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ABSTRACT
Oxalic acid, as one of nature's most highly oxidised compounds, is toxic to most
organisms. It is introduced in the human body in the diet but also as a waste product
of cellular metabolism. Mammals do not posses the ability to degrade oxalate and
must excrete it in the urine or through the intestine. Accumulation of oxalate may
lead to a number of pathological conditions in humans and a majority of all kidney
stones are formed by calcium oxalate. Fortunately, the anaerobic bacterium
Oxalobacter formigenes has been shown to play a key role in the mammalian
oxalate homeostasis. The bacterium, which inhabits the gastrointestinal tract of
most vertebrates including humans, has evolved a method for oxalate catabolism
and degrades it in a two enzyme pathway releasing formate and carbon dioxide.
This thesis presents structural characterisation of the two enzymes active in oxalate
catabolism in O. formigenes, oxalyl-CoA decarboxylase (OXC) and formyl-CoA
transferase (FRC). FRC catalyses the activation of oxalate in the form of oxalylCoA by transferring a CoA carrier from formyl-CoA. OXC, the second enzyme of
the pathway, decarboxylates oxalyl-CoA releasing carbon dioxide and regenerating
formyl-CoA.
The three-dimensional structure of OXC was determined to 1.73 Å resolution from
a merohedrally twinned crystal. As a thiamin diphosphate-dependent enzyme, OXC
displays the conserved fold consisting of three α/β-domains with the coenzyme
bound in a strictly conserved conformation between two subunits. A novel set of
active site residues was observed for OXC, and the identification of an ADP
molecule bound in the regulatory domain of the protein led to the discovery that
ADP is an efficient activator of OXC. Several structures of OXC complexes have
been determined, including a substrate complex with an inactive coenzyme
analogue, a product complex and a reaction intermediate obtained by freezetrapping experiments. A catalytic mechanism is presented based on a combination
of structural features and mutagenesis data.
FRC, as a Class III CoA-transferase, is a homodimeric enzyme with a peculiar fold
consisting of two monomers interlocking each other like links of a chain. By freezetrapping crystallography we have identified a previously undiscovered intermediate
in the catalytic reaction of FRC, leading to reinterpretation of the catalytic
mechanism. Active site features in structures of several reaction intermediates and
point-mutated variants are combined to present a plausible scenario for the catalytic
steps. Finally, we demonstrate that a protein annotated as a putative formyl-CoA
transferase in Escherichia coli is indeed a FRC ortholog, and the substrate
specificity and kinetic behaviour of the two enzymes are compared.
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1 GENERAL INTRODUCTION
1.1 ENZYMES AND STRUCTURAL ENZYMOLOGY
As one of the major classes of macromolecules in all living systems, proteins
perform and control most of the chemical processes necessary for life. By taking the
role of catalysts, the enzymes enhance the rate of specific chemical reactions and
control the reaction paths carefully in order to prevent undesired side reactions.
Enzymes accomplish this by various means but all by lowering the activation
energy of the conversion from reactants to products. Through evolution nature has
created a fine tuned system where enzymes play a central role by regulating and
performing the chemistry of life.
There are two major factors to consider regarding enzymes and their functions. First
of all the substrate binding and specificity is of central importance. The arrangement
of functional groups in the enzyme's active site has an important role here and there
are often very precise interactions between the amino acid residues and the substrate
that render what substrates the enzyme can accept.
Formation of the enzyme-substrate complex and alignment of the substrate for
catalysis might require transient reorganizations of the active site or even larger
parts of the enzyme. There are numerous enzymes where conformational changes of
loops or even domains take place in order to accommodate the substrate or to create
tunnels for substrate or product transport. Binding of substrates commonly also
induce the active conformation of the enzyme, where the structure arranges into the
form active for catalysis.
The substrate specificity varies among different enzymes, where some have
active sites that can bind a broad range of different substrates, while others can only
fit one specific molecule and where even the stereochemistry of the substrate can
have a decisive impact. An important feature of the active site is that the product
has to be able to leave and should therefore not be strongly bound. This might be a
fine balance as the chemical differences between the substrates, intermediates and
products can be small.
Secondly, the ability of enzymes to achieve a certain catalytic power is an intriguing
issue. Several ways of acting as catalysts can be applied by an enzyme in order to
lower the activation energy of the chemical reaction. Reaction rates increased by
enzymes can range from 108 to 1019 relative the uncatalysed, spontaneous reactions.
It is of central importance that the enzyme places the susceptible atoms of the
substrates in close proximity to the catalytic groups in the active site. But proximity
alone is insufficient. The reacting groups must also be in a favourable orientation
for the chemistry to occur. Alignment of the relevant orbitals to overlap increases
the probability of the reaction to take place.
However, not only changes in the enzyme can occur upon formation of the
enzyme-substrate complex, the substrate molecule can also be strained and bonds
can be distorted in order to better fit the active site. Many enzymes have active sites
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designed to lower the activation energy by stabilising the transition state, thus
favouring the conversion of substrate to intermediate or product.
Many enzymes utilize the formation of covalent intermediates in order to take
an alternative reaction path from the uncatalysed reaction with a lower transition
state energy. Amino acid residues like serine, cysteine and histidine can form
nucleophilic groups that are good electron donors and form unstable intermediates
that readily react further and rapidly break down to release the product.
General acid-base catalysis is due to proton donors and proton acceptors,
which donates or removes protons to (or from) the reacting molecules in a
concerted and/or stepwise way. An interesting feature of enzymes is that they can
provide proton donor and proton acceptor groups simultaneously in a well defined
orientation, a property that is impossible in solution. In this way an acidic group in
one side of the active site can donate a proton simultaneously as a basic group
removes a second proton in another part of the active site.
To understand how enzymes work their structures have to be considered. It has long
been clear that the functional properties of proteins depend upon their threedimensional structures. Experimentally determined three-dimensional structures by
X-ray crystallography have in combination with biochemical data shown to be very
powerful when characterizing enzymes and their catalytic mechanisms. A
shortcoming of X-ray crystallography is that a crystal structure often only represents
one state of an otherwise dynamic and varying protein structure. A new dimension
of the method has therefore evolved where intermediate states during enzymatic
reactions started in the crystals are trapped by freezing, followed by determination
of the structure. These so-called "freeze-trapping" experiments have shown to be
very useful in delineating enzymatic mechanisms and discriminating between
different reaction pathways as specific intermediates can be observed.

1.2 AIM OF THESIS
To understand the enormous catalytic rate enhancement achieved by many enzymes
is a major goal of many enzymologists. This thesis addresses the above discussed
features for the two enzymes of the oxalate degradation pathway in Oxalobacter
formigenes, oxalyl-CoA decarboxylase (OXC) and formyl-CoA transferase (FRC).
These are two examples of enzymes that utilize the formation of covalent
intermediates during catalysis. Less common intermediates are in both cases
formed, where one involves a coenzyme and the other an aspartic acid residue in the
active site.
OXC belongs to the family of enzymes utilising thiamin diphosphate (ThDPthe active form of vitamin B1) for catalysis. ThDP-dependent enzymes are involved
in many different pathways and catalyse a broad range of reactions. The enzyme
class is known to gain a significant fraction of the catalytic power from an "entropic
factor" by imposing the catalytically relevant conformation of the coenzyme and
aligning the substrate in a suitable orientation for the reaction to occur. By studying
a representative enzyme from the family, a lot can be learned about the catalytic
mechanism of this enzyme class. The initial aim of this thesis was to determine the
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crystal structure of OXC. Further, the kinetic properties of the decarboxylation
reaction in OXC have been characterised and reaction intermediates have been
investigated using X-ray crystallography.
FRC is a member of the recently identified Class III CoA-transferase family.
As the first structure determined of this enzyme group, FRC revealed a peculiar new
fold that later showed to be common to the members of the Class III CoAtransferases. The dimeric structure of these enzymes is organised like a chain, with
the two monomers folded into rings interlocking each other. With a new fold and a
novel set of active site residues the mechanism of Class III CoA-transferases
remained to be explored. This thesis describes how the catalytic steps of FRC have
been visualized through crystallographic freeze-trapping experiments, leading to
elucidation and proposal of a catalytic mechanism that has been verified by several
complementary biochemical methods. An intriguing question in this study has been
how the enzyme protects the reactive intermediates to prevent undesired side
reactions.
As further benefit this thesis will also provide information regarding the
enzymes important in human oxalate homeostasis, for which the host O. formigenes
has shown to play an important role. About 10% of all people in western countries
have at some point in their lives problems with kidney stones and two thirds of all
kidney stones are formed by calcium oxalate.

