gift from Dr. H. Schroeder (BASF, Ludwigshafen,
Germany).

Aluminum backed TLC plates (silica gel 60, F-254, 250 um) were obtained
from Merck. PD-10 and NAP-10 columns, Superdex 200 HR 10/30 pre-packed
column, Source Phe, Q-Sepharose High Performance, Superdex 75 (S-75), Superdex
200 (S-200) and Chelating Sepharose Fast Flow resins were from AP Biotech. Pressure
cells (10, 50 and 250 ml) were purchased from Amicon and PM30, PM10 membranes,
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Biomax Ultrafree 0.5 filter membranes (5k NMWL) and sterile 0.22 pum filters from
Millipore. Analytical and semi-preparative HPLC columns were either generous gifis
from Roche and Prof. T. Brown or were purchased from Fisher Scientific together with
Costar Spin-X filters (0.22 um). E. coli 83-1 cells were a generous gift from Prof. R.
Azerad (René Descartes University, Paris) and Prof. M. Therisod (University of Paris
South, Orsay) E. coli KG33 cells were kindly provided by the E. coli Genetic Stock
Center (Yale University) and E. coli C43(DE3) from Prof. J. E. Walker (MRC
laboratory, Cambridge). E. coli BL21(DE3) cells transformed with a pET-23b-derived
plasmid encoding Dxs-His were a kind gift from Prof. A. Boronat (Barcelona

University, Barcelona).

7.2. Equipment

Centrifugation: Samples (2-250 ml) were centrifuged at 4 °C in an Avanti J-25
centrifuge (Beckman). For samples of a volume less than 2 ml a microCentrifugette
4221 (ALC) at room temperature or a Biofuge Fresco (Heraeus) at 4 °C were used.

Determination of pH: Mettler Delta 340 pH meter connected to a Mettler
Toledo Inlab 413 Combination Electrode was used for pH determination and
adjustment. The pH meter was calibrated at pH 7.0 to 10.0 before use and stored in a
saturated solution of KCI.

PCR, Sterilisation and Incubation: A Progene Thermal Cycler (Techne) was
used for PCR amplifications. Media and heat stable solutions required for
microbiological experiments were sterilised in a PriorClave autoclave (Priorclave Ltd)
at 121 °C for 25 min. Bacterial cultures (solid and liquid) were incubated in an Innova
4400 Incubator Shaker (New Brunswick Scientific) or in an Innova 4230 Refrigerated
Incubator Shaker (New Brunswick Scientific).

Cell Lysis by Sonication: Cells suspensions (from 0.1 to 30 g of cell paste) were
lysed by sonication in ice baths using a Soniprep 150 sonicator (Sanyo).

Anaerobic Purifications: all the experiments and purifications requiring
anaerobic conditions were carried out in a glove box (Belle Technology) kept in a N
atmosphere and containing less than 2 ppm O,. The glove box was maintained at 19 °C

in a temperature controlled laboratory.
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UV-visible Spectroscopy, NMR and ESI-MS: absorbance readings and UV
spectra were recorded on a Lamba 2 spectrophotometer (Perkin-Elmer). 'H and C
NMR spectra were recorded using a AC300 (300 MHz, Bruker) spectrometer, and ESI-
MS spectra were recorded on either a VG Platform single quadrupole or on a Waters
ZMD quadrupole mass spectrometer.

FPLC and HPLC: A Pharmacia-LKB fast performance liquid chromatography
(FPLC) unit was used for aerobic purifications at 4 °C; a Gilson System Workcenter
including 321 pumps and 234 Gilson Autoinjector equipped with Tray 36 was
connected to a Shimadzu RF-10Axl fluorimeter and/or to a Gilson UV/Vis-155
detector, and used for high performance liquid chromatography (HPLC) analysis at
room temperature and anaerobic purifications at 19 °C.

Gel Densitometry Analysis: a Syngene Gene Genius imaging system and related
software were used to estimate the relative amounts of proteins analysed by SDS-

PAGE and revealed by Coomassie staining.

7.3. General Experimental Methods

Standard sterile techniques were applied throughout microbiological
experiments. Growth media and heat stable solutions were autoclaved, whilst heat
labile solutions (IPTG and antibiotics) were filter sterilised through 0.22 pm filters.

Growth media were supplemented with the appropriate antibiotic at the
following concentrations: ampicillin, 100 pg/ml and kanamycin, 30 pg/ml. Protein
expression was induced by the addition of arabinose [0.2 % (w/v)] from pBAD-derived
plasmids, and by the addition of IPTG (0.5 mM) from pET-derived plasmids.

Assembled plasmids and their resistance markers are listed in Appendix A.

The composition of media and other relevant solutions is given in Appendix B.

Method 1: PCR Amplification of Genes of Interest
Genomic DNA was isolated by the author using Magyx® Bacterial Genomic
Midi Kit (Nuclyx) and following the manufacturer’s recommended protocol. The

primers used to amplify all the genes mentioned in this thesis are listed in Table 7.9.
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PCR reactions (50 pl) were set up in sterilised tubes (200 pl) using the
conditions reported in Table 7.1, however, in order to minimise the extension of
partially annealed primers to non-specific sites on the genomic DNA, the DNA
polymerase was added only after 3 min incubation at 95 °C (Table 7.2). This technique
is called ‘hot start’ PCR.

Component Stock Concentration Volume Total quantity
Pfu Turbo Buffer 10X 5ul 1X
dNTPs 10 mM 2 ul 20 nmol
DNA template* 10 or 100 ng/pl 1l 10 or 100 ng
Primers 10 uM 2.5 pl/each 0.025 nmol
Pfu Turbo DNA polymerase 0.25 U/ul 5ul 125U
Sterile H,O to 50 pl

Table 7.1. Conditions for PCR reactions. * Two reaction mixtures containing different
amounts of DNA template (100 and 10 ng) were normally prepared for the

amplification of target genes.

PCR reactions were processed in a thermocycler as reported in Table 7.2, then

analysed on 1 % agarose gels by gel electrophoresis.

N° of Cycles T (°C) time (min)
1 95 3
80 (addition of the 3
polymerase)
30 95 (denaturation) 1
50 (annealing) 1
72 (elongation) 1-1.5/kbp
1 72 10
4 as required

Table 7.2. PCR amplification reaction cycle conditions. At the end of the last cycle,

reaction mixtures were stored at 4°C until removed.
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PCR products were purified using Wizard® PCR Preps DNA Purification

System (Promega), as per manufacturer’s instructions.

Method 2: A-tailing

Pfu DNA polymerase does not add an extra deoxyadenosine at the 3’ ends of
the amplified fragments. Therefore, in order to allow cloning into the pPBAD-TOPO
vector (method 3) which contains an extra deoxythymidine at the 3’ ends, the purified
PCR products (method 1) were A-tailed using Taq DNA polymerase and the conditions
described in Table 7.3.

Stock Concentration Volume Total Quantity
PCR product 20-100 ng/ul 7 ul 140-700 ng
Taq polymerase buffer 10X 1l 09X
MgCl, 25 mM 0.8 ul 20 nmol
ATP 2mM 1ul 2 nmol
Taq DNA polymerase 5U/ul 1w 5U

Table 7.3. A-tailing conditions.

The tubes (200 pl) were placed into the thermocycler and kept at 72°C for 30
min, then stored at —20 °C until used or immediately ligated into pBAD-TOPO vector.

Method 3: Cloning into pBAD-TOPO Vector

A-tailed PCR products (method 2) were ligated into pPBAD-TOPO vector, as per
manufacturer’s instructions. Reaction mixtures (6 ul) were incubated at room
temperature for 30 min and used to transform XL1-Blue or One Shot competent cells

(method 4).
Method 4: Preparation of Competent Cells and Transformation

Competent cells were either purchased (One Shot and XL1-Blue) or prepared by

the rubidium chloride method (188). Purchased competent cells were transformed as
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per manufacturer’s instructions; in the case of competent cells prepared by the
rubidium chloride method, the general transformation method which follows has been
successfully employed.

Aliquots of competent cells (50-200 pl) contained in 1.5 ml tubes were thawed
on ice for 10 min before adding, stirring gently, the total volume (6-10 pl) of a ligation
reaction (methods 3 or 9) or 1ul of purified plasmid DNA. The tubes were incubated on
ice for 30 min and then heat-shocked for exactly 45 sec in a 42°C water bath. Cells
were returned to ice for 2 min, mixed with room temperature SOC medium (950-800
ul) and then transferred to 15 ml Falcon tubes. Cell suspensions were incubated in an
orbital shaker at 37°C (230 rpm) for 1 h before being plated onto selective 2YT or
supplemented DM agar plates (Appendix B). Positive colonies (those containing the
correct construct), identified by PCR screening (method 5) or by Minipreps and
analytical restriction digestion (methods 6 and 7), were stored as glycerol freezes

(method 10).

Method 5: PCR Screening of Colonies

Colonies were screened for plasmids containing the correct inserts by direct
colony PCR, using either suitable primers annealing to the vector (pBAD-TOPO or
pBAD/His) or using one primer annealing to the vector and one annealing to the insert

(Table 7.9). Colonies from plates were picked with sterile 10 ul tips and dipped into 50

pl PCR reactions set up as follows:

Stock Concentration ~ Volume  Total quantity

Taq Polymerase buffer 10X 5ul 1X
MgCl, 25 mM 4 ul 0.1 pumol
dNTPs 10 mM 2 ul 20 nmol
Primers 10 uM 2.5 ul 0.025 nmol

Taq DNA polymerase 0.5 U/ul 5ul 25U

Sterile H,O 33.5 ul

Table 7.4. Compositions of reaction mixtures prepared for PCR screening of positive

colonies.

149



Each tip was then ejected into a 50 ml Falcon tube containing 2YT medium (5
ml) and cells were grown overnight at 37 °C for further investigation or storage.

PCR reaction mixtures were transferred to the thermocycler and heated at 95 °C
for 10 min to lyse the cells and allow the release of both genomic and plasmid DNA.
The remaining cycle conditions were identical to those reported in Table 7.2, including

the ‘hot start’ technique (method 1).

Method 6: Plasmid DNA Isolation

Plasmid DNA was isolated using Wizard Plus Minipreps DNA Purification
System (Promega) or a QIAprep Spin Miniprep Kit (Quiagen), as per manufacturer’s
instructions. Sterile water (25-45 pul) was used to elute the purified plasmid DNA.

Method 7: Restriction Digestion (Analytical and Preparative)
Analytical restriction digestion of plasmid DNA (45 pl, 50-75 ng/ul) isolated

from 5 ml bacterial culture (method 6) used the following conditions:

Concentration Volume Total quantity

Plasmid 50-75 ng/ul 5l 250-375 ng
Appropriate Buffer 10X 1l 1X
BSA 1 mg/ml 1ul 1pg
Enzymel 10 U/l 0.5 ul 5U
Enzyme 2 10 U/l 0.5 ul 5U
H,O 2l

Table 7.5. Conditions for analytical plasmid DNA restriction digestion. Total volume:
10 pl.

Preparative restriction digestion of plasmid DNA (25 pl, 100-300 ng/pl)

isolated from 10 ml bacterial culture (method 6) used the following conditions:
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Volume Concentration Total quantity

Plasmid 20 ul - 100-300 ng/ul 2-6 pg
Appropriate Buffer 3l 10X 09X
BSA 3ul 1 mg/ml 3pg
Enzymel 2 ul 10 U/ul 20U
Enzyme 2 2ul 10 U/ul 200

Table 7.6. Conditions for preparative plasmid DNA restriction digestion. Total volume:

30 ul.

Reaction mixtures were incubated at 37 °C for 1-2.5 h and then analysed on a 1

% agarose gel by gel electrophoresis.

Method 8: Purification of Digested Fragments

Completed preparative digestion reactions (30 ul) were loaded onto a 1 % low
melting point agarose gel to separate the fragments of interest. The required bands were
excised and the DNA recovered from the agarose using the Geneclean III Kit, as per
manufacturer’s instructions. Agarose gel electrophoresis analysis was used to estimate
the concentration of the purified fragments by comparison with DNA markers of

known concentration.

Method 9: Ligation into an Expression Vector
Samples of suitably restricted and purified plasmid and insert DNA were ligated

under the following conditions:
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Concentration Volume Total quantity

Rapid Ligation Buffer 2X 5ul 1X
Plasmid 50 ng/pl 1ul 50 ng
Insert 25-100 ng/ul x pl*
T4 DNA Ligase 30/l 1wl 30
H,O To a final volume of 10 pl

Table 7.7. Conditions for the ligation of a DNA fragment into an expression vector. *x
varied according to the size of both the vector and the insert, and was calculated to give

3:1 and 1:3 insert:vector molar ratios.

Ligation reactions were incubated overnight at 4 °C and then used to transform
XL1-Blue or One Shot competent cells (method 4). Positive colonies were then
identified either by PCR screening (method 5) or by plasmid DNA isolation followed
by analytical restriction digestion (methods 6 and 7). Plasmid DNA from positive
colonies was isolated and used (1 ul) to transform BL21(DE3), LMG194, 83-1 or
KG@G33 competent cells (method 4), as required.

Method 10: Glycerol Freeze Preparation
Permanent stocks of plasmid-bearing strains were prepared, for long term
storage, adding glycerol (125 pl) to an appropriate bacterial culture (500 pl), mixing

vigorously and storing at —-80 °C.

Method 11: SDS-PAGE Analysis (189)

Protein purity and relative amounts of over-expressed proteins in soluble and
insoluble cellular fractions (method 13) were determined by analysis of 15 % or 18 %
SDS-PAGE gels (Bio-Rad Mini Protean IT System, 200 V) revealed by Coomassie blue
staining (Appendix B). For each sample, small amounts (20 ul) of cleared lysate and re-
suspended cell pellets, were mixed with 2 X SDS-PAGE loading buffer (20 pl,
Appendix B), heated at 90 °C for 5 min to denature the proteins and then loaded onto a
SDS-PAGE gel.
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Method 12: Estimation of Protein Concentration

Protein concentration was routinely determined by the method of Bradford
(190). Briefly, Bradford reagent (1 ml) was added to a protein sample (20 pl) and
incubated at room temperature for 5 min, then Asqs was measured using pure Bradford
reagent as a control. The sample was diluted if Asos exceeded 1.0. Appropriate
correction factors for proteins of unknown concentration were obtained from
calibration curves constructed with BSA standards.

The individual concentrations of ThiH-His and ThiG in purified ThiGH-His
samples were estimated by SDS-PAGE analysis (method 11) and gel densitometry
against BSA standards. In particular, BSA samples (10 ul, 0.5, 1.0 and 1.5 mg/ml) and
the ThiGH-His sample being analysed (10 pl, 1 mg/ml, as estimated by the Bradford
assay) were diluted with water (10 pl) and mixed with 2 X SDS-PAGE loading buffer
(20 pl), then loaded and resolved on a 15 % SDS-PAGE gel. The gel was allowed to
de-stain for at least 18 h in SDS-PAGE de-stain solution (Appendix B), before
analysing the bands by gel densitometry.

Method 13: Small Scale Expression Experiments

Cells from glycerol freezes were used to inoculate small scale cultures in 2YT
medium (5 ml), incubated overnight at 37 °C. These cultures (100 pl) were then used to
inoculate fresh 2YT medium (10 ml in 50 ml Falcon tubes), and cells grown at 37 °C,
220 rpm, until the ODggy reached 0.4-0.6. At this point, the appropriate inducer
(Appendix A) was added and cells were transferred to an incubator set at 15, 22, 28 or
37°C (depending on the strain and the experiment). The growth of the culture continued
to be monitored by measuring the ODggo, and at the stationary phase (ODggo = 1.8-2.3)
the culture was transferred to 15 ml Falcon tubes and cells harvested by centrifugation
(JA-14 rotor with inserts to fit 15 ml Falcon tubes, 7500 rpm, 10 min, 4°C). Cell pellets
were stored at —80 °C or immediately re-suspended in lysis buffer [~ 500 pl, Tris-HCI
50 mM, pH 8.0, glycerol 12 % (w/v)], transferred to 1.5 ml tubes, placed in an ice bath
and lysed by sonication with 2 bursts of 10 sec with a 30 second rest. Cell debris was
precipitated by centrifugation and the protein content of the supernatant estimated by
the Bradford Assay (method 12). Supernatants and cell pellets re-suspended in lysis
buffer (~500 pl) were then analysed by SDS-PAGE (method 11).
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Method 14: Large Scale Expression Experiments

Cells from the glycerol freeze of interest were used to inoculate a starter culture
in 2YT medium (100 ml), incubated overnight at 37 °C. This culture (50 ml) was then
used as 1 % inoculum into fresh 2YT medium (5 1) aliquoted in 4 1 flasks (~ 1.250 1 of
medium/flask), and cells grown at 37 °C. When the ODggo reached 0.4-0.6, protein
expression was induced by the addition of the appropriate inducer (Appendix A) and,
depending on the experiment, cells were returned to the shaker at 37 °C or transferred
to another shaker set at 22 or 28 °C. Cell growth continued to be monitored by
measuring the ODgyy and, at the stationary phase (ODgyo = 1.8-2.3), cells were
harvested by centrifugation (JA-14 rotor, 12000 rpm for 8 min at 4 °C). The resultant

cell pellet was weighed and stored at —80 °C until used.

Method 15: Small Scale Nickel Spin Column Purification

Nickel spin columns were prepared by transferring 150 pl of Chelating
Sepharose Fast Flow resin to a Quiagen Qiaquick spin column (Quiagen); excess
storage liquid was removed by centrifugation (3000 rpm, 1 min, as were subsequent
centrifugation steps for this method) and the resin was charged by re-suspending in
NiSOs (300 pl, 0.2 M), followed by centrifugation. Each column was then washed with
50 mM Tris-HCI, pH 8.0 (2 x 700 pl), and 500-700 ul of cleared lysate (8-10 mg/ml)
applied to permit the binding of the hexahistidine-tagged protein of interest. The lysate
was left to stand for 1 min followed by centrifugation. The flow through was collected
and re-applied, repeating the previous step. The column was then washed with
solutions of increasing concentrations of imidazole (700 ul, 10, 20, 50 mM) in Tris-
HCI, pH 8.0 buffer containing 0.5 M NaCl. The eluate was collected at each stage. The
His-tagged protein was eluted by the addition of 50 ul of high imidazole buffer (50 mM
Tris-HC], pH 8.0, 0.5 M NaCl, 0.5 M imidazole), mixing well to re-suspend the resin,
and left to stand for 5 min before centrifugation. Flow through and each of the eluate

fractions were analysed by SDS-PAGE (method 11).
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Method 16: Thiochrome Assay. Measurement of the Thiamine Content in Cell
Pellets and in In Vitro Assays.

The amount of thiamine monophosphate and pyrophosphate produced both in
vivo and in vitro was estimated by the thiochrome method, with only minor changes to
the protocol described by Gerrits (174).

The following solutions were prepared: PCA1, 7.2 % (w/v) HCIO, in H,O
[obtained by appropriate dilution of the 20 % (w/v) solution commercially available];
K;[Fe(CN)g], 12 mM in 3.35 M NaOH, freshly prepared and stored in the dark until
used; H3PO4, 1.4 M.

TP and TPP standards were prepared from 100 mM stock solutions of the
respective hydrochloride salts in 100 mM HCI (21 and 23 mg, respectively, in 0.5 ml).
These solutions were first diluted 10-fold in 100 mM HCI and then 100-fold in H,O to
a final concentration of 100 uM. Standards (1 ml) were then prepared as indicated in
Table 7.8. 25 ul of these standard solutions were added to 1:1 mixture of H,O:PCAl
(500 pl total volume) or to a 1:1:2 mixture of reaction buffer: H,O:PCA1 (500 pl total
volume), and the final mixtures oxidised under the conditions described in A or B (see
below), respectively. As standards, samples and the oxidising agent are light sensitive,
suitable precautions such as working in a dark room or protecting samples from light
by wrapping them in foil, were taken. Oxidised mixtures are stable for at least 24 h, but
cannot be frozen due to the formation of a precipitate.

A: Thiochrome method for the analysis of cell pellets. Frozen cell pellets from

de-repression experiments (in 15 ml Falcon tubes) were thawed on ice for 10 min and
then re-suspended in a 1:1 mixture of H;O:PCA1 (2 ml for cell pellets of up to 80 mg
of wet cells, 4 ml for heavier cell pellets); the white suspensions were sonicated on ice
(3 bursts of 10 sec with 30 second rest) and the precipitated proteins removed by
centrifugation (JA-14 rotor with inserts to fit 15 ml Falcon tubes, 7500 rpm, 10 min,
4°C). Supernatants (0.5 ml) were transferred to 1.5 ml tubes, and the following reagents
were added in the dark, in the indicated order: H,O (25 ul), MeOH (50 ul) and
K;[Fe(CN)s] (100 pl). Tubes were capped, mixed and after 30-60 sec reactions
mixtures were neutralised by the addition of H3;PO4 (100 pl). Oxidised samples were
filtered through 0.2 um filters (Costar), then analysed (50 ul injections) by reverse
phase HPLC using a Hypersil BDS C18 column (150 X 4.6 mm, 5 p particle size) or a
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Phenomenex ODS column (150 X 4.6 mm, 5 p particle size), buffer A (140 mM
K,HPO4, 12 % MeOH, 1.5 % DMF, 0.3 mM TBAH, pH 7.0) and buffer B (90 %
CH;CN, 10 % H,0). The compounds were eluted at 0.8 ml/min with linear gradients
between the following time points: t = 0 min, 0 % buffer B; t = 2 min, 0 % buffer B; t=
12 min, 30 % buffer B; t = 16 min, 65 % buffer B; t = 19 min, 65 % buffer B; t =23
min, 0 % buffer B; t =30 min, 0 % buffer B, and detected by fluorescence (excitation at
360 nm and emission at 454 nm). TPP and TP were eluted from the Hypersil column in
5.5 and 7.4 min, respectively, and from the Phenomenex column in 6.7 and 8.1 min,
respectively.

B: Thiochrome method for the analysis of in vitro reaction mixtures. Due to the

presence of DTT (sections 7.7.3 and 7.8.2) in the reaction mixtures to be oxidised, the
thiochrome method had to be optimised by doubling the concentration of the
K3[Fe(CN)s] solution (24 mM in 3.35 M NaOH).

To estimate the de novo thiamine production in in vitro assays, reactions were
stopped at t = 0 and at t = 4 h by the addition of 500 pl of PCA1, the volume adjusted
to 1 ml with H,O, and proteins precipitated by centrifugation (14000 rpm, room
temperature). The supernatants (500 ul) were oxidised, in the dark, by the addition of
the following reagents in the indicated order: H,O (50 ul), MeOH (50 ul) and
K;5[Fe(CN)s] (100 pl). Tubes were capped, mixed and after 30-60 sec reactions
mixtures were neutralised by the addition of H;PQO, (75 ul). Oxidised samples were
filtered through 0.2 um filters (Costar), then analysed (50 pl injections) by reverse
phase HPLC using a Phenomenex ODS column (150 X 4.6 mm, 5 p particle size). Two
slightly different chromatographic systems were used. System 1: identical to that
described in A; system 2: the composition of buffer B was changed to 70 % MeOH, 30
% H0 (as in the original method described by Gerrits) and a different elution program
was adopted: t = 0 min, 0 % buffer B; t = 2 min, 0 % buffer B; t = 5 min, 20 % buffer
B; t = 10 min, 20 % buffer B; t = 12 min, 40 % buffer B; t = 15 min, 40 % buffer B; t =
18 min, 0 % buffer B; t = 28 min, 0 % buffer B. Flow rate: 0.8 ml/min. The thiochrome

derivatives of TPP and TP were eluted in 7.5 and 9.0 min, respectively.
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100 uM TP or TPP Stock Solution (ul) H,O (ul)  Final Conc. (uM)

20 980 2
50 950 5
100 900 10
200 800 20
300 700 30

Table 7.8. Dilution series for TP or TPP standards.
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Figure 7.1. Typical TP and TPP calibration curves; (A) chromatographic systems 1 and
(B) chromatographic system 2. The TP and TPP responses from both systems were

quite similar. Area values were plotted against the final concentration of the standards

in the oxidised mixtures.
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7.4. Experimental for Chapter 2

Unless otherwise specified all genes were amplified using Pfu DNA polymerase

(method 1) and the primers listed in Table 7.9.

Primer ID Sequence 5°— 3’
THRHA CAT ATG AAA ACC TTC AGC GAT CGC
THRHB GGA TCCTCA TAG TCT TTG CGA GGC GCG TCC
THIHBADI1 CCA TGG TCA AAA CCT TCA GCG ATC GCT
THIHBAD2 CTC GAG TCATAG TCT TTG CGA GGC GCG TCC
THIG1 CCA TGGTCT TAC GTATTG CGG ACA AA

ThiHRevHis Tag

THIFS1
thiC FORWARD
thiE FORWARD
ThiE-His Rev

Thill
Thil2
thiD-F
thiD-His-R

PBAD FORWARD
PBAD REVERSE
PBAD HIS REV
pET1
SOT15

GGA TCC TCA GTG GTG GTG GTG GTG GTG TAG TCT
TTG CGA GGC GCG TCC CAG
CCATGGTCAATGACC GTGACTTTA TG
CCATGGICT CTG CAA CAA AACTGA CCCGCCG
CCATGG ICT ATC AGC CTG ATT TTCCTCC
CTC GAG TCA GTG GTG GTG GTG GTG GTG CGG TCA
TTCA TCG CCA ACT
CCATGGTCA AGT TTATCATTA AATTG
GAG CTC GGA TCC TTA CGG GCG ATATAC CTT
CCA TGG TCA AAC GAATTA ACG CTC TGA CGA
CTC GAG TCA GTG GTG GTG GTG GTG GTG CCA CCA
GGC GTG GAA GTG GTG AACCG
ATG CCATAG CAT TTTTAT CC
GAT TTA ATC TGT ATC AGG
GGC TGA AAATCT TCT CTC ATC CGC
CTA TAG GGA GAC CAC AAC
CGC GAA ATT AAT ACG ACT CAC

Table 7.9. List of primers used during this project. Italicised bases correspond to the

restriction sites introduced. Underlined bases were added to allow the start codon

introduced with the Nco! restriction site to be in frame with the gene sequence. The
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resultant GTC codon encoded for an additional N-terminal valine. PBAD FORWARD
and PBAD REVERSE align to pBAD-TOPO; PBAD FORWARD and PBAD HIS
REYV align to pBAD/HisA; pET1 and SOT15 align to pET vectors. These primers have

been used to identify positive clones by PCR screening (method 5).

The following general strategy has been employed to assemble the expression
plasmids mentioned in Chapters 2 and 4. The genes of interest were amplified by PCR
(method 1), A-tailed (if required, method 2) and ligated into pBAD-TOPO (method 3).
Reaction mixtures were then transformed into either XL1-Blue or One Shot competent
cells (method 4), plated onto selective 2YT solid medium. Positive clones were
identified by either DNA isolation followed by analytical restriction digestion (method
7) or by PCR screening (method 5), and stored as glycerol freezes (method 10).
Plasmids thus obtained were then isolated on a large scale (10 ml cultures, method 6),
restricted (method 7) and the required fragments subcloned into expression vectors
restricted to give complementary sticky ends (method 9). Reaction mixture were again
transformed into XL1-Blue or One Shot competent cells and colonies screened for
positive clones. Once isolated, positive clones were stored as glycerol freezes, and their
plasmid DNA isolated and transformed into E. coli BL21(DE3) or LM(G194 expression

strains.

7.4.1. pRL200 and pRL220: T7 Compared with araBAD Promoter

thiH (1.1 kbp) was amplified by PCR (method 1) using two different sets of
primers: THRHA and THRHB to introduce 5’ Ndel and 3’ BamH]I restriction sites
(thiH1), and ThiHBAD1 and ThiHBAD?2 to introduce 5’ Ncol and 3’ Xhol restriction
sites (thiH2) (Figure 7.2 A). In both cases, the gene was amplified using Taqg DNA
polymerase. thiH] and thiH2 were first ligated into pBAD-TOPO, resulting in pRL100
and pRL120, respectively, and then subcloned into pET-24a(+) on a Ndel/BamHl
restriction fragment, and into pBAD/HisA on a Ncol/Xhol fragment, respectively. The
pET-derived plasmid was named pRL200 and the pBAD-derived plasmid pRL220.

pRL200 was transformed into BL21(DE3) and pRL220 into LMG194, and the
resultant strains grown on a small scale (4 x 10 ml per strain, method 13) in 2YT

medium. When the ODggo reached approximately 0.5, pRL200/BL21(DE3) samples
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were induced with 10-fold serial dilutions of IPTG (0.5 to 0.005 mM) and
pRL220/LMG194 samples with 10-fold serial dilutions of arabinose [2 to 0.02 %
(w/v)]. One sample per strain was not induced and used as negative control. Cultures
were incubated for a further 5 h at 28 °C before being harvested.