1.3 OXALATE HOMEOSTASIS
O

1.3.1 Oxalate
Oxalic acid is one of nature’s most highly oxidised
OO
organic compounds. This characteristic and its ability
to strongly chelate cations, especially Ca2+, makes
oxalate highly toxic to many life forms and
O
complicates its catabolism and role as energy source
(1). Oxalate is introduced into the human body
Figure 1. Oxalate
through the diet, but also as a by-product of normal
cellular metabolism (2). In humans, an accumulation of oxalate (hyperoxaluria) can
in extreme cases have lethal effects, and in lower amounts cause several severe
disorders, including the formation of calcium oxalate stones in the kidney
(urolithiasis), renal failure, cardiomyopathy and cardiac conductance disorders (1, 3,
4). Mammals are not able to degrade oxalate and must eliminate it by excretion in
the urine or through the intestine (5). The symbiotic gut-dwelling bacterium O.
formigenes has shown to take an important role in regulating oxalate homeostasis in
humans (6).
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1.3.2 Oxalobacter formigenes
O. formigenes is a gram-negative obligate anaerobe bacterium found in the
gastrointestinal tracts of vertebrates, including humans. The bacterium depends on
oxalate as its sole source of energy and carbon and degrades it in a two enzyme
pathway, producing formate and carbon dioxide (7). Oxalate is taken up by the
bacterium through a membrane antiporter, which at the same time transports
formate out of the cell. O. formigenes not only degrades free oxalate entering the
intestinal lumen, but also creates a transepithelial gradient, favouring oxalate
secretion and preventing absorption of oxalic acid in the lower tract of the intestine
(8).
A direct correlation between the number of recurrent kidney stone episodes
and the lack of O. formigenes in the intestinal flora has been demonstrated (9). A
possible treatment of oxalate related diseases would be to re-colonize the
gastrointestinal tract with O. formigenes, but de-colonized patients have not
naturally regained the bacteria over several years of observation and animal
experiments on rats show re-colonization to be difficult (10). In order to overcome
this problem, an oxalate-degrading enzyme replacement therapy, where the two
oxalate degrading enzymes are introduced into the gastrointestinal tract, has been
suggested (9). O. formigenes central role in the human oxalate homeostasis makes
the bacterium an important tool in the effort of developing new strategies for
treating oxalate-related diseases (11, 12) and therapeutic studies involving O.
formigenes are already initiated (http://www.oxthera.com/).

1.3.3 Oxalate catabolism
Catabolism of oxalate in O. formigenes is initiated by transport of the substrate into
the cell. This process is mediated by the oxalate:formate antiporter, OxlT, which
simultaneously discards formate into the periplasm (13). OxlT is a highly efficient
transporter, and with a turnover of 1000 molecules per second and a substrate
dissociation constant of 20 µM, oxalate is imported at a rate near the diffusion
controlled limit (14). The three-dimensional structure of OxlT has been determined
to 3.4 Å, and consists of 12 trans-membrane helixes in a pseudo-twofold
arrangement (15, 16).
The first step of the catabolic cycle in the cytoplasm of O. formigenes (Figure
2) is catalyzed by FRC. FRC catalyses the activation of oxalate by transferring a
CoA moiety between formyl-CoA and oxalate, producing oxalyl-CoA and formate.
OXC, as the second enzyme of the pathway, decarboxylates oxalyl-CoA and
releases carbon dioxide and regenerates formyl-CoA (17, 18). The metabolic
importance of these two enzymes is obvious from the observation that they together
make up as much as 20% of the whole protein content of the bacterial cell (19).
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Figure 2. Oxalate catabolism and energy conservation in O. formigenes

Energy from the oxalate catabolism is conserved through a proton gradient which
drives the ATPase in O. formigenes. The heterologous oxalate:formate antiport is an
electrogenic reaction in which net negative charge moves in parallel with oxalate
into the cell, generating a membrane potential (13). Together with OXC, which
reaction has a net stoichiometry of one proton consumed per oxalate molecule
turned over, the antiporter works as an indirect ion-motive pump driving the ATP
synthesis in O. formigenes (Figure 2).
About 99% of the oxalate in O. formigenes is estimated to undergo the
catabolic pathway described above. The remaining 1 % is used for carbon assimilation after reduction to 3-phophoglycerate through the glycerate pathway (20).
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2 OXALYL-COA DECARBOXYLASE
A THIAMIN DIPHOSPHATE DEPENDENT ENZYME
2.1 THIAMIN HISTORY
Thiamin(e) also known as vitamin B1, is known to play a fundamental role in
energy metabolism as a major factor in the metabolism of glucose. The deficiency
of thiamin usually causes weight loss, cardiac abnormalities, and neuromuscular
disorders and the classical thiamin deficiency syndrome in humans goes under the
name "beriberi" (21). Beriberi, which was one of the first identified nutritional
deficiency diseases, has been known since antiquity, and can be found in documents
as early as 808. Thiamin deficiency was, and still is to some degree, common in
countries dependent on rice as primary food, and the mortality of beriberi in the
beginning of the 20th century was as high as 30% in Japan. Today beriberi mainly
exists in Southeast Asia where polished rice is the main sustenance and thiamin
enrichment programs are not fully in place (21).
The history of thiamin begins with beriberi. After a physician in the Japanese
Navy in the 1880s realized and pointed out the correlation between the polished rice
diet of the sailors and the disease, a new diet was implemented containing more
vegetables, fish and meet, and the incident of the disease in the Japanese Navy
dropped from 40% to 0% in six years. It was soon discovered that even fowls fed on
a pure polished rice diet developed this disease and gradually it became evident that
the polished rice caused beriberi while the rice hull prevented and even cured the
disease (21). An "anti-beriberi" factor was isolated from rice polishing and named
`Vitamin´ for vital amine, and in 1926 it was crystallised and soon the structure of
this new compound then called aneurin (for antineuritic vitamin) was reported.
Unfortunately, the first structure missed the sulfur atom, but the correct structure
together with the synthesis was published in 1936. The American Medical
Association, which did not accept the names under which the compound was
known (anti-beriberi factor, antineuritic vitamin, vitamin B, vitamin B1), asked for a
new name and so the name thiamin was invented, reflecting the vitamin's amine
nature and content of sulfur (22).

2.2 THIAMIN DIPHOSPHATE
Vitamins commonly play the role as building blocks of coenzymes, organic
molecules that facilitate the chemical reactions catalysed by enzymes. The major
biologically active form of thiamin is thiamin diphosphate (ThDP), also known
under the names thiamin pyrophosphate and cocarboxylase. ThDP is utilized by
enzymes that perform a wide range of catalytic functions. It is an essential
coenzyme in biocatalysis and mediates important reactions in carbon metabolism,
including the oxidative and non-oxidative decarboxylation of α-keto acids, ketol
transfer between sugars, formation of amino acid precursors and electron transfer
reactions. During almost 70 years of extensive solution and crystallographic studies,
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ThDP has shown to be a peculiar cofactor that with support of the enzyme performs
most of the catalysis by itself (Reviewed in 23, 24).
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Figure 3. Thiamin diphosphate

2.2.1 The coenzyme
Thiamin diphosphate is comprised of three groups, a central catalytic thiazolium
ring flanked on one side by a 4'-aminopyrimidine ring (the thiamin core) and on the
other end by a diphosphate group. Initially, the aminopyrimidine ring was believed
to be the catalytic group of the cofactor but it was soon shown that the C2 position
of the thiazolium ring is where the reaction takes place, and where deprotonation
initiates the catalytic cycle (25). The thiazolium ring acts as an electron sink during
the formation of this ylid, partly by stabilising it with the adjacent positive charge of
the quaternary ammonium but also by the ability of the d-orbitals of sulfur to accept
some of the negative charge. However, both ring moieties of the coenzyme
contribute during catalysis, and the 4'-aminopyrimidine ring likely participates in
the reaction as an intramolecular general acid-base catalyst via the rare 1',4'iminopyrimidine tautomer (23, 25-27) .
It has been shown by 2H/1H exchange that the C2-proton dissociation rate for
free ThDP is too slow to fit the demand of the active enzymes (25, 28). In order for
the ThDP-dependent enzymes to achieve the measured catalytic power, the
dissociation rate has to be increased at least 4 orders of magnitude by the
interactions with the enzyme. This is one of the main contributions by the thiamine
diphosphate dependent enzymes to their catalytic rate enhancements.