The total amount of soluble proteins was determined by Bradford assay (method
12) and the expression level of ThiH, in either the cleared lysates or pellets, analysed
by SDS-PAGE (method 11). pRL220 was subsequently transformed also into
BL21(DE3).

7.4.2. pRL221 and pRL222: Co-expression of ThiH with GroEL/GroES and
TrxA

pLP200 and pLP300, plasmids encoding GroEL/ES and TrxA, respectively,
were assembled by L. Peters in our laboratory (123).

pRL220 (section 7.4.1) was restricted (method 7) with Necol and Xhol and the
thus excised thiH2 gene subcloned into pLP200 and pLP300 restricted to give
complementary sticky ends (method 9). The resultant plasmids were named pRL221
and pRL222 (Figure 7.3), respectively, and transformed into both LMG194 and
BL21(DE3). pRL220/LMG194, pRL220/BL21(DE3), pRL221/LMG194,
pRL221/BL21(DE3), pRL222/I.MG194 and pRL222/BL21(DE3) were cultured on a
small scale (method 13) and induced with arabinose. Cells were incubated for a further
4 h at 37 °C before being harvested. The same experiment was repeated at 15 °C and,
in duplicate, at 22 °C. Cells were lysed and cleared lysates and pellets analysed by
SDS-PAGE.

7.4.3. Mutations in thiH: Assembling of pRL220*

thiH2 (section 7.4.1) was amplified by PCR using Pfu DNA polymerase, and
pRL220* assembled by the same procedure followed to construct pRL220 (section
7.4.1). pRL220* was transformed into LMG194 (method 4). pRL220*/LMG194 and
pRL200/BL21(DE3) were cultured on a small scale and ThiH expression induced by
the addition of the appropriate inducer (method 13). Cultures were transferred to a
different incubator set at 22 °C and cultured for a further 5 h, then harvested, lysed and
analysed by SDS-PAGE.
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7.4.4. pRL400: Co-expression of ThiH with ThiG

thiGH (1.9 kbp) was amplified using THIG1 as forward and THRHB as reverse
primers (method 1) (Figure 7.2 B). The PCR product was first ligated into pBAD-
TOPO and then subcloned into pET-24d(+) on a Ncol/BamH] fragment. The derived
plasmids were named pRL300 and pRL400 respectively, and pRL400 was transformed
into BL21(DE3). ThiH expression level from these cells, pRL200/BL21(DE3) and
pRL220*/LMG194 was compared in a small scale expression experiment (method 13)
carried out in duplicate. Cells were grown at 37 °C until the ODgoy reached
approximately 0.5, then the appropriate inducer was added. After the induction,
samples of pRL200/BL21(DE3) and pRL400/BL21(DE3) cells were returned to the
incubator at 37 °C, while their duplicates and LMG194/pRL220* cells were transferred
to a 22°C shaker. After 4-6 h (depending on the temperature) the cells were harvested
and lysed. The total amount of soluble proteins was estimated by the Bradford assay
(method 12) and the expression level of ThiH and ThiG, in either the cleared lysates
and pellets, analysed by SDS-PAGE (method 11).

7.4.5. pRL800/820 and pRL1000/1020: Co-expression of Hexahistidine-tagged
ThiH with ThiG and ThiFSG

thiGH-His (1.9 kbp) was amplified by PCR using THIG1 as forward and
ThiHRevHis Tag as reverse primers (method 1). The PCR product was first ligated into
pBAD-TOPO and then subcloned into pET-24d(+) on an Ncol/BamHI fragment, and
into pPBAD/HisA by restricting the pET-derived plasmid with Ncol/Xhol. The resultant
plasmids were named pRL700, 800 and 820, respectively (Appendix A and Figure
2.12).

thiFSGH-His (2.9 kbp) was amplified by Dr. M. Kriek (method 1, modified
with an elongation time of 7.5 min and 2.5 U/reaction of polymerase) using THIFSI
and ThiHRevHis Tag as forward and reverse primers, respectively (Figure 7.2 C). A
cloning strategy identical to that just described yielded pRL900, 1000 and 1020,
respectively (Appendix A and Figure 2.12).

Cultures of pRL400/BL21(DE3) (section 7.4.4), pRL800/BL21(DE3) and
pRL1000/BL21(DE3) cells were cultured overnight to provide a 1 % inoculum for a
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small scale expression experiment (method 13) carried out in duplicate. Cells were
induced and grown at 28 °C for 5 h, then harvested and lysed. Protein expression in

both the cleared lysates and pellets was analysed by SDS-PAGE (method 11).

7.4.6. pRL821: Co-expression of ThiGH-His with the Isc Proteins

pMK400, a plasmid bearing the /ip4 gene and the iscSUA-hscBA-fdx operon
(4.9 kbp), was constructed by Dr. M. Kriek, in our laboratory (123). This operon was
excised from pMK400 on a BstB1/Xhol fragment and subcloned into equally restricted
pRL820, resulting in pRL821. As BstB] is most active at 65 °C whilst Xko! (and BSA)
would be inactivated at that temperature, plasmids were first linearised with BszB/at 65
°C, and reaction mixtures allowed to cool down before adding BSA and Xho! (the
optimal buffer for BstB/was compatible with Xhol, method 7).

pRL821 was transformed into BL21(DE3), and pRL821/BL21(DE3) and
pRL800/BL21(DE3) (section 7.4.5) were cultured on a large scale (method 14) in two
separate expression experiments carried out under the same conditions: induction with
IPTG and growth at 28°C for 5 h. Growth of pRL800/BL21(DE3) yielded 16 g of cell
paste whilst growth of pRL821/BL21(DE3) yielded 30 g of biomass. To compare the
expression level from the two strains, small quantities of pRL800/BL21(DE3) (215 mg)
and pRL821/BL21(DE3) (157 mg) were transferred to 1.5 ml eppendorf tubes, re-
suspended in lysis buffer [645 and 470 pl respectively, 50 mM Tris-HCI, 12.5 % (w/v)
glycerol] and lysed by sonication (method 13). The total amount of soluble proteins
was determined by Bradford assay (method 12) and the protein expression level in both

the cleared lysates and pellets analysed by SDS-PAGE (method 11).

7.4.7. pRL1021: Co-expression of ThiFSGH-His with the Isc Proteins

To assemble pRL1021, the /ipA gene carried by pMK400 was excised with
Agel and Xho!l and replaced by the Agel/Xhol thiFSGH-His fragment obtained from
pRL1020 restricted with the same restriction enzymes. pRL1021 (Figure 7.4) was
transformed into BL21(DE3).

2YT medium (4 x 10 ml in 50 ml tubes) was inoculated with an overnight

starter culture of pRL1021/BL21(DE3), and cellular growth monitored by measuring
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the OD at 600 nm. When the ODgqo reached 0.2, one of the samples was induced with
arabinose and allowed to grow for a further 5 h at 28 °C. The remaining three samples
were induced when the ODgy reached 0.6. At this point, one of the cultures was
transferred to a 15 ml capped tube and aerated together with the others (left in 50 ml
capped tubes) at 28 °C for 5 h. At the end of the expression experiment, cells were

harvested and cleared lysates and pellets analysed by SDS-PAGE (method 11).

7.4.8. pRLI300 and pRLI1500: Expression of ThiCEFSGH-His and
ThiEFSGH-His

thiCEFSGH-His (5.4 kbp) and thiEFSGH-His (3.5 kbp) were amplified by PCR
using Expand Long Template PCR System (Roche), as per manufacturer’s instructions
(Figure 7.2 D). In particular, an annealing temperature of 60 °C and an elongation
temperature of 68 °C with an elongation time of 6 min (method 1) were chosen to
optimise the amplification. The primers used were thiC FORWARD and ThiHRevHis
Tag to amplify thiCEFSGH-His, and thiE FORWARD and ThiHRevHis Tag to amplify
thiEFSGH-His. The PCR products were ligated into pBAD-TOPO, and the resultant
plasmids named pRL1200 and pRL1400, respectively. The thiCEFSGH operon
contains a Rsrll restriction site at the 3’ end of the #4iG sequence, therefore thiCEFSG
(4.3 kbp) and thiEFSG (2.4 kbp) were excised with Ncol and RsrII from pRL1200 and
pRL1400, respectively, and subcloned into appropriately restricted pRL1020 (Figure
2.19). The resultant plasmids were named pRL1300 and pRL1500 and transformed into
BL21(DE3).

Protein expression from pRL1300/BL21(DE3) and pRL1500/BL21(DE3) was
investigated on a small scale (method 13). Cell were induced with arabinose and grown
for 5 h at 28 °C before being harvested. Cleared lysates and pellets were analysed by
SDS-PAGE (method 11).
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1 M M1 2

Figure 7.2. Purified PCR products. A: thiH (1.1 kbp), lane 1; B: thiGH-His (1.9 kbp),
lanes 1-2; C: thiFSGH-His (2.9 kbp), lane 1; D: thiCEFSGH-His (5.4 kbp), lane 1 and
thiEFSGH-His (3.5 kbp), lane 2. M = molecular weight marker.
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Figure 7.3. Identification of positive colonies containing pRL221 (A) and pRL222 (B)
by plasmid DNA isolation and restriction. Gel A: amplified thiH and groELS genes
used as reference (lane 1); isolated plasmid DNA (lane 2); restriction of plasmid DNA
with: EcoR1 (lane 3), Xhol (lane 4), Ncol (lane 5), EcoR1 plus Xhol plus Ncol (lane 6,
expected fragment sizes: 1.1, 2.0 and 4.0 kbp). Gel B: restriction of plasmid DNA with:
Ncol plus Xhol plus EcoRI (lane 1, expected fragment sizes: 1.1, 0.4 and 4.0 kbp),
Ncol (lane 2), Xhol (lane 3), EcoRl (lane 4); isolated plasmid DNA (lane 5). M =

molecular weight marker.
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Figure 7.4. Identification of positive clones containing pRL1021 by plasmid DNA
isolation and restriction with: Ncol plus Xhol (lane 1, expected fragment sizes: 2.0, 2.9
and 6.7 kbp), Nco!l (lane 2, expected fragment sizes: 4.9 and 6.7 kbp), Xho! (lane 3).
Isolated plasmid DNA (lane 4). M = molecular weight marker

7.5. Experimental for Chapter 3

7.5.1. Aerobic Purification of ThiH from pRL400

pRL400/BL21(DE3) was cultured on a large scale (method 14), induced with
IPTG and grown at 28 °C for 5 h before being harvested. The cell paste was weighed
and stored at —80 °C until used.

ThiH was isolated at 4 °C using the following buffers: lysis buffer, 50 mM Tris-
HCL, pH 8.0, 12.5 % (w/v) glycerol; buffer A, 50 mM Tris-HCI, pH 8.0; buffer B, 50
mM Tris-HCI, pH 8.0, 0.5 M NaCl; buffer C, 50 mM Tris-HCI, pH 8.0, 0.7 M
(NH4)2S0Os4.

Cell paste (~30 g) was re-suspended in lysis buffer (90 ml) containing lysozyme
(0.1 mg/ml) and benzonase (10 U/ml), and stirred for ~30 min. Cells were then lysed
by sonication (15-20 times 30 sec bursts with 30 sec rest between each burst), in a glass
beaker cooled with crushed ice, PEI [5 % (v/v) solution, pH 8.0] added [0.1-0.2 % (v/v)

final concentration] and the cell debris was precipitated by centrifugation (JA-14 rotor,
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12000 rpm for 30-40 min at 4°C). The cleared lysate was immediately applied to a Q-
Sepharose column (300 ml) previously equilibrated with buffer A. The column was
washed with the same buffer (2 column volumes), and proteins were eluted at 10
ml/min with an increasing gradient of buffer B from 0 to 100 % over 2 column
volumes, followed by 2 column volumes of isocratic elution with 100 % buffer B. The
purest fractions, as judged by SDS-PAGE analysis (method 11), were pooled,
concentrated by ultrafiltration (30 kDa MWCO) to 7-10 ml and applied to a S-200 (2.6
cm L.D. x 60 cm) column. Proteins were isocratically eluted at 3 ml/min with buffer A.
The most concentrated and purest fractions, as judged by Bradford assay (method 12)
and SDS-PAGE analysis, were pooled and solid (NH4),SO4 was slowly added to a final
concentration of 0.7 M. This solution was applied to a Source Phe column (30 ml)
equilibrated with buffer C, and the column washed with the same buffer (2 column
volumes) before eluting the proteins at 5 ml/min with an increasing gradient of buffer
A from 0 to 100 % over 2 column volumes, followed by 2 column volumes of isocratic
elution with 100 % buffer A. The purity of the fractions was analysed by SDS-PAGE
and the purest fractions were pooled and stored at —80 °C. To further purify ThiH, the
binding of this protein to various affinity columns (2.5 ml) was assessed using the
Reactive Dye-Ligand Test Kit (Sigma), as per manufacturer’s instructions. ThiH did
most efficiently bind only to the Cibacron Blue 3GA-agarose column and a very similar
dye supported on sepharose resin was used for the subsequent purification step.
Proteins eluted from the Source Phe column were defrosted, concentrated to 10 ml and
applied to a Blue Sepharose CL-6B (Sigma) column (50 ml) previously equilibrated
with buffer A. The column was washed with buffer A (2 column volumes) and proteins
eluted at 3 ml/min with an increasing gradient of buffer B from 0 to 100 % over 3
column volumes, followed by isocratic elution with 100 % buffer B (2 column
volumes). Protein concentration and purity were estimated by Bradford assay and SDS-
PAGE analysis; ThiGH eluted in a broad dilute peak, and in the most concentrated
fractions protein concentration did not exceed 0.1 mg/ml, yielding 10 mg of highly
purified ThiGH (> 90 %).
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7.5.2. Anaerobic Purifications of ThiGH-His

The general protocol which follows has been used to isolate ThiGH-His from
any of the expression systems described in section 3.2.2.

Cells were grown on a large scale as described in method 14. In particular, after
the addition of the appropriate inducer, bacterial cultures were transferred to an
incubator set at 28 °C and cultured for a further 5 h before being harvested. In some of
the large scale expression experiments with pRL821/BL21(DE3), FeSO; (0.4 mM, 22
mg Fe/l) was added to the growth medium at the induction point.

ThiH was anaerobically purified in a glove box at 19°C using the following
buffers: buffer A, 50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 50 mM imidazole, 12.5 %
(w/v) glycerol; buffer B, 50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 50 mM imidazole,
12.5 % (w/v) glycerol; buffer C, 50 mM Tris-HCI, pH 8.0, 200 mM NacCl, 500 mM
imidazole, 12.5 % (w/v) glycerol; buffer D, 50 mM Tris-HCI, pH 8.0, 5 mM DTT, 12.5
% (w/v) glycerol. Buffers, solutions, containers (bottles, jars, tubes, beakers etc.) and
equipment required during the purification were degassed overnight inside the glove
box. Columns and the HPLC system were placed outside the box but the buffer lines
were introduced in a sealed gastight fashion into the box so that the anaerobic buffers
could be pumped through the system and used to elute the proteins; the column eluate
was fed back into the box to permit anaerobic fraction collection. Protein elution was
monitored at 280 and 420 nm.

To the still frozen cell paste (27-30 g), lysozyme (0.1 mg/ml), benzonase (10
U/ml) and PMSF (100 mM stock solution in i-PrOH, 1 mM final concentration) were
added under aerobic conditions; the cells were then introduced inside the glove box and
re-suspended in anaerobic buffer A (90 ml) stirring continuously for ~30 min. The
suspension was then withdrawn from the anaerobic box and rapidly lysed, on ice, by
sonication (15-20 times 30 second bursts, 30 second rest between each burst). The
lysate was returned to the box, allowed to degas (10 min), and after the addition of PEI
[0.2 % (v/v)] cleared by centrifugation in gastight centrifuge tubes (JA-14 rotor, 12000
rpm, 30-40 min). The brown supernatant was applied to a Chelating Sepharose column
(25 ml) previously charged with NiSO4 (25 ml, 0.2 M) and equilibrated with anaerobic
buffer A (10 column volumes). The column was washed with buffer B (4 column

volumes), then buffer A (2 column volumes) and proteins were eluted at 5 ml/min with
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an increasing gradient of buffer C from 0 to 50 % over 4 column volumes, collecting 5
ml fractions. High molecular weight impurities were normally eluted within the first
60-65 ml of the gradient, whilst the ThiGH-His complex was eluted in a broad peak
between 45 and 200 ml (towards the end of the gradient). To avoid protein
precipitation, the most concentrated and brown fractions (typically fractions 15-20),
were immediately pooled and applied (up to 30-35 ml) to a S-75 gel filtration column
(3 cm LD. x 15 cm), previously equilibrated with anaerobic buffer D. Proteins were
eluted isocratically at 2 ml/min and collected in 10 ml fractions. The most concentrated
fractions were pooled, glycerol added to a final concentration of 25 % (w/v) and
proteins concentrated by ultrafiltration (30 kDa MWCO) to 5-6 mg/ml, as the ThiGH-
His complex precipitates above 7 mg/ml. Proteins were stored at —80 °C in this buffer
(buffer E).

Protein samples (50 pul) were removed from the fractions collected during the
elution from the nickel-chelating and the gel filtration columns, and subsequently
analysed by SDS-PAGE (method 11). Due to the excellent reproducibility of this
purification procedure, highly pure ThiGH-His was routinely obtained, in spite of the
fact that the purity was not checked prior to pooling and concentrating the fractions.
This was judged to be necessary to allow the highly unstable complex to be rapidly
exchanged into a buffer in which it was more stable.

For the ESI-MS analysis, protein samples were prepared as follows: purified
ThiGH-His (1 mg/ml) was applied to a NAP-10 column equilibrated in 20 mM
ammonium formate. Proteins were eluted with 1.5 ml of the same buffer, with protein
precipitation occurring almost immediately. The suspension was diluted 2-3 times with
H,O and the precipitate re-dissolved by the addition of formic acid to a final

concentration of 10 % (v/v).

7.5.3. Anmalytical and Preparative Gel Filtration Chromatography Under
Anaerobic Conditions

On an analytical scale, purified ThiGH-His samples (250-300 pl, 5-6 mg/ml)
were applied to a Superdex 200 HR 10/30 pre-packed column equilibrated with

anaerobic buffer D (section 7.5.2) and eluted with the same buffer at 0.5 ml/min.
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Protein elution was monitored at 280 and 420 nm, and 1 ml fractions were collected.
Fractions were then analysed by SDS-PAGE (method 11). Apparent molecular weights
were derived by comparison with a standard chromatogram provided by the
manufacturer of the pre-packed column.

To recover sufficient amounts of pure ThiGH-His complex and ThiH monomer
for iron and sulphide analyses, a purified sample of ThiGH-His isolated from
pRL1000/BL21(DE3) (4 ml), was applied to a S-200 column (LD. 2.6 x 60 cm),
previously equilibrated with buffer D, and eluted with the same buffer at 2 ml/min,
collecting 10 ml fractions. Protein elution was monitored at 280 and 420 nm. Eluted
proteins were analysed by SDS-PAGE (method 11) and fractions containing ThiGH-
His complex and monomeric ThiH-His were separately pooled and concentrated to 3

mg/ml and 1 mg/ml, respectively, in buffer E (Figure 7.5).

Figure 7.5. Coomassie Blue stained 15 % SDS-PAGE gel of ThiH-His monomer (lane
1) and ThiGH-His complex (lane 2) isolated from a purified sample of ThiGH-His
(lane 3) by gel filtration chromatography.

7.5.4. Iron and Sulphide Analyses

Iron and sulphide were analysed by the methods of Fish (147) and Beinert
(148), respectively, and were determined in triplicate. The ThiH-His content in the
samples was estimated as described in method 12, and the data were expressed as mol

of Fe or S /mol of ThiH-His.
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For the iron analysis, the following solutions were prepared: reagent A, 0.142 M
KMnO; in 0.6 N HCI, obtained by mixing equal volumes of 1.2 M HCI and 0.284 M
KMnO; in H,O (445 mg in 10 ml), and reagent B, 6.5 mM ferrozine, 13.1 mM
neocuproine, 2 M ascorbic acid, 5 M ammonium acetate in H,O, prepared by first
dissolving the ammonium acetate (4.85 g) and ascorbate (4.4 g) in H,O (12.5 ml)
followed by ferrozine and neocuproine (40 mg each). Reagent A was freshly prepared
every time, whilst reagent B was stored in the dark for no longer than 3 weeks.
Standards were prepared from a stock solution of FeSO,4-7 H,O (50 mg in 10 ml, 18.0
mM), after a 100 fold dilution (180 uM) with H,O as indicated in Table 7.10.

ThiGH-His samples (300 pl, 5-6 mg/ml in ThiH-His) in buffer E (section 7.5.2)
were first digested with trypsin (0.3 mg/ml, 37 °C, overnight) to facilitate the
quantitative release of iron, then diluted to 1 ml with water and incubated, together with
the standards, for 2 h at 60 °C after the addition of reagent A (500 pl). At the end of the
2 hour incubation, samples were allowed to cool down to room temperature before
adding reagent B (100 pl). When the purple colour was completely developed (15-20
min) the Ass; of the samples was measured. If necessary, protein precipitate was
removed by centrifugation before reading the absorbance. The amount of iron present
in the ThiGH-His samples was estimated from standard calibration curves constructed
in parallel (Figure 7.6).

Prior to the sulphide analysis, ThiGH-His samples were anaerobically desalted
using a NAP-10 column, equilibrated in DTT-free buffer E, to remove the interference
from the DTT present in the storage buffer. The following solutions were freshly
prepared every time: 1 % (w/v) zinc acetate dihydrate in H,O; 3 M NaOH; 0.1 % (w/v)
DMPD (N, N-dimethyl-p-phenylenediamine monochloride) in 5 M HCI; 23 mM FeCl;
in 1.2 M HCI. Standards were prepared from a stock solution of Na,S-9 H,0 (10 mg/ml
in 0.1 M NaOH, 41.6 mM), after a 2000-fold dilution in 0.1 M NaOH (20 pl in 10 ml,
8.3 uM), as indicated in Table 7.11.

A simplified version of the original Beinert method, which did not require the
use of a magnetic stirrer and stirring bars in each tube, was adopted. Samples were
individually treated. Briefly, zinc acetate (300 ul), immediately followed by the
addition of NaOH (15 pl), was added to each protein sample (100 pl, 1.2-2.5 mg/ml in
ThiH-His) and standard (100 pl), quickly capped and mixed. Samples were incubated
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for 5 h at room temperature, during which a precipitate formed. DMPD (75 pl) was
then carefully pipetted to the bottom of each suspension, which resulted in the
dissolution of the precipitate beginning at the bottom of the tube and proceeding
upwards. Gentle mixing was stopped when only the top 2 mm of suspended precipitate
remained. At this point FeCl; (5 pl) was added, immediately capping the tube and
mixing. Samples were incubated overnight at room temperature. Before reading the
absorbance at 670, 710 and 750 nm, samples were diluted with H,O (200 ul) and
protein precipitate removed by centrifugation. The readings at 670 nm, used for the
calculation of the sulphide content, should not exceed 0.25. The amount of acid labile
sulphide present in the ThiGH-His samples was estimated from the standard calibration

curve constructed in parallel (Figure 7.7).

180 uM Fe ** Stock Solution (ul)  H,O (ul) nmol of Fe **

400 600 72
350 650 63
300 700 54
250 750 45
200 800 36
150 850 27
100 900 18
50 950 9
30 970 5
10 990 2
0 1000 0

Table 7.10. Dilution series for iron standards.
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y = 0.0165x + 0.0046

Abs at 562 nm

T T

0 20 40 60 80
nmoles of iron/assay

Figure 7.6. Typical iron standard curve. The volume of each assay was 1.6 ml.

8.3 uM S > Stock Solution (ul) Bufter (ul) nmol of § *

0 100 0

5 95 0.42
10 90 0.83
15 85 1.2
20 80 1.7
25 75 2.1
30 70 2.5
35 65 2.9
40 60 3.3
45 55 3.7
50 50 4.2

Table 7.11. Dilution series for sulphide standards.
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Figure 7.7. Typical sulphide standard curve. The final volume of each assay was 695

pl.

7.5.5. UV-visible and EPR spectra

To record UV-visible spectra under anaerobic conditions, purified ThiGH-His
samples (section 7.5.2) were defrosted inside the glove box, diluted to 3 mg/ml with
anaerobic buffer E, and transferred to air-tight cuvettes. UV-visible spectra were
recorded outside the glove box, in the range 250-700 nm, against buffer E.

5-deazaflavin was synthesised in our laboratory by M. Guirguis. UV-visible
spectra of a ThiGH-His sample (600 pl, 6 mg/ml) isolated from pRL1020/BL21(DE3)
were recorded before and immediately after the addition of DAF (10 pl of a 2 mM
solution in 1:1 EtOH:H,0 mixture, 33 uM final concentration). The capped cuvette was
then placed 28 cm apart from a light projector (Plus U2-1080, P-VIP 120 W lamp) and
irradiated outside the box. After 45 min irradiation, the brown colour of the ThiGH-His
sample was observed to have faded and another UV-visible spectrum was recorded;
then the cuvette was uncapped, exposed to air for about 10 min, mixed and returned to
the anaerobic box where it was allowed to stand 30 min before recording a UV-visible
spectrum.

EPR spectra were recorded at X-band on a Bruker ELEXYS 500 spectrometer
with an ER094X microwave bridge using an ER4122SHQ cavity. To record EPR
spectra of as isolated ThiGH-His, a protein sample (1 ml, 5-6 mg/ml in buffer E) was
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defrosted inside the glove box, transferred to an EPR tube and frozen in liquid nitrogen;
EPR spectra of reduced ThiGH-His were obtained after incubation with dithionite (1
mM, 30 min).

7.5.6. In Vivo Activity of the ThiH-His Expressed from pRL1020/BL21(DE3)
pBAD/HisA and pRL1020 were transformed into E. coli KG33 (method 4).

Both transformants were grown in parallel in 2YT medium (10 ml) containing
ampicillin (100 pg/ml). When the ODggo reached ~ 1.3, cells were harvested (JA-14
rotor with inserts to fit 15 ml Falcon tubes, 7500 rpm, 10 min, 4°C) and washed with
DM medium (2 x 5 ml, Appendix B) containing arabinose (0.2 %) and ampicillin.
Pellets were re-suspended in the same medium to give an ODggo of 0.790 and 5 serial
10-fold dilutions were prepared for both samples. Equal volumes (5 pul) were plated on
DM solid medium containing, ampicillin (100 pg/ml), D-glucose (0.2 %), B-L-
arabinose (0.2 %), Tyr and Cys (0.2 mM each) and Hmp (50 uM). Colonies were
allowed to grow at 37 °C for 36 h.

7.5.7. Chemical and Enzymatic Reconstitution Experiments

Reconstitution experiments were almost exclusively conducted on ThiGH-His
isolated from pRL800/BL21(DE3) (section 7.4.5). These samples were reconstituted in
buffers (D or E) already containing 5 mM DTT. However, freshly prepared DTT was
routinely added to a final and overall concentration of 10 mM prior to the addition of
other components. The ThiGH-His complex (500 pl, 60-130 uM in ThiH-His) was
chemically reconstituted by incubation (2-3 h), under anaerobic conditions, with a 5-
fold excess of FeCl; and Na,S, added in this order, followed by 30 min incubation with
EDTA (2 mM). EDTA-treated samples were then applied to a NAP-10 column
equilibrated in buffer D and eluted with 1.5 ml of the same buffer. Reconstituted
ThiGH-His samples were analysed for the iron content (section 7.5.4) and by UV-
visible spectroscopy (section 7.5.5).

ThiGH-His samples (2-3 ml, 130 uM in ThiH-His) were enzymatically

reconstituted by overnight incubation, under anaerobic conditions, with either the
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components listed in Table 7.12 or with just IscS, FeCls, and Cys (same concentrations

as in Table 7.12). IscSUA, HscAB and Fdx were purified by Dr. T. Ziegert (157) in our

laboratory.

Component Final concentration (mM)
HscA 0.61%107
HscB 0.039
IscU 0.012
IscS 1.6%107
Fdx 0.006
DTT 10
ATP 2
Cysteine 4
Fe’ 0.650

Table 7.12. Enzymes and other components used to reconstitute the Fe-S centre of

ThiGH-His samples isolate from pRL800/BL21(DE3).