2.3 THIAMIN DIPHOSPHATE DEPENDENT ENZYMES
The first three-dimensional structure of a ThDP-dependent enzyme determined was
of transketolase (TK) in 1992 (29). Soon crystal structures of pyruvate oxidase
(POX) (30) and pyruvate decarboxylase (PDC) (31) followed, and at the time of
writing there are over 18 ThDP-dependent enzymes of known structure, with many
of them determined from different species as well. Only ThDP-dependent enzymes
of known three-dimensional structure will be discussed in the following section. A
summary of all structures in the Protein Data Bank, including primary structure
references, is found in Table 1.
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Table 1. Members of known three-dimensional structure in the five families of ThDPdependent enzymes

Abbreviation

Enzyme name

Structure
references

POX or "decarboxylase" familyPOX
Pyruvate oxidase
PDC
Pyruvate decarboxylase
IPDC
Indolepyruvate decarboxylase
BFD
Benzoylformate decarboxylase
OXC
Oxalyl-CoA decarboxylase
AHAS
Acetohydroxyacid synthase
ALS
Acetolactate synthase
BAL
Benzaldehyde aldolase
CEAS
N2-(2-carboxyethyl)arginine synthase
PPDC
Phenylpyruvate decarboxylase
KdcA
Branched chain α-keto acid decarboxylase
TK family
TK
Transketolase
DXS
1-deoxy-D-xylulose-5-phosphate synthase
OR family
PFOR
Pyruvate:ferredoxin oxidoreductase
2-ketoacid dehydrogenases - one chain
PDH-E1
E1 of Pyruvate dehydrogenase complex
gram-negative bacteria and actinomycetes
2-ketoacid dehydrogenases - two chains
PDH-E1
E1 of Pyruvate dehydrogenase complex
eukaryotes and gram-positive bacteria
OGDH-E1
E1 of 2-ketoglutarate dehydrogenase
eukaryotes and gram-positive bacteria
BCKD-E1b E1of Branched-chain 2-ketoacid
dehydrogenase, eukaryotes and bacteria

(30)
(31, 32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(29)
(42)
(43)
(44)

(45)
(46)
(47-50)

2.3.1 The five subfamilies
ThDP-dependent enzymes can be divided into five subfamilies based on their threedimensional structures and sequence analysis. The largest group, named the POX
family after the first structure determined in the group, includes a large fraction of
the ThDP-dependent enzymes with determined structure, including OXC. Some of
the most studied members are PDC, benzoylformate decarboxylase (BFD),
acetohydroxyacid synthase (AHAS), acetolactate synthase (ALS) and benzaldehyde
aldolase (BAL). The reaction catalyzed (or part of it) by most of the enzymes is the
decarboxylation of a 2-ketoacid, and among all the members, POX stands out as the
only enzyme of the group catalyzing a redox reaction.
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Figure 4. A summary of reactions catalysed by ThDP-dependent enzymes. Either a 2-ketoacid (upper left) or an acyloin (upper right)
substrate is cleaved adjacent to the carbonyl group forming the covalent complex between the remainder of the substrate and ThDP. The
formed enamine/α-carbanion intermeidate (enclosed in the central box) then reacts with the acceptor substrates in one of the routes a-f,
completing the catalytic cycle and releasing the product. This representation of the reactions is adapted from (51).

(51)

Most of the reactions of the POX family members are summarized in Figure 4,
where the substrate comes in through path 1 and is decarboxylated forming the
enamine/α-carbanion intermediate. BAL and carboxyethylarginine synthase
(CEAS), as exceptions, catalyse a reaction with an acyloin substrate, entering
through path 2. The fate of the intermediate then varies for the different members.
The 2-ketoacid decarboxylases react with a proton (route a) releasing an aldehyde,
while POX takes route b with a phosphate and oxygen as second substrates forming
acetyl phosphate and hydrogen peroxide. AHAS and ALS react with a second 2ketoacid following route c.
The second subfamily, the TK family, has two members of known structure
TK itself and the recently determined 1-deoxy-D-xylulose-5-phosphate synthase
(DXS). In addition to these two, phosphoketolase and dihydroxyacetone synthase
also belong to the group (52, 53). The TK reaction is defined in Figure 4, through
the incoming path 2 and then outgoing route f.
The next family contains only one member of known structure,
pyruvate:ferredoxin oxidoreductase (PFOR) (route 1d in Figure 4). It is difficult to
define what other enzymes belong to the family of PFOR, but there are several
variants of the enzyme with different numbers of subunits and domains, dependent
on the identity of the final electron acceptor (ferredoxin, flavodoxin or NADP+).
Whether or not these variants should be defined as different enzymes or just
variants of PFOR is not clear.
The final two subfamilies of ThDP-dependent enzymes are the 2-ketoacid
dehydrogenases (route 1e), which are multienzyme complexes with three major
components where E1 is the ThDP-dependent component. The 2-ketoacid
dehydrogenases are divided into two families depending on whether they consist of
one or two chains. Pyruvate dehydrogenases (PDHs) from gram-negative bacteria
and actinomycetes stand alone in the one-chain group, while the two-chain family
contains the E1 component of 2-ketoglutarate dehydrogenase and E1 of PDH from
eukaryotes and gram-positive bacteria as well as the branched-chain 2-ketoacid
dehydrogenases (BCKD).

2.3.2 Subunit architecture and oligomeric state
The common architecture of ThDP-dependent enzymes consists of three α/β-type
domains (54). There are a few exceptions to this fold where the enzymes have
evolved differently and the domain order is switched or one of the domains is
missing (55). The domains are all comprised of a central β-sheet flanked by αhelices on both sides. Two of the three domains form the interactions with the
cofactor and are named the pyrimidine- and pyrophosphate domains (PYR- and PPdomains), explaining which part of ThDP they bind. These two domains are
topologically related, while the third so called regulatory (R-domain) has a slightly
different fold. The R-domain is commonly also named domain X due to its
unknown function in several of the family members. Some of the members have
evolved a nucleotide binding site in this domain where FAD binds in POX and
AHAS (30, 36), and ADP has been identified to bind in OXC as will be described
later on in this thesis.
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Figure 5. An example of the ThDP-dependent enzyme fold. The monomer of PDC from
Zymomonas mobilis (1zpd) (32) and topology diagrams of the three domains. Topology
diagrams are adapted from PDBsum (56).

A feature shared by several ThDP-dependent enzymes is a C-terminus which in the
absence of substrate adopts a flexible structure without secondary structure
elements, but that upon binding of substrate folds down into an α-helix closing over
the active site. Mutational studies with AHAS, ZmPDC and OXC where the Ctermini were truncated, have proven closure of the active site to be essential for
catalysis in these enzymes (57-59). Not only does the C-terminus control the
accessibility to the active site, it also protects the activated coenzyme and creates a
hydrophobic environment required for decarboxylation.
The coenzyme is bound in the interface between PYR- and PP-domains from
two different subunits, rendering the minimal functional unit of ThDP-dependent
enzymes a dimer. In the case of TK, AHAS, ALS and KdcA the dimer represents
the biological unit but most other family members consist of two dimers that form a
tetramer.