After 30 min incubation with EDTA (2 mM), ThiGH-His (2.5 ml) was applied
to a PD-10 column equilibrated in DTT-free buffer D and eluted with the same buffer.
The eluate (3.5 ml) was then applied to a nickel-charged Chelating Sepharose column
(6 ml) equilibrated in buffer A (section 7.5.2). The column was washed with buffer A
(3 column volumes) and proteins were eluted at 1 ml/min with an increasing gradient of
buffer C from 0 to 50 % over 1 column volume, followed by isocratic elution with 100
% buffer C (1 column volume). Protein concentration was estimated by the method of
Bradford (method 12) and the most concentrated fractions were individually gel filtered
onto PD-10 columns equilibrated in buffer D, to remove the imidazole. Eluted fractions
were pooled, concentrated to 3 mg/ml by ultrafiltration in buffer E and immediately
analysed for the iron content and by UV-visible spectroscopy or stored at —80 °C until

analysed.
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7.6.  Experimental for Chapter 4

7.6.1. Expression of Thil

thil (1.5 kbp) was amplified by PCR using Thill and Thil2 as forward and
reverse primers, respectively. The PCR product was ligated into pBAD-TOPO and
subsequently subcloned on a Ncol/BamHI1 fragment into pET-24d(+). The resultant
plasmids were named pRL500 (Figure 7.8) and pRL600, respectively. pRL600 was
transformed into BL21(DE3) (method 4). An overnight culture of pRL600/BL21(DE3)
was used as 1 % inoculum for a small scale expression experiment (method 13) using
duplicate cultures. Cells were induced with IPTG and grown at 37°C for 4h before
being harvested and lysed. Cleared lysates and pellets were analysed by SDS-PAGE.

344

1018
thil 1636
2036
bp

123 45678910M

Figure 7.8. PCR screening to identify colonies containing pRL500. Numbers
correspond to the colony labels. Apart from colony 7 [the PCR product (0.3 kbp)
visible in lane 7 corresponds to the region of the vector amplified between the primers],
the remaining 9 colonies contained the insert (expected gene size: 1.5 + 0.3 kbp). M =

molecular weight marker.
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7.6.2. Expression of ThiE

thiE (660 bp) was amplified by PCR using thiE FORWARD and ThiE-His Rev
as primers. The A-tailed PCR product (Figure 7.9 A) was ligated into pBAD-TOPO,
resulting in pRL1900, and subsequently subcloned on a Ncol/Xhol fragment into
pBAD/HisA, pBAD/His repair and pET-24d(+), resulting in pRL2000 and pRL2020
and pRL2030, respectively. Sequencing of pRL2000 (Eurogentec, Southampton)
revealed the existence of a stop codon, left in the sequence of ThiE-His Rev (Table
7.9), upstream the (CAC)s sequence encoding the hexahistidine tag. This mistake
prevented the expression of ThiE as a hexahistidine-tagged protein.

pRL2000 and pRL2020 were transformed into BL21(DE3); pRL2030 was
transformed into both BL21(DE3) and C43(DE3). ThiE expression was first
investigated from pRL2000/BL21(DE3) (method 13). These cells were grown at 37 °C,
induced when the ODggo reached ~0.6 and incubated for a further 4 h before being
harvested by centrifugation. The cell pellet was then re-suspended in lysis buffer and
lysed by sonication. Soluble and insoluble protein fractions were analysed by SDS-
PAGE (method 11). The same experiment was repeated with pRL2020/BL21(DE3) (2
x 10 ml cultures) grown and induced in parallel with pPBAD/HisA/BL21(DE3) (1 x 10
ml culture). After the induction, one of the pRL2020/BL21(DE3) cultures and
pBAD/HisA/BL21(DE3) were grown at 37 °C for 3.5 h before being harvested, whilst
the second pRL.2020/BL21(DE3) culture was grown at the same temperature overnight.
SDS-PAGE analysis revealed no difference between cleared lysate and pellet from
pBAD/HisA/BL21(DE3) and the correspondent fractions from both cultures of
pRL2020/BL21(DE3). The expression experiment was repeated for the third time with
pRL2030/BL21(DE3) and pRL2030/C43(DE3). These cultures were induced and
grown at 37 °C for 4 h. Then cells were harvested and lysed by sonication. SDS-PAGE
analysis of cleared lysates and pellets revealed the presence of ThiE in the insoluble

fractions from both strains.

7.6.3. Expression of ThiD

thiD-F and ThiD-His-R were used as primers to amplify thiD-His (830 bp)
(Figure 7.9 B). The PCR product was ligated into pBAD-TOPO (method 4) and then
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subcloned on a Ncol/Xhol fragment into pBAD-His A and pET-24d(+). The resultant
plasmids were named pRL2100, pRL2200 and pRL2220, respectively. pPRL2200 and
pRL2220 were transformed into BL21(DE3). pRL2200/BL21(DE3) was grown on a
small scale (method 13), induced, and cultured for a further 6 h at 37 °C before being
harvested. Protein expression in the soluble and insoluble fractions was then analysed
by SDS-PAGE. The soluble expression level of ThiD from pRL2220/BL21(DE3) was
instead investigated on a medium scale experiment. An overnight culture (10 ml) of
pRL2220/BL21(DE3) was used as a 1 % inoculum in 2YT medium (100 ml). When the
ODygo reached approximately 0.6, cells were induced with IPTG, and cultured for a
further 4 h before being harvested (JA-14, 12000 rpm, 10 min, 4 °C). The cell pellet
was then transferred to a 1.5 ml eppendorf tube, re-suspended in lysis buffer (1 ml,
method 13) and lysed by sonication as described in method 13. The cleared lysate (700
pl, ~8 mg/ml) was applied to a nickel spin column and proteins were eluted as
described in method 15. Cleared lysate, pellet and fractions eluted from the spin
column were analysed by SDS-PAGE. As the gel showed that ThiD did not bind to the
column, pRL2200 was sequenced (Eurogentec, Southampton), and the sequencing

analysis revealed a mutation of the fourth histidine of the (His)s tag into a proline.

A B

506

1018 506
1636

bp 1018

1636
bp

1 M

Figure 7.9. Purified thiE (660 bp, lane 1, A) and thiD-His (830 bp, lane 1, B). M =

molecular weight marker.
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7.6.4. Expression and Purification of ThiFS from pRL1800/BL21(DE3)
pRL1000 was isolated from pRL1000/XL1-Blue (method 6) and restricted on a

preparative scale (method 7) with Sail. The plasmid was cut in two positions producing
two fragments of 1.8 and 6.3 kbp. The largest fragment, containing thiFS, was isolated
(method 8) and its sticky ends joined by ligation (conditions described in method 9
without the insert). The resultant plasmid was named pRL1800 and was transformed
into BL21(DE3). To find out whether the temperature could affect the solubility of
ThiFS, 2 x 10 ml of 2YT medium were inoculated with pRL1800/BL21(DE3) (method
13); cells were grown, induced with IPTG, then one of the cultures was incubated
overnight at 27 °C whilst the other was incubate at 37 °C. Cells were harvested, lysed
and cleared lysates and pellets analysed by SDS-PAGE (method 11).

ThiFS was routinely expressed on a large scale (method 14) at 27 °C overnight,
yielding 35-45 g of cell paste. The two proteins were purified at 4 °C as described by
Taylor et al. (71), with only slight variations. The following buffers were used: buffer
A, 50 mM Tris-HCI, pH 8.0, 2 mM EDTA, 2 mM DTT; buffer B, buffer A containing 1
M NaCl; buffer C, 50 mM Tris-HCI, pH 8.0, 2 mM DTT, 12.5 % (w/v) glycerol.

pRL1800/BL21 cell paste (35 g) was re-suspended in buffer A (100 ml)
containing lysozyme (0.1 mg/ml), benzonase (5 U/ml) and PMSF (1 mM) stirring
continuously for 30-40 min, then lysed by sonication (20 bursts of 30 sec with 30
second rest) cooled on ice. The cell debris was removed by centrifugation (JA-14,
12000 rpm, 30 min at 4 °C) and the cleared lysate (104 ml) adjusted to 20 % saturation
with solid (NH4),SO4 (12 g), slowly added over 45 min at 4 °C. The cloudy suspension
was centrifuged (JA-14, 12000 rpm, 10 min at 4 °C) and the pellet discarded. The
supernatant was adjusted to 50 % of saturation of (NH4),SO4 (19.7 g) over 45 min at 4
°C and the precipitate recovered by centrifugation (JA-14, 12000 rpm, 10 min at 4 °C).
The pellet was re-dissolved in 35 ml of buffer A and dialysed against the same buffer
(6 1) overnight at 4 °C. The dialysed protein fraction (45 ml, 7.5 mg/ml, as estimated by
Bradford assay) was diluted with buffer A to 110 ml and applied to the Q-Sepharose
column (190 ml). The column was washed with buffer A (2 column volumes) before
eluting the proteins at 5 ml/min with an increasing concentration of buffer B from 0 to
100 % over 6 column volumes, collecting 15 ml fractions. The protein concentration in

the fractions was estimated by the Bradford assay (method 12) and the most
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concentrated fractions were analysed by SDS-PAGE on 18 % gels. ThiS was eluted
with ~230 mM NaCl and ThiF with ~ 330 mM NaCl.

The ThiS containing fractions (30 ml) were pooled, concentrated to 10 ml by
ultrafiltration (3 kDa MWCO) and applied to a S-75 column (744 ml, 3.4 L.D. x 82 cm)
equilibrated in buffer C (3 column volumes). Proteins were eluted at 3 ml/min
discardirig the first 250 ml before collecting 12 ml fractions. The most concentrated
fractions were analysed on an 18 % SDS-PAGE gel and ThiS identified in fractions 18-
20, with a purity of ~ 80-90 %. These fractions were pooled and concentrated by
ultrafiltration to 10 mg/ml. To analyse the protein by ESI-MS, ThiS (2 mg/ml) was
applied to a NAP-10 column equilibrated in H,O and eluted at a final concentration of
0.8 mg/ml. The protein was diluted 100 times and to this solution (500 ul) CH3CN (200
ul) and HCOOH 1 % (v/v) were added.

The ThiF containing fractions (45 ml) were pooled, concentrated to 10 ml by
ultrafiltration (10 kDa MWCO) and applied to the same S-75 column that had been
used to purify ThiS, equilibrated in buffer C (1 1). Proteins were eluted at 3 ml/min with
buffer C, collecting 12 ml fractions (after having discarded the first 225 ml). The
protein concentration was estimated by the Bradford assay and the most concentrated
fractions were analysed on an 18 % SDS-PAGE gel. ThiF was present in all the
fractions but only fractions 1 and 2 appeared relatively pure. ThiF was purified in the
same way from other 42 g of cells, and fractions 1 and 2 from the two purifications
were pooled (20 mg, overall) and concentrated to 3 mg/ml by ultrafiltration. ThiF was
characterised by ESI-MS after desalting onto a NAP-10 column equilibrated with H>O;
the protein concentration in the sample [400 pl H,O + 200 ul CH;CN, HCOOH 1 %
(v/v)] was 0.2 mg/ml.

7.6.5. Expression and Purification of Dxs-His

BL21(DE3) cells transformed with a pET-23b-derived plasmid encoding Dxs-
His were received as liquid culture. These cells (10 pl) were plated on selective 2YT
solid medium containing ampicillin and incubated at 37 °C overnight. A single colony
was then used to inoculate 2YT medium (10 ml), and cells were grown at 37 °C

(method 13), induced with IPTG and harvested after 5 h at 22°C. The cell pellet was re-
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suspended in lysis buffer, lysed and cleared lysate and pellet were analysed by SDS-
PAGE on a 15 % gel (method 11). After having ascertained the size and therefore the
integrity of the protein, the culture was used to prepare glycerol freezes of the Dxs-His
producing strain (method 10). These freezes were subsequently used for a large scale
growth (method 14) experiment which yielded 19 g of biomass.

Dxs-His was aerobically purified at 4°C using the following buffers: buffer A,
50 mM Tris-HC], pH 8.0, 0.5 M NaCl, 2.5 mM TPP; buffer B, 50 mM Tris-HCI, pH
8.0, 0.5 M Na(Cl, 0.5 M imidazole.

Cell paste (19 g) was re-suspended in buffer A (80 ml) containing lysozyme
(0.1 mg/ml) and benzonase (10 U/ml), stirring continuously for ~30 min. Cells were
then lysed by sonication (15-20 times 30 sec bursts with 30 sec rest between each
burst), in a glass beaker cooled with crushed ice, PEI was added [0.1-0.2 % (v/v)] and
the cell debris precipitated by centrifugation (JA-14 rotor, 12000 rpm for 30-40 min at
4°C). The cleared lysate was applied to a Chelating Sepharose column (40 ml)
previously charged with NiSO; (40 ml, 0.2 M), and the column was washed with buffer
A (4 column volumes). Proteins were eluted at 5 ml/min with an increasing gradient of
buffer B from 0 to 50 % over 2 column volumes, followed by isocratic elution with 50
% buffer B (2 column volumes). Fractions (10 ml) were collected and the protein
concentration estimated by Bradford assay (method 12). Meanwhile proteins had begun
to precipitate in fractions 4 and 5 (Figure 4.13, Chapter 4), so without running a SDS-
PAGE gel to check the purity, fractions 7-12 were pooled (60 ml, 3-6 mg/ml) and
diluted to 80 ml with Tris-HC1 50 mM, pH 8.0 to decrease the NaCl and imidazole
concentration. This volume was reduced to 35 ml (7 mg/ml) by ultrafiltration (30 kDa
MWCO) and applied to a S-75 gel filtration column (3 cm LD. x 15 cm) previously
equilibrated with Tris-HC1 50 mM, pH 8.0. Proteins were eluted at 2 ml/min with the
same buffer. The purest fractions, as judged by SDS-PAGE analysis, were pooled,
concentrated to 12 mg/ml by ultrafiltration and stored at —80 °C.
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7.6.6. Enzymatic Synthesis of 1-deoxy-D-xylulose-5-phosphate (Dxp)
OH

OPOz%
OH

Dxp

Aldolase and triose phosphate isomerase were purchased as ammonium
sulphate suspensions and desalted prior to use. In particular, the aldolase suspension
(0.7 ml, 21 mg/ml, 14 U/mg) was divided into two 350 pl aliquots and the volume of
each aliquot adjusted to 950 pl with reaction buffer: 50 mM Tris-HCI, pH 8.0, 1 mM
DTT, 0.5 mM TPP, 5 mM MgCl. The protein dissolved rapidly and the combined
solutions were applied at 4°C to a PD-10 column previously equilibrated with the same
buffer. Aldolase was eluted in 3 ml (13 mg overall), aliquoted and stored at —80 °C.
The TPI suspension (0.6 ml, 10 mg/ml, 9500 U/mg) received similar treatment, but it
re-dissolved with gentle agitation over 30 min. TPI was eluted from the PD-10 column
in 3 ml (4.6 mg overall), aliquoted and stored at —80°C.