2.3.3 Coenzyme binding
All ThDP-dependent enzymes require a divalent metal ion for coenzyme binding.
The function of the metal ion is to attach the pyrophosphate moiety with a set of
conserved amino acids of the PP-domain (GDG/SX25-30NN motif) (60) and thereby
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anchor ThDP to the enzyme. The ion specificities of the enzymes are normally low
but no activity is seen in the absence of divalent ions.
One of the most striking findings from crystallographic studies of ThDPdependent enzymes is the so-called “V” conformation of the coenzyme. This
conformation, observed in all of ThDP-dependent enzymes of known structure,
describes the position of the 4'-aminopyrimidine ring and the thiazolium ring with
respect to each other (61). It is clearly not a low energy conformation and is seldom
found in thiamin derivatives in the absence of enzyme (62, 63). Several features of
the environment in the protein might help to stabilize the V conformation, in
particular a conserved bulky hydrophobic residue (Met, Ile or Leu) positioned
below the thiazolium ring (64). The N4' and C2 atoms of ThDP are placed in close
proximity in the V conformation with a distance of approximately 3.0-3.6 Å
between the two atoms.
Another conserved feature in the binding of ThDP is that hydrogen bonds are
formed to all the nitrogen groups of the 4'-aminopyrimidine. These interactions
have shown to be crucial for catalysis and play important roles during activation of
ThDP.

Figure 6. The conserved ThDP-binding anchored by a magnesium ion

2.3.4 Coenzyme activation
The currently well accepted mechanism of ThDP catalysis is initiated by activation
of the coenzyme. The enzyme has been shown to play a decisive role during this
step by a conserved glutamic acid residue (25). A strong hydrogen bond between
the glutamic acid and N1' of the pyrimidine ring stabilizes the unusual 1',4'iminopyrimidine tautomer of the coenzyme. With the geometry and basicity of the
imino group, 4'-NH is ideally positioned for abstracting a proton from C2 and
creates the reactive ylid (25, 65). The importance of the glutamic acid - N1'
interaction has been shown by mutagenesis studies, where the hydrogen bond was
disrupted and catalysis was severely impaired (66-70). A conserved glycine residue,
which hydrogen bonds N4' through the main chain carbonyl, further contributes to
the activation of the cofactor by optimally orienting N4' to point its lone pair at the
C2 hydrogen (34).
OXALYL-COA DECARBOXYLASE
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2.4 THIAMIN DIPHOSPHATE DEPENDENT DECARBOXYLATION
The cofactor activation described in the previous section is common to all ThDPdependent enzymes. This section, describing the following catalytic steps, will
focus mainly on the subfamily of decarboxylases where OXC is included.
There is a large diversity in active site residues among the ThDP-dependent
decarboxylases, and hardly any strict sequence conservation exists except for the
residues that are directly involved in cofactor binding and activation. One notable
exception is that many of the decarboxylases, including PDC, IPDC and KdcA, all
have two conserved consecutive histidine residues positioned in the active site. Two
equivalent histidines are also found in BFD, although in this case they are derived
from different subunits. OXC, POX and AHAS do not contain any histidine
residues or other conserved polar residues in the active site and BAL has only one
histidine positioned further away in the active site. With a large diversity of active
site residues, but still a very similar reaction, it is clear that different active site
groups must perform the same task in the different decarboxylases. It has however
been concluded that the enzymic groups mainly contribute by aligning the different
substrates and many of the catalytic steps are accounted for by ThDP itself. With
the exception of the glutamic acid activating ThDP, there is only one proton transfer
step during the non-oxidative decarboxylation reaction that is not accounted for by
the coenzyme itself. The currently accepted reaction mechanism is presented in
Figure 7.
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2.4.1 Decarboxylation
After the initial step of cofactor activation, a nucleophilic attack by the coenzyme
ylid at the Cα atom of the substrate carbonyl results in the first covalent reaction
intermediate between the coenzyme and substrate. Upon formation of the covalent
bond, a developing negative charge generated at the carbonyl oxygen of the
substrate has to be stabilized and is thus protonated, most probably by 4'NH2. The
decarboxylation and release of CO2 (or for some other members RCOOH) follows
rapidly, resulting in the α-carbanion/enamine intermediate.

2.4.2 The α-carbanion/enamine intermediate
The α-carbanion/enamine intermediate is of central importance in thiamin catalysis,
depending on the fate of the intermediate a variety of enzymatic functions can be
derived (Figure 4). The nature of the α-carbanion/enamine intermediate has long
been debated in ThDP chemistry- whether the intermediate has a dominant nonplanar α-carbanion character or mostly ensembles the stabilized planar enamine is
not known. For the large group of non-oxidative decarboxylases where protonation
of the α-carbanion is the following step, relaxation in the enamine would impede
the reaction and recent studies show that these enzymes might keep the intermediate
in the most reactive resonance form with predominant α-carbanion character (71).
For other ThDP-dependent enzymes, where an acceptor substrate is to be attached
to Cα, protonation is an adverse side reaction and it is suggested that the
intermediate is stabilized with predominant enamine character until binding of the
second substrate.

2.4.3 Product formation and release
After protonation or attachment of the acceptor substrate to Cα follows C2-Cα
bond cleavage and product release. The Cα-OH is deprotonated during this step and
the ylid is regenerated completing the catalytic cycle.
The identity of the group acting as proton donor to the α-carbanion/enamine
is ambiguous in the ThDP-dependent non-oxidative decarboxylases, due to the
diversity in surrounding functional groups. A histidine residue has been proposed to
perform this task in BFD (72), but the corresponding residue in PDC has been
shown to be involved only in the steps up to and including decarboxylation (73).
The proton source is clearly not conserved between the different members, and
none of the members has the donor identity settled even though many possibilities
have been proposed.

2.5 RESULTS ON OXALYL-COA DECARBOXYLASE
Structural studies of OXC were long hampered by irreproducibility of crystals and
low diffraction quality. The first break-through came when a crystal produced from
seleno-methionine substituted protein showed diffraction to nearly 4 Å resolution.
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Further crystallisation trials and change of protein storage buffer resulted in a new
crystal form. Among several crystals tested one showed diffraction to 1.7 Å
resolution and data was collected. The later finding that the crystal was highly
merohedrally twinned did not hamper structure solution and the complete structure
of OXC could be determined. The new crystal form later showed to be useful for
freeze-trapping experiments and the complete reaction could be structurally
visualised after solving more than 40 different complex structures. The structural
work has been complemented with kinetic characterisation of the wild type enzyme
as well as mutant variants.

2.5.1 Crystallisation and structure determination (Paper I)
Recombinant OXC produced in Escherichia coli and purified to homogeneity was
used for crystallisation by the vapour diffusion method. Seleno-methionine
substituted protein in the phosphate elution buffer from the purification was
crystallised at a concentration of 2.5 mg/mL resulting in 0.1 x 0.1 x 0.2 mm crystals
within 48h. The best data obtained to a resolution of 4.1 Å was collected from a
crystal belonging to the space group P42212 with one monomer in the asymmetric
unit. The low quality of the data impeded determination of the phases using the
anomalous data and the molecular replacement approach was therefore applied
using the closest homologue, AHAS (23 % sequence identity) (36), as search
model. The incomplete structure determined had only partial sequence assignment
and building and refinement was never completed as higher quality data was
obtained.
OXC was dialysed into a new buffer devoid of phosphate and 10 mM ThDP,
10 mM MgCl2 and 1 mM CoA was added before screening for new crystallisation
conditions was performed. Optimised crystals of a new morphology were obtained
with a precipitant solution containing PEG 550 monomethyl ether and CaCl2.
Data was collected to 1.73 Å resolution from a crystal that from the intensity
statistics showed to be hemihedrally twinned. With a two-fold twin operator along
c, a*, b* and a twin fraction of 0.44, the data in the true space group P3121
mimicked 622 symmetry. Full details of the characterisation of twinning and
determination of the true space group are described in Paper I. The previously
solved incomplete low resolution structure was used as search model for obtaining
the phases by molecular replacement. Two monomers were placed in the
asymmetric unit of the true space group. Inspection of the crystal packing revealed
the non-crystallographic two-fold axis to be parallel to the twin axis, a feature
known to promote twinning. Manual model building and refinement using the twin
protocols in CNS (74) resulted in a structure including the amino acid residues 7552 out of 568.

2.5.2 Structure of the holoenzyme (Paper II)
Paper II of this thesis includes the characterisation of the OXC holo structure. The
61 kDa subunit of OXC has the conserved three-domain fold common among
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ThDP-dependent enzymes. The monomers assemble into homotetramers, which
were observed in the crystals where two dimers in adjacent asymmetric units
generate the tetramer by a crystallographic 2-fold axis. The oligomeric form was
verified by size-exclusion chromatography as well.

Figure 8. The OXC monomer and homotetramer shown in cartoon representation. ThTDP and
ADP are displayed as stick models

2.5.2.1 Active site
The interactions with and conformation of the bound coenzyme are strictly
conserved between ThDP-dependent enzymes, including OXC, and it is clear from
the conserved fold that they derive from a common ancestor despite the lack of
overall sequence conservation. Interestingly, OXC does not share any of the active
site residues not involved in co-factor binding with any of the other decarboxylases
and a unique set of active site residues was identified for OXC (Figure 9), from
which a plausible reaction mechanism was suggested. The thiazolone derivative of
ThDP was observed in the OXC active site, probably as a result of exposure by
intense X-rays.

Figure 9. 2-thiazolone-ThDP bound in the OXC active site.
Underlined labels represent residues from the adjacent subunit.
OXALYL-COA DECARBOXYLASE
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2.5.2.2 Activation by ADP
After completing the structure of OXC, two large blobs of electron density
remained in the R-domain at the location corresponding to where FAD binds in
AHAS (36). CoA, which was included in the crystallisation condition, was initially
modelled into the density but it was soon clear that the 5'-phosphate attached to the
ribose moiety could not be fit into the binding site without major movements of
surrounding residues. The lack of electron density for the pantetheine tail also
contributed to the conclusion that the density resulted from an ADP molecule,
which was successfully refined into the structure (Figure 10). Kinetic measurements
proved ADP to have a stimulating effect on the enzyme by increasing the specific
activity already at micromolar concentrations, while ATP had no effect (Figure 10).
The importance of oxalate degradation for ATP generation supports the finding that
ADP is a high affinity activator of OXC, which most probably is of physiological
relevance in O. formigenes.

Figure 10. A) Interactions between ADP and the R-domain of OXC. B) ADP activation of
OXC. The enzyme was assayed with 500 μM oxalyl-CoA in the presence of ADP (filled
circles) or ATP (open circles)

2.5.3 Crystallographic snapshots (Paper III)
2.5.3.1 Substrate complex with 3'-deazaThDP
OXC stands out among its homologues by accepting a much larger substrate than
many of the other enzymes in the family, and the substrate binding site remained to
be elucidated after the discovery that the nucleotide binding site in the R-domain
was occupied by ADP in OXC. The binding site of oxalyl-CoA was identified by
replacing ThDP with the inhibitor 3'-deazaThDP (dzThDP), crystallise the complex
18 OXALYL-COA DECARBOXYLASE

and then soak oxalyl-CoA into the crystals. dzThDP has shown to be a extremely
efficient inhibitor of many ThDP-dependent enzymes (75, 76). The lack of a
positive charge in the thiazolium ring by replacement of N3 by a carbon atom
prevents activation of the cofactor and formation of the ylid, and no attack on the
substrate can take place (Figure 11). With an overall uncharged thiazolium ring
dzThDP mimics the charge state of the ylid and many enzymes have been shown to
bind the inhibitor even more strongly than the actual coenzyme (76). Dialysis
against EDTA at an elevated pH was performed in order to generate the apoenzyme
by removing the Mg-ion and thereby ThDP anchored by it.
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Figure 11. 3'-deazaThDP

The substrate binding site in OXC is positioned in a cleft between the R- and PPdomain. Most of the interaction between the protein and the CoA carrier can be
accounted for by three arginine residues that position the diphosphate by several
hydrogen bonds. The pantetheine tail reaching into the active site forms no direct
interactions with the protein but is surrounded by structurally ordered water
molecules. The active site residues Ser-555, Tyr-483, Ile-34, Tyr-120 and Glu-121
all contribute towards positioning the oxalate moiety in an orientation favourable
for reaction, with a distance of approximately 3 Å between the alpha-carbon and C2
of ThDP (Figure 12).

2.5.3.2 C-terminal lid
In the holo structure of OXC the electron density for the C-terminus abruptly ends
at residue 552 and the orientation of the remaining 16 residues could not be
detected. Upon substrate binding the residues 553-565 organise and fold into a lid
covering the active site. A truncation mutant lacking the C-terminus showed no
activity, proving the essentiality of these residues for aligning the substrate and
providing a hydrophobic environment facilitating decarboxylation.
Two reference structures of OXC were determined in order to localize what
triggered the C terminal organisation. The structure of OXC with dzThDP still had
an unordered terminus so the charge state of the cofactor was clearly not the
triggering factor as earlier was suggested in a study of PDH-E1 (76). The second
structure analysed was of holo OXC in complex with CoA. The C-termini were
folded in this complex, leading to the conclusion that binding of the CoA carrier is
what triggers closure of the active site.
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Figure 12. A) The OXC tetramer with one of the catalytic dimers displayed in surface mode.
dzThDP, Oxalyl-CoA and ADP are shown as sphere models and the C termini that organises
upon substrate binding are shown in red. B) A closer view of the substrate binding in OXC. For
clarity, the C-terminal residues 556-565 have been omitted in the picture. Hydrogen bonds are
displayed as dashed lines.

2.5.3.3 The non-planar covalent reaction intermediate
Freeze-trapping experiments performed on crystals of holo OXC soaked with
oxalyl-CoA resulted in several intermediate structures along the reaction. All
experiments were performed at 277 K in order to slow down the reaction. Soaking
times shorter than 8 minutes resulted in low occupancy of reactants and soaks for
more than 10 minutes resulted in heterogeneous complexes where some molecules
had turned over to product. No pre-decarboxylation covalent complexes could be
observed showing that the decarboxylation step is very fast and occurs almost
simultaneously as the cofactor attacks the substrate. The post-decarboxylation
intermediate complex presented in paper III was best modelled with a non-planar
Cα atom oriented slightly out of the thiazolium plane, with a close interaction
between the substrate carbonyl oxygen and N4' of ThDP. The same features have
previously also been observed for human BCKD-E1b (77).
As described in the introduction, there is one proton transfer step during ThDP
decarboxylation that is not accounted for by the coenzyme. The crystal structures of
OXC show that none of the active site residues are close enough to perform this
protonation of the α-carbanion (BH in Figure 7). Mutational studies of the
surrounding residues further confirmed that none of the residues are absolutely
crucial for the reaction to occur, which substantiate a hypothesis that the proton
must be donated from elsewhere. In the freeze-trapped post-decarboxylation
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reaction intermediate structure there are two water molecules organised above the
covalent complex. One of these molecules is perfectly positioned for donating a
proton to the intermediate complex. Bond distances and the intermediate
conformation indicate that the proton transfer has taken place and that the covalent
complex between ThDP and the product is the species trapped in the crystal.