1-deoxy-D-xylulose-5-phosphate was enzymatically synthesized as described by
Taylor et al. (158). Briefly, fructose 1,6-diphosphate (13) (340 mg, 0.8 mmol) and
sodium pyruvate (2) (231 mg, 2 mmol) were transferred to a dark vessel (a 50 ml
Falcon tube wrapped in foil) and dissolved in reaction buffer (36 ml), before adding
Dxs-His (0.5 ml, 6 mg), aldolase (40 U) and TPI (200 U) in a total volume of 4 ml. The
reaction mixture was incubated overnight at 37 °C in an orbital shaker (100 rpm), and
the progress of the reaction monitored by thin layer chromatography (159) using
aluminium backed silica plates developed in isopropanol/ethyl acetate/water (6:1:3).
The plates were dried, stained with p-anisaldehyde: sulphuric acid and heated to 100°C,
revealing the product as a blue spot (R; = 0.65, Figure 7.10). When the reaction was
judged to be complete, the proteins were removed by ultrafiltration (10 kDa MWCO),
and the filtrate was freeze-dried yielding 450 mg of residue mainly consisting of
product with TrisH™ as the counter ion (1.3 mmol, 81 % yield). The solid was re-

dissolved in H,O (40 ml) and divided into 1.2 ml aliquots stored at —80 °C. Dxp was
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purified by semi-preparative HPLC (Perkin Elmer Prep-10 Octyl column, 250 x 10.0
mm) injecting 400 pl (~ 6 mg of crude) of mixture and eluting with H,O at 2 ml/min.
The elution was monitored at 220 nm and 0.5 ml fractions were collected from t = 6.0
min to t = 8.0 min. The purity of the fractions was checked by TLC, loading not less
than 18 ul per sample and developing in isopropanol/ethyl acetate/water (6:1:3). TLC
plates were dried and analysed under the UV lamp or the Gene Genius Bio imaging
system to locate the thiamin pyrophosphate, then sprayed with p-anisaldehyde/H;SO4
and heated at 100 °C to reveal the Dxp. Thiamin pyrophosphate-free fractions were
pooled and freeze dried. The resultant white solid was then weighed and dissolved in 1
ml of D,O containing tert-butyl alcohol as internal standard (8 pl, 85.3 umol) to
estimate the Dxp concentration by NMR by integration of the signals at 2.2 and 1.1
ppm. The D,O was then removed by freeze-drying and the solid dissolved in 50 mM
Tris-HCI, pH 8.0, 5 mM MgCl, to yield a 50 mM stock solution. The absence of
contaminating TPP was confirmed with the thiochrome assay (method 16).

Subsequent freeze-drying steps from acidic or neutral Dxp solutions often
produced a yellow solid; the addition of 200-400 pl of 50 mM Tris-HC], pH 8.0, 5 mM
MgCl, prior to the freeze-drying helped preventing the formation of this impurity. Dxp
was analysed by 'H and °C NMR and by ESI-MS. The spectroscopic data were
consistent with those already published (159,191).

du (300 MHz, D;0) 4.4 (1H, d, J = 1.5 Hz), 4.2 (1H, dt, J = 6.6, 1.5 Hz), 3.7
(2H, t,J=6.6 Hz), 2.2 (3H, s).

6 ¢ (75.5 MHz, D,0) 215.8 (C), 79.6 (C), 73.4 (C), 66.8 (C), 28.5 (C).

m/z (%) (ESI-MS) 213 ((M-H)", 100), 175 (28).
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Figure 7.10. Dxp reaction mixture monitored by thin layer chromatography (TLC).
The TLC plate was developed in isopropanol:ethyl acetate:water (6:1:3), then dried,
stained with p-anisaldehyde:sulphuric acid and heated to 100°C. Lane 1: reaction
mixture t = 0; lane 2: reaction mixture, t = 15 h, 25 °C; lane 3: reaction mixture, t = 15
h, 37 °C; lane 4: fructose-1,6-diphosphate; lane 5: glyceraldehyde 3-phosphate; lane 6:

sodium pyruvate.

7.6.7. Synthesis of 4-amino-5-hydroxymethyl-2-methylpyrimidine (Hmp)

P
NH,

N
Hmp

NaNO, (224 mg, 3.2 mmol) was dissolved in H,O (1.2 ml) and this solution
was added dropwise to a stirred solution of compound 15 (400 mg, 2.8 mmol, Scheme
4.5, Chapter 4) in HC1 (0.48 M, 12 ml, 5.6 mmol). This mixture was stirred at 62°C and
the reaction monitored by TLC using silica plates developed with CHCl;: MeOH (6:4).
The starting material 15 and the major UV visible product showed Ry= 0.24 and Ry=
0.54, respectively. After 1 h the reaction was judged to have reached the end point (>
70 %) (Figure 7.11) and NaOH (1 M) was added to the bright yellow suspension until
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the pH became alkaline (pH > 7). The suspension was filtered and the solvent of the

filtrate removed in vacuo.
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Figure 7.11. Hmp synthesis monitored by thin layer chromatography. The TLC plate
was developed in CHCl;: MeOH (6:4) and analysed under a UV lamp. Lane 1: reaction
mixture t = 0; lane 2: reaction mixture t = 10 min; lane 3: reaction mixture t = 1 h; lane

4: pure Hmp used as standard.

The yellow solid was re-suspended in MeOH (2-3 ml) to dissolve the product.
The supernatant was decanted, leaving behind solid NaCl, and the MeOH removed in
vacuo. The yellow solid was re-suspended in CHCl3;:MeOH (90:10) and pure MeOH
added, dropwise, until the organic compounds dissolved, separating from solid NaCl;
the supernatant was decanted and purified by silica chromatography (CHCl3:MeOH,
90:10) to yield a white solid (238 mg, 60 % yield).

du (300 MHz, D,0) 7.8 (1H, s); 4.4 (2H, s); 2.2 (3H, s).

m/z (%) (ESI-MS) 140 (M+H)", 100), 141 (10).
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7.6.8. Synthesis of 4-methyl-5-(B-hydroxyethyl)thiazole phosphate (Thz-P)

S OPO3 %
o0
N

Thz-P

Thiamine monophosphate (0.9 g, 2 mmol) was dissolved in water (5 ml) and the
pH adjusted to 4.8 adding NaOH (5 M, 2-3 drops). To this solution potassium
metabisulphite (2 g, 9 mmol) was added and dissolved by stirring. After 3 h at room
temperature a copious amount of white precipitate had formed. The product formation
was monitored by thin layer chromatography using silica plates developed with
isopropanol:ethyl acetate:water (6:1:3) and the reaction was judged to be > 70 %
complete after 36 h. The precipitate was removed by filtration, washed with 0.5 ml of
ice-cold water and discarded. The TLC analysis of the filtrate showed a single spot
corresponding to the product (R,= 0.55) and to this filtrate,” hydrogen peroxide was
added [30 % (v/v), 1 ml] in 250 ul aliquots allowing 10-15 min between each addition.
The solution was then concentrated in vacuo to a final volume of ~2 ml and white
regular crystals were observed to form. Further precipitation was achieved by storage at
4°C (30 min). The supernatant was then decanted and the white crystalline precipitate
re-dissolved in water (25 ml) and freeze-dried to yield a white solid (385 mg, 90 %
yield).

du (300 MHz, D,0) 9.6 (1H, s), 4.0 (2H, q, J = 5.9 Hz), 3.1 (2H, t, J= 5.9 Hz),
2.4 (3H, s).

0c(75.5 MHz, D,0) 157.0 (C), 66.9 (C), 29. 4 (C), 13.8 (C).

m/z (%) (ESI-MS) 222 ((M-H), 100), 212 (30), 129 (70).

186



7.7. Experimental for Chapter 5

7.7.1. Effect of the Adenosine Treatment on the Production of TPP by E. coli
83-1

The following media were used to grow or re-suspend E. coli 83-1: DM
medium, Davis-Mingioli medium (178) (Appendix B) without glucose; DM1 medium,
DM medium supplemented with glucose [0.2 %, (w/v)], Tyr and Phe (0.2 mM each),
Trp (0.1 mM), 4-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid and 4-aminobenzoic
acid (10 uM each) (30). Combinations of Tyr (0.2 mM), Hmp (14 uM) and Thz-P (14
puM) where added to the DM medium where stated. Stock solutions of the above
supplements were prepared as follows: glucose, 20 % (w/v) in H,O; Tyr, 200 mM in
0.5 M HCI; a mixture of Phe (200 mM) and Trp (100 mM) in 250 mM HCI; a mixture
of 4-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid and 4-aminobenzoic acid, 10
mM each in H,O; Hmp, 2 mg/ml (14 mM) in H,O; Thz-P, 10 mM in 50 mM Tris-HCL
Amino acid suspensions were heated at low power in a Compact microwave (Sharp) for
10-20 sec and mixed until dissolved.

Prior to use, all solutions were filter sterilised or autoclaved (glucose solution).
Experiments were carried out in duplicate to estimate the error associated with the
procedure; therefore, due to the large number of samples, data relative to the adenosine
de-repression phase and to the thiamine production by de-repressed cells had to be
obtained from two separate experiments.

Part 1: time course of the adenosine de-repression. E. coli 83-1 was de-

repressed in DM1 medium containing adenosine (300 pg/ml), essentially as described
by Estramareix (30). The TPP content was determined in duplicate and expressed as ng
of TPP/mg of wet cells. To be able to use the ‘wet weight’ of the cell pellets in the
calculations, the published procedure was slightly modified. Single colonies were used
to inoculate DM1 medium (10 ml) and the cells grown for 8-10 hours; the resultant
culture was used as a 0.3 % inoculum into fresh DM1 medium (300 ml) and grown
overnight at 37 °C. Cells were harvested by centrifugation (JA-14, 12000 rpm, 10 min
at 4°C), re-suspended in DM medium (10 ml), transferred to pre-weighed tubes (15 ml)
and centrifuged (JA-14 with adaptors, 7000 rpm, 10 min at 4°C). After having drained

most of the medium, residual liquid was removed by gently wiping the walls of each
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tube with a clean tissue. Tubes where then re-weighed and the ‘wet weight’ obtained by
subtraction. The weighed cell pellets (~ 500 mg) were re-suspended in DM medium to
yield 24 mg/ml suspensions, pooled and used as inoculum (1.3 ml) in DM1 medium
(100 ml/flask, 12 flasks) to which solid adenosine had been previously added and
dissolved (37 °C, 250 rpm for 10 min before the inoculation). Cultures were incubated
in an orbital shaker at 37 °C, 200 rpm. A pair of flasks were withdrawn at t = 0 and
every 30 min for exactly 2.5 h, rapidly cooled in icy water and the cells harvested by
centrifugation. The cell pellets were then re-suspended and washed with sterile 0.9 %
NaCl (2 X 10 ml), and the wet weight determined as described above. Cell pellets (27-
180 mg) were stored at —80 °C until analysed as described in method 16 A.

Part 2: time course of the thiamine production by de-repressed 83-1 cells.

Cultures of E. coli 83-1 (100 ml/flask, 14 flasks) were incubated with adenosine as
described above, and samples (2 per time point) withdrawn at t = 0, 1.0 and 2.5 h, to
monitor the de-repression phase. At the end of this phase, the cultures were quickly
cooled in icy water, and the cells harvested by centrifugation (JA-14, 12000 rpm, 10
min at 4°C). The cell pellets were then washed with sterile 0.9 % NaCl (2 X 10 ml) and
transferred to pre-weighed tubes to be weighed. The pellets (700-800 mg) were re-
suspended in DM medium to yield 30 mg/ml suspensions, pooled and used as a 10 %
inoculum into DM medium (10 ml in 50 ml tubes) containing Hmp and either Tyr or
Thz-P, or no supplement. The 10 ml cultures were shaken at 37 °C and the cells
harvested every 30 min for 2 h by centrifugation in (pre-weighed) 15 ml tubes. The cell
pellets were washed with NaCl solution, weighed and stored at —80 °C until analysed.

The TPP content was estimated as described in method 16 A.

7.7.2. Comparison between Adenosine Treated 83-1 and pRL1020/83-1 Cells
in the Presence of [-L-arabinose

DM and DM1 media were supplemented with ampicillin (100 pg/ml) in all the
experiments with pRL1020/83-1. Experiments were not carried out in duplicate.

pRL1020 was transformed into E. coli 83-1 (method 4). pRL1020/83-1 cultures
to be de-repressed (100 ml/flask, 14 flasks) were prepared as described in the previous

section, but in addition to adenosine (300 pg/ml) also B-L-arabinose [0.2 % (w/v)] was
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added. Cultures were incubated at 37 °C and flasks withdrawn every 30 min for 2.5 h.
At the end of the de-repression phase, the remaining cultures were harvested by
centrifugation, and washed cell suspensions prepared in DM medium (10 ml in 50 ml
tubes) containing Hmp (14 uM) and either Tyr (0.2 mM) or Thz-P (14 uM), or no
supplement. The 10 ml cultures were incubated at 37 °C and cells harvested every 30
min for 2 h by centrifugation as already described. The thiamine content was estimated
by the thiochrome method (method 16 A).

The experiment was repeated with 83-1 cells under identical conditions (except

for the ampicillin).