2.5.4 Concluding remarks on oxalyl-CoA decarboxylase
The three-dimensional structure of OXC was after extensive crystallisation trials
determined at high resolution. The existence of merohedral twinning necessitated
thorough analysis of the data, but the structure could be determined and refined by
the use of established crystallography software.
The holoenzyme structure led to the discovery that ADP acts as a high affinity
activator of OXC, which was followed up and established through kinetic
measurements. Further crystallographic data revealed the substrate binding site and
structural proof for closure of the active site upon substrate binding was provided.
Freeze-trapping experiments identified a covalent reaction intermediate in
OXC. The non-planarity of the intermediate led to the interpretation that the species
observed was the product covalently bound to C2 of ThDP. A structurally organised
water molecule above the intermediate, together with mutagenesis data showing
that none of the active site residues were absolutely crucial for activity (except the
cofactor activating glutamate), led to the conclusion that the proton in the final
protonation step in OXC is provided by a water molecule.
Several crystal structures of other non-oxidative ThDP-dependent
decarboxylases also display structurally ordered water molecules in the active sites.
It can be speculated that these also might be utilised to derive the proton for the αcarbanion. However, further structural and biochemical studies will have to be
implemented in order to settle the origin of the proton in the other members.
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3 FORMYL-COA TRANSFERASE
A CLASS III COENZYME A TRANSFERASE
3.1 THE THIOESTER BOND AND COENZYME A
In an abiotic world, phosphate was scarce and other kinds of molecules than the
present specialized energy source ATP must have served as energy-rich
compounds. One candidate for a primitive "high-energy" compound is the thioester.
The thioester bond is higher in energy than the normal ester bond due to the large
radius of sulfur, which leads to less resonance stabilisation, with less overlap of the
π-electrons between the carbon and sulfur atoms compared to between the carbon
and oxygen atoms in an ester (78). In modern metabolic pathways the thioester
bond appears in reaction intermediates (involving cysteins in enzymes) and in acyl
derivatives of CoA including acetyl-CoA, the common product of carbohydrate,
fatty acid and amino acid catabolism entering the citric acid cycle. The thioester
bond in acetyl-CoA has a free energy of hydrolysis of -31.5 kJ⋅mol-1, which is
slightly more exergonic than the hydrolysis of ATP.
CoA functions as the most prominent carrier of acetyl and other acyl groups in
all living systems ("A" in CoA stands for "acetylation"). It was discovered in 1945
by Lipmann, who identified it as a heat-stable cofactor required for certain
biological acetylations (79). Today CoA is known to be involved in various
essential pathways, including the synthesis of fat, cholesterol and steroid hormones,
the neurotransmitter acetylcholine and the hormone melatonin. Heme also requires
CoA containing components for its synthesis and metabolism of a number of drugs
and toxins by the liver requires CoA (80). In total CoA is estimated to be utilized by
as many as 4% of all enzymes (81). Unlike most cofactors that remain bound to a
single enzyme, CoA predominantly acts as a diffuse carrier of acyl groups from one
enzyme-catalysed reaction to another.
CoA is derived from pantothenic acid, a member of the vitamin B family.
Naturally occurring pantothenic acid deficiency in humans is rare, as the vitamin is
readily accessible in diverse dietary sources, and has only been observed in cases of
severe malnutrition. No particular disease has been linked to the deficiency of
pantothenic acid (82).

3.1.1 Structure of coenzyme A
The covalent structure of CoA shown in Figure 13 was elucidated in 1953 (83).
CoA consists of a pantetheine arm, containing a pantothenate and βmercaptoethylamine group, which is attached to a 3' phosphorylated ADP moiety.
Although the structure of CoA is complex, it is functionally a simple molecule. The
acyl group is attached to the sulfhydryl group at the end of the pantetheine and the
reactions of CoA thioesters only involve the thioester bond and/or the acyl group.
The rest of the CoA molecule serves as a recognition element for binding by
enzymes.
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Figure 13. Schematic drawing of CoA

The fairly complex structure of CoA is mirrored in the large variety of
conformations it has been shown to adopt upon binding to proteins. The adenosine
moiety mostly shows the same conformation with a 2'-endo conformation in the
majority of the structures, and the pantetheine arm is in most cases extended. The
large diversity is therefore mostly due to different extents of bending at the
pyrophosphate group, and the pantetheine arm can be found in conformations
almost parallel to the adenosine or pointing in the totally opposite direction (84).

3.1.2 Binding of coenzyme A in proteins
ADP is a common building block of many cofactors, and in addition to CoA, it is
also included in NAD(P), FAD and ATP among others. A conserved binding mode
to proteins has been concluded for NAD(P) and FAD where adenosine binds to a
Rossmann fold (85) with the pyrophosphate hydrogen bonded to the main chain NH
group at the N-terminus of the α-helix of the βαβ fold. Other conserved ways of
binding proteins have been identified for ATP, where the P-loop is the most
common motif (86). In contrast, the structures of CoA binding proteins show a high
diversity in folds, among others, CoA has been found bound to TIM barrels, helical
bundles and also the Rossmann fold (84). Several structures of CoA binding
proteins have been determined to date, but no conserved binding motif or fold has
been identified for CoA.

3.2 COENZYME A TRANSFERASES
CoA-transferases catalyse the reversible transfer reactions of a CoA carrier from a
donor CoA thioester to a carboxylic acid acceptor generating the free donor acid
and a new acyl-CoA. CoA-transferases are involved in a broad range of
biochemical processes in both bacterial and eukaryotic species, and show a diverse
range of substrate specificities. Three classes of CoA transferases have been defined
based on sequence and mechanistic criteria (87).
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3.2.1 Class I
Members of the Class I CoA-transferase family catalyse the transfer of 3-oxyacids
(88-90), short chain fatty acids (91-93) and glutaconate (94, 95) with the use of
succinyl-CoA or acetyl-CoA as CoA donors. Most Class I enzymes consist of two
subunits in different oligomeric states (α2β2 or α4β4) with the monomers resembling
an open α/β fold. Members with homotetrameric assembly also exist, where the
subdomains are orthologous to the corresponding α and β subunits of the other
enzymes (93, 96). These enzymes have a well characterized reaction mechanism
and operate with a classical ping-pong mechanism involving a conserved glutamic
acid in the active site that acts as acceptor of covalently bound intermediates (97,
98) (Figure 15). The reaction is initiated by an attack by the glutamate residue at the
donor CoA-thioester yielding an enzyme-bound acyl-glutamyl anhydride and free
CoAS-. The CoAS- which remains bound in the active site next attacks the
glutamate releasing the donor acid and produces a γ-glutamyl-CoA thioester.
Evidence of the existence of the γ-glutamyl-CoA thioester intermediate has been
provided both by solution studies and by an X-ray crystal structure (96, 97). The
acceptor substrate next binds to the enzyme and performs a nucleophilic attack on
the enzyme-CoA thioester forming the second mixed anhydride. CoAS- finally
reacts with the enzyme-bound acceptor acid and the product thioester leaves.
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Figure 15. The catalytic mechanism of Class I CoA-transferases
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3.2.2 Class II
Class II CoA-transferases catalyse a partial reaction in the multifunctional enzymes
citrate or citramalate lyases. These complex enzymes consist of three subunits with
different functions, a homodimeric CoA-transferase, a lyase and an acyl-carrier
protein (ACP) (99). The unusual ACP contains a covalently bound dephospho-CoA
derivative in the normal position of a 4'-phosphopantetheine group. The enzyme is
activated by converting the thiol of the prosthetic group to an acetyl-thioester. The
CoA-transferase subcomplex then catalyses the transfer of a free citrate (or
citramalate) against the acyl group of ACP. The reaction mechanism differs from
the Class I enzymes in that it does not involve any covalent enzyme intermediates,
but proceeds through a ternary complex, where a mixed anhydride is formed
between the two acids (87, 100).
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Figure 16. Catalytic mechanism by Class II CoA-transferases. R represents a
carboxyl group and a hydrogen atom in citrate and citramalate, respectively.

3.2.3 Class III
The Class III is a recently identified family of CoA-transferases with most of the
members from anaerobic bacteria but with also a few putative members from archea
and eukaria. Enzymes of the Class III CoA-transferases are involved in anaerobic
metabolism of oxalate, carnitine, toluene and bile acid, and also in Stickland
fermentation (87). Most of the members are very substrate- and stereospecific and
sequence comparison show a pair-wise identity of 18-37% between them (87).
The first enzyme characterised of a Class III CoA-transferase was FRC (87),
subsequently four other members of the family have been studied; the FRC ortholog
in E. coli coded by the yfdw gene (YfdW) (101), γ-butyrobetaine-CoA:carnitine
CoA transferase (CaiB) from E. coli (102, 103), succinyl-CoA:(R)-benzylsuccinate
CoA transferase from Thauera aromatic (104) and (E)-cinnamoyl-CoA:(R)phenyllactate CoA-transferase from Clostridium sporogenes (105). The molecular
mass of the monomers range between 42 and 47 kDa and all of the members are
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active as hetero- or homodimers with the exception of succinyl-CoA:(R)benzylsuccinate CoA-transferase which is predicted to consist of two subunits in a
α2β2 conformation (104). It should also be noted that (E)-cinnamoyl-CoA:(R)phenyllactate CoA transferase has been identified as part of a heterotrimeric
complex, but when isolated was found to form homodimers (105).

3.2.4 Formyl-CoA transferase- Background
Very little was known about the Class III CoA-transferases prior to the crystal
structure and kinetic characterisation of FRC presented in 2003 and 2004,
respectively (106, 107). This section describes the knowledge about FRC and the
other Class III transferases including the catalytic mechanism that was proposed for
the family when the work described in papers IV and V of this thesis was initiated.

3.2.4.1 The interlocked structure of FRC
The crystal structure of FRC was ground-breaking as the first structure of any Class
III CoA-transferase determined. The structure was also the first of its kind with the
two 47 kDa monomers folded into rings that interlocked each other like two links of
a chain. Subsequent crystal structures of YfdW (101) and CaiB (102, 103) showed
this fold to not be an isolated case but a hallmark for the family.
The FRC monomer consists of a small and a large subunit connected through
two long α-helical linkers. The large domain, containing both the N and C terminal
parts of the protein chain, has a Rossmann-like fold with a central six-stranded
parallel β-sheet flanked by helices on both sides. The small domain also has an α/βfold but is comprised of an antiparallel three-stranded β-sheet and 6 α-helices. A
large hole is formed between the two domains and the linkers connecting them (22
Å by 13 Å wide), where the second monomer is positioned in the interlaced dimer
(106).

Figure 17. The schematic and crystal structure of the interlocked FRC dimer. The schematic
picture is adapted from (108)
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The active site of FRC was identified in a crystal structure of a complex with CoA
(106). The CoA molecule binds in a cleft between the large domain of one subunit
and the small domain of the other subunit. The dimeric structure thus provides two
equivalent active sites. Even though the CoA binds to a Rossmann-like fold, the
binding is very different from the conserved binding of NAD(P) and FAD to
Rossmann folds and the thiol group faces the βαβ-motif instead of the
pyrophosphate.

3.2.4.2 Kinetic characterisation and previously proposed mechanism
Kinetic data on three of the Class III enzymes show that the catalytic mechanism is
not consistent with ping-pong kinetics as observed for the Class I CoA-transferases
(104, 105, 107). A conclusion from all the three studies was instead that the reaction
proceeds through a ternary complex, and the mechanism was initially assumed to
proceed without covalent enzyme-bound intermediates in a manner similar to that
observed in the Class II CoA-transferases.
This mechanistic proposal was updated after the discovery of a covalent
mixed anhydride between a conserved aspartic acid in the enzyme active site and
oxalate in a structure derived from FRC co-crystallised with oxalyl-CoA (107). The
new mechanism proposed still involved formation of a ternary complex, but the
initial step was now an attack by the aspartic acid on the thioester resulting in the
enzyme-bound aspartyl-formyl anhydride and free CoA. Next the acceptor acid
would attack the mixed anhydride releasing the donor acid and the aspartyl-oxalyl
anhydride would form. Finally, an attack by CoAS- on the oxalyl moiety would
release the thioester (Figure 18) (107).
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Figure 18. Previous reaction mechanism presented for FRC
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Mutational studies of FRC were carried out to further substantiate the mechanistic
proposal. Exchange of the aspartic acid residue for a serine or a glutamate showed
to render the enzyme inactive, but surprisingly, a mutant with alanine in place of the
aspartate still displayed some activity, although 1300-fold lower than for the wildtype (107). A co-crystallisation experiment of the same mutant in CaiB with both
substrates also showed that the mutant retained some activity as the product was
observed in the structure determined (103). Two possible scenarios were discussed
to explain this finding. The first suggestion proposed was that the mechanism
proceeds through an alternative mechanism in the mutant, where the donor thioester
is directly attacked by the acceptor carboxylic acid (107). Secondly, a closely
positioned conserved glutamic acid was assumed to substitute catalytically for the
aspartate in the mutant enzyme (103).
The mechanistic proposal was soon adapted for other members of the Class
III CoA-transferase family as well, but many questions remained to be answered.
First of all the binding site for either acceptor or donor carboxylic acid had never
been observed in any of the enzymes. An oxalate molecule was found bound in a
structure of YfdW, but the position was far from the active site and the binding site
was not assumed to represent the active position but a “resting” site (101). It also
remained to be shown that the reaction really required a ternary complex before
initiation, since the kinetic profile could result from that the donor acid remained
bound to the enzyme until completion of the reaction after which both products
were released at the same time.

3.3 RESULTS ON FORMYL-COENZYME A TRANSFERASE
More structural information about the catalytic steps was needed in order to further
verify the mechanistic proposal for FRC. The freeze-trapping approach was
therefore applied.
3.3.1 Reinvestigation of the catalytic mechanism (Paper IV)
3.3.1.1 Crystallographic identification of the β-aspartyl-CoA thioester
Crystallisation of wild-type FRC was initially carried out using conditions
previously identified by S. Ricagno (109). Hanging-drop vapour diffusion
experiments with a well solution containing approximately 23 % PEG 4000, 0.5 M
MgCl2 and 0.1 M HEPES buffer, pH 7.3, were set up by mixing equal volumes of
the protein and well solution. Crystals belonging to the space group I4, with one
dimer in the asymmetric unit grow to full size after approximately 2 days at 293 K.
Freeze-trapping experiments were performed by transferring the crystals into a soak
solution of a modified well solution supplemented with 10 mM formyl- or oxalylCoA. The crystals were picked up in cryo-loops and plunged into liquid nitrogen
after incubation between 1 and 10 minutes.
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Several structures were determined from crystals incubated with both formyl-CoA
and oxalyl-CoA but unexpectedly they all showed to contain the same intermediate;
a covalent thioester formed between the β-carboxyl group of the active site
aspartate (Asp-169) and CoA. Neither formate nor oxalate could be observed in any
of the structures.
Interestingly, the CoA moiety adopts different conformations in the two active sites
of the dimer for all complex structures containing the β-aspartyl-CoA thioester
(Figure 19). Subunit A shows the conformation of CoA previously observed in
other FRC complex structures ("resting") (106, 107), while the conformation in
subunit B had not been observed before ("active"). Several active site residues have
changed rotamer conformation in subunit B as well. Among these is Gln-17, which
in the resting active site is positioned above the enzyme-CoA thioester bond but has
moved up behind Asp-169 in subunit B. A glycine-rich loop (258GGGGQP263) has
instead closed down over the thioester bond in subunit B, in which the residue with
the largest shift is positioned more than 5.5 Å away in subunit A. A 90° rotation
around the Cα-Cβ bond of Trp-48 resulting in a flip of the indole moiety is
correlated with closure of the loop. Tyr-139 also shifts its side chain in order to
adapt to the CoA conformations and Lys-137, Arg-38 and His-15 do so as well
(Figure 19).

Figure 19. Stereo view of the two active sites containing the β-aspartyl-CoA thioester
superimposed. Subunit A with the "resting" CoA conformation and an open glycine loop is
displayed with carbon atoms in grey, while the "active" CoA molecule and the closed glycineloop in subunit B are displayed in cyan. The chloride ion observed in the former subunit is
shown in orange and the two chloride ions in the latter are shown in green
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One chloride ion in subunit A and two in subunit B were modelled into the active
site of the β-aspartyl-CoA thioester complexes. Kinetic measurements explained
this finding, as chloride was confirmed to be a weak competitive inhibitor against
oxalate and large amounts were present in the crystallisation condition. These anion
binding sites were interpreted as binding sites for oxalate and formate during the
catalytic reaction as will be described later on.
3.3.1.2 Identification of the β-aspartyl-CoA thioester in solution
Mass spectrometry was utilized to verify the existence of the β-aspartyl-CoA
thioester also in solution. A sample of FRC incubated with formyl-CoA resulted in
a main peak at 47927 ± 1 Da, which is exactly 748 Da in excess to the weight of the
monomer polypeptide chain of 47196 Da (after reduction of one oxygen atom from
the enzyme and one proton from CoA). No species corresponding to the apoprotein
was observed (Figure 20) The experiment clearly shows that the reaction can be
initiated in the absence of acceptor carboxylic acid and that it then stops at the βaspartyl-CoA thioester.
Further confirmation of the β-aspartyl-CoA thioester existence was provided
by trapping experiments with hydroxylamine and sodium borohydride.
Hydroxylamine does when added to the β-aspartyl-CoA thioester intermediate form
a hydroxamate at the aspartate residue while borohydride reduces aspartyl-CoA to
the corresponding alcohol. Both experiments showed reduced activity of FRC when
preincubated with formyl-CoA both with and without oxalate.