7.7.3. De-repression Experiments on E. coli KG33 Cells

pBAD/HisA was transformed into E. coli KG33 (method 4). An overnight
culture of pPBAD/HisA/KG33 in Davis-Mingioli medium supplemented with 3 mg/1
TPP, was prepared by inoculating 10 ml of this medium with a single colony and
incubating for 8-10 h; this culture (10 ml) was then used to inoculate fresh medium (1
1), and cells grown overnight. An overnight culture in 2YT was directly prepared by
inoculating the medium (200 ml) with a single colony. Cells from overnight cultures
were harvested (JA-14, 12000 rpm, 10 min, 4°C) and re-suspended in DM medium (10
ml, section 7.7.1), then transferred to pre-weighed 15 ml tubes, centrifuged (JA-14 with
adaptors, 7000 rpm, 10 min at 4°C), washed (3 x 10 ml) with DM medium and weighed
as described in section 7.7.1. The cell pellets (300-800 mg) were re-suspended in DM
medium to yield 80 mg/ml suspensions and used (5 ml) to inoculate 2 x 1 1 of Davis-
Mingioli medium. Cells were incubated at 37 °C and cellular growth monitored by
measuring the ODgypy at t = 0 and every 90 min for 12 h. Samples (100 ml) were
withdrawn from the 2 independent cultures at the same time points. Cells were cooled
down, harvested, washed and weighed as previously described (section 7.7.1), and the
thiamine content estimated by the thiochrome assay (method 16 A).

To obtain enough cells for an in vitro complementation experiment, a 2 1
overnight culture in TPP-supplemented Davis-Mingioli medium was prepared as
described above. Cell were harvested, weighed (2.5 g) and re-suspended in DM
medium to yield 160 mg/ml suspensions, which were pooled and used to inoculate (2.5

ml) 4 x 1 1 of Davis-Mingioli medium. Cells were incubated at 37 °C and cellular
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growth monitored by measuring the ODgqo at t = 0 and every 2 h for 10 h. Samples (100
ml) were withdrawn at t = 0, 2 and 10 h to determine the thiamine content. After 2 h
incubation, half of the cells were cooled down by swirling in icy water and harvested
by centrifugation, re-suspended in sterile 0.9 % NaCl (10 ml), transferred to pre-
weighed 15 ml tubes and weighed. The remaining half was harvested after 10 h. The
large scale growth experiment yielded 1.1 g of cells (from 2 1) after 2 h and 5.0 g of
cells (from 2 1) after 10 h.

Reaction mixtures were prepared anaerobically. 850 mg of TPP depleted cells
harvested at t = 10 h were introduced, in a 15 ml tube, into the glove box and re-
suspended in anaerobic in vitro buffer [1.7 ml, 50 mM Tris-HCI, pH 8.0, 20 mM
MgCl,, 5 mM DTT, 12.5 % (w/v) glycerol]. The suspension was then withdrawn from
the anaerobic box and rapidly lysed by sonication (4 bursts of 10 sec with 30 second
rest), cooled on ice. The lysate was returned to the box and allowed to degas for 10
min, then cleared by centrifugation (JA-14 with appropriate adaptors, 7000 rpm, 15 min
at 4°C). The protein concentration in the cleared lysate was estimated to be 34 mg/ml
by the Bradford assay (method 12). Reaction mixtures contained the components listed

in Table 7.13.

Component Volume, Final Conc.
KG33 lysate (10 h) 100 pl, 13.6 mg/ml
purified ThiGH-His 100 pl, 3.5 mg/ml

Tyr 1.6 mM
Cys 1.6 mM
Dxp 1.0 mM
Hmp 0.6 mM
ATP 20 mM

Table 7.13. Components present in the in vitro complementation assays. Tyr, Cys,
Dxp, Hmp and ATP were mixed in the appropriate proportions and 50 pl of mixture

added to each assay. Total volume: 250 pl.

190



Stock solutions of the thiazole precursors and ATP were prepared as described
in section 7.8.2 and were degassed for 30 min before being added to the reaction
mixtures. Thz-P (0.6 mM) was added to positive control assays. Reaction mixtures
were immediately stopped or incubated at 37 °C for 4 h. The thiamine content was

estimated as described in method 16 B.

7.8. Experimental for Chapter 6

7.8.1. Large Scale Growth of E. coli pRL1020/83-1 in the Presence of
Adenosine

A single colony was used to inoculate DM1 medium (10 ml, section 7.7.1) and
cells grown at 37 °C for 8-10 hours. This culture (3 ml) was used to inoculate fresh
DM1 medium (800 ml). After overnight incubation at 37 °C, the cells were harvested
by centrifugation (2 tubes, JA-14, 12000 rpm, 10 min at 4°C). The cell pellets were
weighed as described in section 7.7.1, re-suspended in DM medium to yield 100 mg/ml
suspensions which were pooled and used as inocula (5 ml) in DM1 medium (4 X 1.25
1) supplemented by the addition of adenosine (300 mg/1). Cells were grown at 37 °C for
2.5 h, then cooled down by swirling in icy water and harvested. The typical yield of cell
paste ranged between 5.5 and 7.5 g from 5 1. The cell paste was stored at —80 °C until

used.

7.8.2. General Conditions for the In Vitro Assay

1) Preparation of cell-free extracts under anaerobic conditions. The reaction

buffer was obtained from an anaerobic solution of 50 mM Tris-HC1, pH 8.0, 20 mM
MgCl,, 12.5 % (w/v) glycerol, by adding freshly prepared DTT (250 mM) to a final
concentration of 5 mM (800 pl in 40 ml). The DTT stock solution was prepared inside
the glove box, by introducing a weighed amount of powder subsequently dissolved in

anaerobic buffer.
Cell-free extracts from de-repressed E. coli pRL1020/83-1 or
pRL1020/BL21(DE3) were prepared by introducing weighed amounts of cell paste
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(0.8-1.0 g) into the glove box and resuspending it in anaerobic reaction buffer (1.6-2.0
ml). The suspensions were then withdrawn from the anaerobic box and rapidly lysed by
sonication (4 x 30 sec bursts, with 30 sec rest), cooled on ice. The lysates were returned
to the box and allowed to degas for 10 min, then cleared by centrifugation (JA-14 with
appropriate adaptors, 7000 rpm, 15 min at 4°C) in gas-tight tubes. The protein
concentration in these lysates was typically 35-45 mg/ml, as estimated by the method
of Bradford (method 12). The cleared lysate prepared from pR1.1020/BL21(DE3) cells
(grown in 2YT medium) was routinely gel filtered through a NAP-10 column,
equilibrated in anaerobic reaction buffer, to remove nearly all of the low molecular
weight molecules, including TP and TPP. This gel filtration step was carefully carried
out under the following standard conditions: 800 ul of lysate were applied to the NAP-
10 column, followed by 200 pl of buffer; proteins were eluted with 1.3 ml of buffer
discarding the first 3 drops. The protein fraction obtained from pRL1020/BL21(DE3) is
referred to as ‘ThiGH-enriched protein fraction’. Cell free lysates and desalted protein
fractions were prepared by similar methods from de-repressed pR1.1020/83-1 cells, and
are termed ‘de-repressed 83-1 lysate’ and ‘de-repressed 83-1 proteins’, respectively.
The typical protein concentration in gel filtered lysates varied between 15 and 25
mg/ml.

2) Preparation of reaction mixtures. Stock solutions of Tyr, Cys, Dxp, Hmp and
ATP were prepared as follows: 40 mM Tyr in 100 mM HCI; 80 mM Cys in reaction
buffer, freshly prepared in the glove box; 50 mM Dxp in 50 mM Tris-HC], pH 8.0, 5
mM MgCl,; 14 mM Hmp in reaction buffer or H,O; 250 mM ATP in 300 mM Tris-
HCI pH 8.8. The ATP solution (final pH 6.5) was freshly prepared from a 500 mM
stock solution in H,O (250 pl), by adding of 1.5 M Tris-HCI, pH 8.8 (100 pl) and H,O

(150 pl). Apart from Cys, all the other stock solutions were stored in aliquots (< 1 ml)
at —20 °C, defrosted and allowed to degas for at least 30 min inside the box before
being added to the reaction mixtures. Tyr stock solutions were carefully inspected for
precipitate before use.

The thiazole precursors, Hmp and ATP were not individually added but mixed

inside the box, just before addition to the reaction mixtures, as indicated in Table 7.14:
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Component Stock Solution (mM) Volume (ul) Final Conc. in 250 pul
Assays (mM)

ATP 250 400 20
Tyr 40 200 1.6
Hmp 14 200 0.6
Cys 80 100 1.6
Dxp 50 100 1

Table 7.14. Mixture of low molecular weight components added to in vitro assays.

Total volume: 1 ml; added 50 ul/assay.

50 pl of mixture were added to each assay. Cys and Dxp were replaced with

reaction buffer in all the experiments in which these thiazole precursors were omitted.

Unless otherwise specified, experiments were carried out in duplicate. Typical
reaction mixtures contained 100 pl of de-repressed 83-1 lysate or protein fraction, 100
ul of ThiGH-enriched protein fraction or purified ThiGH-His (8.0-10.0 mg/ml, total
protein concentration) and 50 pl of low molecular weight components (Table 7.14).
Depending on the experiment, the total volume varied between 250 and 350 pl, as
required. Anaerobic MgCl, (40 pl, 500 mM in H,O) was added to samples of ThiGH-
His (1 ml) in buffer E (section 7.5.2) to a final concentration of 20 mM. Reaction
mixtures were immediately analysed or incubated for 4 h at 37 °C. De novo production
of thiamine mono and pyrophosphate was estimated by the thiochrome method using
the chromatographic system 1 (method 16 B), unless otherwise indicated. For each set
of conditions, the amounts of TP and TPP were estimated separately, the respective
background levels subtracted, and the results expressed as pmol/mg of protein/h.

Please refer to Chapter 6 for pathnames to the HPLC files where the original

data are stored.
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7.8.3. Thiazole Synthase Activity in E. coli Cleared Cell Lysates

pRL1020/83-1 was de-repressed as described in section 7.8.1 and
pRL1020/BL21(DE3) was cultured and induced as described in method 14. The
ThiGH-enriched protein fraction (25 mg/ml) and the de-repressed pRL1020/83-1 lysate
(46 mg/ml) were prepared as described in the previous section. Reaction mixtures were

prepared in 250 pl adopting the conditions reported in Table 7.15.

Sample ThiGH-enriched prot. De-repressed Precursor ~ Buffer
fraction pRL1020/83-1 lysate Mix
1,2,3,4 - 100 50 100
5,6,7,8 25 100 50 75
9,10,11,12 50 100 50 50
13,14,15,16 100 100 50 -
17,18,19,20 100 - 50 100
21,22,23,24 100 25 50 75
25,26,27,28 100 50 50 50

Table 7.15. Conditions for experiment 6.2.2, Chapter 6.

7.8.4. Comparing the Effect of the ThiGH-Enriched Protein Fraction and
Purified ThiF'S and ThiGH-His

Thz-P (15 pl, 10 mM in 50 mM Tris-HCI), ThiGH-enriched protein fraction
(100 pl, 20 mg/ml), purified ThiGH-His (100 wl, 7.0 mg/ml), ThiFS (100 pl, 1 mg/ml
in ThiS and 2.7 mg/ml in ThiF ) or buffer (100 pl) were added to the de-repressed
pRL1020/83-1 lysate (100 pl, 33 mg/ml) in the presence of the thiazole precursors,
ATP and Hmp. The ThiFS mixture (1:1.4 ThiF:ThiS molar ratio) was prepared from
partially purified ThiF (450 ul, 3 mg/ml, section 7.6.4) and purified ThiS (50 pi, 10
mg/ml).

In a separate experiment, pRL1020/83-1 was grown on a large scale as

described in section 7.8.1 with or without adenosine. The repressed and de-repressed
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pRL1020/83-1 lysates were prepared as described in section 7.8.2, mixed with the
thiazole precursors, ATP and Hmp, adjusting the volume to 250 ul with reaction buffer,
and the de novo production of TP and TPP estimated as described in method 16 B

(chromatographic system 2).

7.8.5. Thiazole Synthase Activity Dependency on the Concentration of the
Precursors

Reaction mixtures contained de-repressed pRL1020/83-1 proteins (100 pl, 23-
26 mg/ml), purified ThiGH-His (100 ul, 10 mg/ml) and the low molecular weight
component mixture (50 pl) lacking the specific thiazole precursor whose concentration
was varied. Dxp (2.5 or 50 mM stock solutions), Cys and Tyr solutions were then
added as indicated in Tables 7.16 and 7.17, and the volume of the reaction mixtures
adjusted to 270 pl with buffer. The Tyr concentration was varied in the same way as

the Cys concentration.

Sample 50 mM Dxp (ul) Buffer Final Dxp Conc. (mM) in
270 pl
1,2,3,4 - 20 0
5,6 10 (2.5 mM) 10 0.09
7,8 1 19 0.19
9,10 2.5 17.5 0.46
11,12 3.8 16.2 0.70
13, 14 5 15 0.93
15, 16 10 10 1.9
17,18 15 5 2.8
19, 20 20 - 3.7

Table 7.16. Conditions adopted to vary the Dxp concentration in reaction mixtures
containing the de-repressed pRL1020/83-1 proteins, purified ThiGH-His, Cys, Tyr,
Hmp and ATP in a total volume of 270 pl.
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Sample 50 mM Cys (ul) Buffer Final Conc. (mM) in 270 pl

1,2,3,4 ; 20 0
5,6 10 (2.5 mM) 10 0.09
7,8 20 (2.5 mM) ; 0.19
9,10 2.5 17.5 0.46

11,12 3.8 16.2 0.70

13,14 5 15 0.93

15,16 10 10 1.9

Table 7.17. Conditions adopted to vary the Cys (or Tyr) concentration in reaction
mixtures containing the de-repressed pRL1020/83-1 proteins, purified ThiGH-His,

Dxp, Tyr (or Cys), Hmp and ATP in a total volume of 270 pl.

7.8.6. Thiazole Synthase Activity: Effect of ThiF and ThiS

1) Investigation of the effect exerted by the addition of a ThiFS mixture (section

7.8.4) on the thiazole synthase activity. Reaction mixtures were prepared in a total

volume of 350 pl by mixing the de-repressed pRL1020/83-1 proteins (100 pl, 25
mg/ml) with one of the following: purified ThiGH-His (100 pl, 8.2 mg/ml), ThiFS (100
pl, 1.0 mg/ml in ThiS and 2.7 mg/ml in ThiF), ThiGH-His plus ThiFS. Two low
molecular weight component mixtures were prepared: one containing all the thiazole
precursors, ATP and Hmp and the other containing just Tyr, ATP and Hmp.