Figure 20. Mass spectrum of FRC incubated with formyl-CoA. The main species in the sample
has a weight of 47927 Da which corresponds well with the mass of the enzyme-bound CoA
thioester

3.3.1.3 The aspartyl-formyl anhydride
New crystallisation conditions not including chloride ions were established
following the observation of the chloride ions bound in the active sites. One of the
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conditions containing 1.35 M sodium citrate and 0.1 M HEPES buffer, pH 7.2-7.5,
was utilized for further freeze-trapping experiments. Several attempts to transfer
the crystals into a soaking solution containing the substrates were made but
resulted in visually observed damage of the crystals. A new approach was
therefore applied where 1 μL at a time of a solution of 20 mM formyl-CoA in 50
mM NaAc pH 5.0 was added to the crystallisation drop. A structure containing a
trapped aspartyl-formyl mixed anhydride could by this method be solved and was
refined to 1.87 Å resolution. The crystal was isomorphous with previous ones and
contained a dimer in the asymmetric unit. The mixed anhydride was only
observed in one of the subunits of the dimer, while the other less well ordered
active site displayed the enzyme-bound CoA intermediate. Superposition of the
subunit with the aspartyl-formyl anhydride and the previously reported structure
with the analogous aspartyl-oxalyl anhydride (107) reveals that the structures are
highly similar and a notable feature in both structures is the closed glycine loop
folded down protecting the anhydride.

3.3.1.4 The Q17A and glycine loop mutants
Of all mutant variants of FRC characterised only one amino acid except Asp-169
has shown to severely impair the catalytic activity when mutated (108). The
structure of the inactive mutant enzyme Q17A was solved to 2.2 Å resolution. The
dimer displays the β-aspartyl-CoA thioester in both active sites, which illustrates
that the reaction can proceed until this step despite the missing glutamine residue.
Both glycine loops are open in the structure and one of the subunits has an oxalate
molecule bound below the loop. The position is not assumed to be the catalytic
position of oxalate as both the distance and orientation are unfavourable for an
attack at the β-aspartyl-CoA thioester from this site.
Two glycine loop residues, Gly-259 and Gly-260, were exchanged for alanine
residues to investigate the importance of the loop for catalysis in FRC. Both
mutations resulted in increased KM values for oxalate and a crystal structure of the
G260A mutant clearly showed that the conformation of the loop in neither open nor
closed form could be adopted by the alanine mutant.

3.3.1.5 Proposed catalytic mechanism
From the identification of the β-aspartyl-CoA thioester intermediate and the
complementing biochemical data we reinterpreted the catalytic mechanism in FRC
(Figure 21). Based on the finding that the reaction does not require both substrates
to start we concluded that formate must remain bound in the enzyme until release of
oxalyl-CoA in order to obey the kinetic data (107).
The proposed scenario for catalysis in FRC, based on crystal structures and models
showing important features in the active site between the catalytic steps in Figure
21, is shown in Figure 22. Formyl-CoA has in panel A been modelled into the
active site where the glycine loop initially is in the open conformation. The loop
then closes down during the first step of catalysis when the aspartic acid attacks the
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Figure 22. Models and structures of the active site between the different steps
in Figure 21
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formyl moiety [1] resulting in the first mixed anhydride (panel B). Next the released
CoAS- attacks the anhydride [2] and the glycine loop opens up to let the formate
away. Simultaneously, Gln-17 moves down protecting the β-aspartyl-CoA thioester
which now has formed (panel C). Formate has at this stage been modelled bound
to the glycine loop where oxalate was observed in the Q17A mutant structure.
Rearrangements of the active site are now assumed to take place [3]. The βaspartyl-CoA thioester shifts into the "active" conformation and the glycine loop
closes down moving formate down the pantetheine arm. A cavity created on the
opposite side of the pantetheine with connection to the surface is interpreted as the
binding site of the incoming oxalate (panel D). The formate and oxalate now bind in
the two anion binding sites identified in subunit B of the β-aspartyl-CoA thioester
structure, and oxalate is favourably positioned for the next nucleophilic attack on
Asp-169 [4]. The second anhydride is again protected by the glycine loop (panel E)
and the released CoAS- is shifted back to the resting conformation. The final attack
by CoAS- on the oxalyl moiety [5] regenerates the aspartate residue together with
oxalyl-CoA (panel F). The loop opens as the reaction is complete and the two
products can leave the active site.

3.3.2 Comparison with the E. coli ortholog (Paper V)
The ability of E. coli to metabolise oxalate has not been reported, although the
bacterial genome codes for close homologues of FRC and OXC. The two genes are
located in an operon assumed to enhance the ability of the bacterium to survive in
acidic conditions, but the function of the gene products remained to be elucidated.
Kinetic characterisation of the ortholog of FRC in E. coli, YfdW, was carried out to
verify that the putative enzyme is a formyl-CoA:oxalate transferase. The results
proved this to be the case and YfdW showed to have a more than twenty times
higher turnover and was more specific for the two substrates than FRC.
Additionally substrate inhibition by oxalate, which was not seen for FRC, was
clearly observed for YfdW.
Structural comparison of the two orthologs reveals that the active site residues
are highly conserved between the two enzymes with the exception of a few
residues. Trp-48, of which a 90° rotation in FRC has been shown to be correlated to
the opening and closure of the glycine loop, is in YfdW replaced by a glutamine
residue. However, the conserved loop (246GGGGQP251 in YfdW) has been observed
in both conformations in YfdW and the opening and closure is clearly not
dependent on a tryptophan at this position.
Replacement of Trp-48 by a glutamine residue in FRC resulted in a mutant
enzyme that exhibited substrate inhibition by oxalate. Replacement of the same
residue by a phenylalanine did not have this effect. The crystal structures of the two
FRC mutant variants were determined and showed that no large structural changes
due to the mutations had occurred. Both structures contained the closed loop in both
active sites of the dimers, and the glutamine and phenylalanine residue,
respectively, adopted the same rotamer conformations as Trp-48 in case of a closed
loop. The inhibition site of oxalate in W48Q FRC remains to be identified, but
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interactions with the glutamine residue, and possibly also the glycine loop, are most
probable.

3.3.3 Concluding remarks on formyl-CoA transferase
The existence of each of the different intermediates in Figure 21, have been
experimentally verified, and we propose the modified reaction mechanism in FRC
with confidence. Active site features have been summarized from all determined
crystal structures and a catalytic scenario has been concluded by combining these.
The crystal structures determined in the presence of chloride ions resulted in
identification of possible anion binding sites for the carboxylic acids substrate and
product, and a new intermediate in the reaction path could be observed.
Whether or not the reaction mechanism for FRC can be applied to other
members of the Class III CoA-transferase family has not yet been investigated. The
glycine-rich loop has not been observed as a conserved feature in homologues
of FRC. Interestingly, a domain movement upon CoA binding was identified in
CaiB (102, 103). The domain movement has been speculated to be a different mode
of shielding the active site when larger acyl groups are to be transferred (102).
The role of the FRC and OXC homologues in E. coli remains to be
established. But we observe that YfdW is more substrate specific and efficient than
FRC and its coupled action with the putative decarboxylase could by the
consumption of one proton per oxalate turned over help the bacteria to survive
under acidic conditions. A buffering effect by the released carbon dioxide could
also be speculated.
Replacement of a single tryptophan residue in the active site of FRC with the
cognate glutamine residue in YfdW led to a substrate specificity resembling that of
YfdW. The replacement further showed that the tryptophan residue precludes
substrate inhibition in FRC, which was observed in YfdW and the glutamine mutant
variant of FRC.
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