2) Investigation of the effect exerted by the addition of ThiF and ThiS,

individually, on the thiazole synthase activity. Reaction mixtures contained de-

repressed pRL1020/83-1 proteins (100 pl, 25 mg/ml), purified ThiGH-His (85 pl, 9.4
mg/ml) and one of the following: ThiF (100 ul, 3 mg/ml), ThiS (100 pl, 1.0 mg/ml),
ThiF plus ThiS, in a total volume of 350 pl. In this experiment, two low molecular
weight component mixtures were prepared: one containing all the thiazole precursors,

ATP and Hmp and the other containing just Tyr, ATP and Hmp.
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7.8.7. Time Course and Effect of the Concentration of ThiGH-His

To monitor the production of TP and TPP in time, assays containing de-
repressed 83-1 proteins (100 pl, 24 mg/ml), purified ThiGH-His (85 ul, 9.4 mg/ml),
Hmp, ATP and Tyr, in a total volume of 250 pl, were prepared. Reaction mixtures were
stopped and analysed every hour from t = 0 to t = 6 h. In one of the assays, BSA was
added (5 pl, 100 mg/ml) and the reaction mixture incubated overnight. BSA did not
prevent protein precipitation, which occurred after approximately 2 h incubation, but
analysis of this reaction mixture provided evidence of the stability of the products for at
least 24 h. In another assay, SAM (5 pl, 50 mM, 1 mM final concentration) was added
and the reaction mixture incubated for 4 h, before being analysed.

The dependency of the thiazole forming activity on the concentration of the
ThiGH-His complex was investigated in 350 pl reaction mixtures containing the de-
repressed pRL1020/83-1 proteins (16 mg/ml), Tyr, ATP and Hmp and an increasing
amount of purified ThiGH-His (8.2 mg/ml): 0, 20, 50, 100, 150 and 200 pl.

7.8.8. Preliminary  Fractionation Experiments on the De-repressed

pRL1020/83-1 Cleared Lysate

Analytical scale. The de-repressed pRL1020/83-1 lysate was fractionated
aerobically at 19 °C. Cell paste (2 g) was re-suspended in 50 mM Tris-HC], pH 8.0, 2
mM DTT and 25 mM MgCl, (3 ml), lysed by sonication (5 x 15 sec burst with 30 sec

rest) cooled on ice, and cleared by centrifugation (JA-14 with inserts to fit 15 ml tubes,

7500 rpm, 30 min, 4 °C). The cleared lysate was aliquoted (600 pl) in 1.5 ml eppendorf
tubes and further centrifuged (13000 rpm, 10 min, 4 °C), then an aliquot (475 pul) was
applied to a Superdex 200 HR 10/30 column equilibrated in lysis buffer, and proteins
were eluted at 0.5 ml/min with the same buffer. 7 fractions were collected (5 ml each);
these were analysed by SDS-PAGE (method 11) and the protein concentration
estimated by the method of Bradford (method 12). Fractions were stored at —80 °C until
used. Before testing their activity, fractions 3-7 (2 ml) were concentrated by using
MWCO membrane filters (5 kDa) to 100-300 pl (final protein concentration varied
between 0 and 12 mg/ml) and degassed for at least 30 min inside the glove box. Assays

(280 ul) were prepared as follows: de-repressed pRL1020/83-1 lysate (50 pl, 27
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mg/ml), purified ThiGH-His (80 pl, 8.2 mg/ml), Tyr, Hmp and ATP, and 50 pl of one
of the fractions to analyse (3-7). Before being added to the reaction mixtures fractions
(200 pl aliquots) were degassed for 30 min inside the glove box.

Preparative scale. The de-repressed pRL1020/83-1 lysate was fractionated

aerobically at 4°C. Cell paste (7 g) was re-suspended in lysis buffer (14 ml, 50 mM
Tris-HCI, pH 8.0, 2 mM DTT and 25 mM MgCl, ) containing lysozyme (0.1 mg/ml)
and benzonase (10 U/ml), stirring for 1 h. Cell were lysed by sonication (15 x 15 sec
burst with 30 sec rest) cooled on ice, and cleared by centrifugation (JA-20, 15000 rpm,
30 min, 4 °C). The cleared lysate (18 ml, 30 mg/ml) was applied to a S-200 column
(3.4 cm L.D. x 85 cm) equilibrated in lysis buffer and proteins were isocratically eluted
at 3 ml/min with the same buffer. After having discarded the first 150 ml of eluate, 10
ml fractions were collected. Fractions 8, 11, 14, 17, 20, 23, 26, 29, 32, 35, 39, 41 and
44 were analysed by SDS-PAGE, and the protein concentration estimated by the
method of Bradford (0-4 mg/ml). Apart from fraction 8, all the above mentioned
fractions were tested for activity, without further concentration, under the following
conditions: de-repressed pRL1020/83-1 lysate (50 pl, 32 mg/ml), purified ThiGH-His
(85 pl, 9.4 mg/ml), Tyr, Hmp, ATP and 65 pl of one of the fractions to analyse, in a
total volume of 250 pl. Before being added to the reaction mixtures fractions (200 pl

aliquots) were degassed for 30 min inside the glove box.

7.8.9. Thiazole Synthase Activity: Preliminary Experiments on the Effect of
SAM and Reducing Agents

ThiGH-His (500 pl, 130 uM in ThiH-His) was incubated for 2 hours with a 5-
fold molar excess of FeCl; and Na,S, in the presence of freshly prepared DTT (5§ mM),
under anaerobic conditions. A sample of reconstituted ThiGH-His (250 pl) was then
further incubated at room temperature (19 °C) with freshly prepared dithionite (2.5 pl,
100 mM in anaerobic buffer) for 30 min (88), during which the colour of the complex
was observed to fade. Reconstituted samples were neither treated with EDTA nor gel
filtered. Reconstituted ThiGH-His (100 pul) was added to reaction mixtures containing
the de-repressed pRL1020/83-1 lysate (100 pl, 16 mg/ml), Tyr, ATP, Hmp, SAM (5 pl,
50 mM, 1 mM final concentration) and NADPH (5 ul, 50 mM, 1 mM final
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concentration); dithionite-reduced ThiGH-His was added to the same reaction mixtures
lacking NADPH. After 4 h incubation, the thiamine content in the assays (250 ul) was
estimated by the thiochrome method (method 16 B, chromatographic system 2).

Data relative to the effect of SAM alone were obtained from the experiment

described in section 7.8.7 (method 16 B, chromatographic system 1).
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Appendix A

List of Assembled Plasmids

Xhol/EcoR1 iscSUA-hscBA-
fdx

Name Insert Parental Resistance
Plasmid Marker
pRL100 Ndel/BamH] thiH pBAD-TOPO Ampicillin
pRL110 Ncol/Xhol thiH pBAD-TOPO Ampicillin
pRL200 Ndel/BamH]I thiH pET-24a(+)* Kanamycin
pRL220, pRL220* Ncol/Xhol thiH pBAD/HisA® Ampicillin
pRL221 Ncol/Xhol thiH, Xhol/EcoR1 pBAD/HisA® Ampicillin
GroELS
pRL222 Ncol/Xhol thiH, Xhol/EcoR1 pBAD/HisA® Ampicillin
trxA
pRL300 Ncol/BamH]I thiGH pBAD-TOPO Ampicillin
pRL400 Ncol/BamH]I1 thiGH pET-24d(+)* Kanamycin
pRL500 Ncol/BamH]I, Sacl thil pBAD-TOPO Ampicillin
pRL600 Ncol/BamH1I, Sacl thil pET-24d(+)* Kanamycin
pRL700 Ncol/BamH]I thiGH-His pBAD-TOPO Ampicillin
pRL80OO Ncol/BamH]I thiGH-His pET-24d(+)* Kanamycin
pRL820 Ncol/Xhol thiGH-His pBAD/HisA° Ampicillin
pRL821 Ncol/Xhol thiGH-His, pBAD/HisA® Ampicillin
Xhol/EcoR1 iscSUA-hscBA-
fdx

pRLO00 Ncol/BamH]I thiFSGH-His pBAD-TOPO Ampicillin
pRL1000 Ncol/BamH]1 thiFSGH-His pET-24d(+)* Kanamycin
pRL1020 Ncol/Xhol thiFSGH-His pBAD/HisA® Ampicillin
pRL1021 Ncol/Xhol thiFSGH-His, pBAD/HisA° Ampicillin
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pRL1200 Ncol/BamH]I thiCEFSGH-His
pRL1300 Ncol/Xhol thiCEFSGH-His
pRL1400 Ncol/BamH]1 thiEFSGH-His
pRL1500 Ncol/Xhol thiEFSGH-His
pRL1800 Ncol/Sall thiFS
pRL1900 Ncol/Xhol thiE
pRL2000 Ncol/Xhol thiE
pRL2020 Ncol/Xhol thiE
pRL2030 Ncol/Xhol thiE
pRL2100 Ncol/Xhol thiD-His
pRL2200 Ncol/Xhol thiD-His
pRL2220 Ncol/Xhol thiD-His

pBAD-TOPO
pBAD/HisA®
pBAD-TOPO
pBAD/HisA°
pET-24d(+)*
pBAD-TOPO
pBAD/HisA°
pBADHisRepair®
pET-24d(+)*
pBAD-TOPO
pBAD/HisA®
pET-24d(+)*

Ampicillin
Ampicillin
Ampicillin
Ampicillin
Kanamycin
Ampicillin
Ampicillin
Ampicillin
Kanamycin
Ampicillin
Ampicillin

Kanamycin

Protein expression was induced with IPTG (*) or -L-arabinose (°).

Ndel

Maps of Cloning Plasmids (pBAD-TOPO Derivatives)

araBADSamHI

pRL100
5270 bp

BamHI
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Ncol



pRL700
6057 bp
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Km0

PRL500
5593 bp

S
N ——




pRL1900 pRL2100
4798 bp 4957 bp
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Appendix B

B.1. Agarose gel electrophoresis

° 50 X Running buffer solution, 50 X TAE

Per litre:

Tris base 242 ¢
Glacial acetic acid 57.1ml
0.5 M EDTA 100 ml

Adjusted to pH 8.0 with HCI.

e 1 % Agarose gel

Per gel:

Agarose 04¢g
TAE buffer, 1 X 40 ml

The suspension was heated at top power rating in a Compact microwave

(Sharp) until the agarose had dissolved, poured and allowed to solidify at 4 °C.

® 6 X Gel electrophoresis loading buffer

Glycerol 30 % (v/v)
Bromophenol blue 0.25 % (w/v)
° Electrophoresis gel stain

Ethidium bromide 1 pg/ml
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B.2. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)
e 5 X Running buffer

Per litre:

Tris base 15¢
Glycine 9% g
SDS 5g

® SDS-PAGE gel
Per gel (5 ml)
15 % resolving gel:

H,O 1.1ml
30 % (w/v) Acrylamide/bis-acrylamide (37.5:1) 2.5 ml
1.5 M Tris-HCl, pH 8.8 1.3 ml
10 % (w/v) SDS 50 pl
10 % (w/v) Ammonium persulphate, 50 ul
TEMED 2l
Per gel (5 ml)

18 % resolving gel:

H;O 0.6 ml
30 % (w/v) Acrylamide/bis-acrylamide (37.5:1) 3.0ml
1.5 M Tris-HCL, pH 8.8 1.3 ml
10 % (w/v) SDS 50 pl
10 % (w/v) Ammonium persulphate, 50 ul
TEMED 2 ul
Per gel (2 ml)

3 % stacking gel:
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H,O

30 % (w/v) Acrylamide/bis-acrylamide (37.5:1)

1.0 M Tris, pH 6.8
10 % (w/v) SDS

10 % (w/v) Ammonium persulphate

TEMED

1.4 ml
0.33ml
0.25 ml
20 ul
20 ul
2ul

Freshly prepared ammonium persulphate and TEMED were added just prior to

pouring the gels.

° 2 X SDS-PAGE loading buffer

Tris-HCl
Bromophenol Blue
SDS

Glycerol

DTT

° SDS-PAGE gel stain
Per litre

Acetic acid

Methanol

H,O

Coomassie Brilliant Blue

° SDS-PAGE gel destain
Per litre

Acetic acid

Methanol

H,O
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50 mM, pH 6.5
0.1 % (w/v)

2 % (w/v)

10 % (w/v)
100 mM

100 ml
450 ml
450 ml
25¢g

100 ml
300 ml
600 ml



B.3. Bradford Assay
° Bradford Reagent

Per litre:

88 % Phosphoric acid 100 ml
Ethanol 50 ml
Coomassie Brilliant Blue 100 mg
HO 850 ml

Coomassie Brilliant Blue was first dissolved in ethanol, then phosphoric acid

and H>0 were added and the solution filtered.

B.4. Growth Media
e 2 X Tryptone/Yeast extract (2YT)

Per litre:

Bacto tryptone 16 g
Yeast extract 10g
NaCl 5¢g

® SOC medium

Per litre:

Bacto tryptone 20g
Yeast extract 5¢g
NaCl 06g

The medium (970 ml) was autoclaved, allowed to cool down and the following

sterile solutions added:

1M MgCl, 10 ml
1M MgSOy4 10 ml
2M Glucose 10ml

MgCl, and MgSO4 were filter sterilised.
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® Davis-Mingioli Medium

Per litre:

K,HPO, 7g
KH,PO, 3g
Najs-citrate-3H,0 05¢g
MgSO47H,0 0lg
(NH4)2S04 lg
H,O 11

The medium was autoclaved and stored at room temperature until used. Prior to

use, sterilised 20 % (w/v) glucose was added to a final concentration of 0.2 %

(w/v).

° 2YT agar plates

Per litre:

Bacto tryptone l6g
Yeast extract 10g
NaCl 58
Agar 15g

The solution was autoclaved and allowed to cool down to 50 °C before adding
ampicillin or kanamycin to a final concentration of 100 pg/ml and 30 ug/ml,
respectively. This medium was poured into petri dishes, allowed to harden and

stored at 4 °C.

° DM1 agar plates

Per litre:

K;HPO4 7g
KH,PO4 3g
Najs-citrate-3H,0 05¢g
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MgSO4-7H20 0.1 g

(NH4)2504 lg
Agar 15¢g
H,O 11

The solution was autoclaved and allowed to cool down to 50 °C before adding
ampicillin (100 pg/ml), glucose [0.2 % (w/v)], Tyr and Phe (0.2 mM each), Trp
(0.1 mM), 4-hydroxybenzoic acid, 2,3-dihydroxybenzoic acid and 4-
aminobenzoic acid (10 uM each). This medium was poured into petri dishes,

allowed to harden and stored at 4 °C.
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