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Abstract

Lari Lehtiö (M.Sc. Biochemistry) 2006. Biochemistry, Department of Biological
and Environmental Sciences, Faculty of Biosciences, University of Helsinki

The �rst glycyl radical in an enzyme was described 20 years ago and since then
the family of glycyl radical enzymes (GREs) has expanded to include enzymes
catalysing �ve chemically distinct reactions. The type enzymes of the family,
anaerobic ribonucleotide reductase (RNRIII) and pyruvate formate lyase (PFL)
had been studied long before it was known that they are GREs. Spectroscopic
measurements on the radical and an observation that exposure to oxygen ir-
reversibly inactivates the enzymes by cleavage of the protein proved that the
radical is located on a particular glycine residue, close to the C-terminus of the
protein. Both anaerobic RNRIII and PFL, are important for many anaerobic
and facultative anaerobic bacteria as RNRIII is responsible for the synthesis of
DNA precursors and PFL catalyses a key metabolic reaction in glycolysis. The
crystal structures of both were solved in 1999 and they revealed that, although
the enzymes do not share signi�cant sequence identity, they share a similar
structure � the radical site and residues necessary for catalysis are buried inside
a ten stranded α/β-barrel.
GREs are synthesised in an inactive form and are post-translationally activated
by an activating enzyme which uses S -adenosyl methionine and an iron-sulphur
cluster to generate the radical. One of the goals of this thesis work was to crys-
tallise the activating enzyme of PFL. This task is challenging as, like GREs, the
activating component is inactivated by oxygen. The experiments were therefore
carried out in an oxygen free atmosphere. This is the �rst report of a crystalline
GRE activating enzyme.
Recently several new GREs have been characterised, all sharing sequence sim-
ilarity to PFL but not to RNRIII. Also, the genome sequencing projects have
identi�ed many PFL-like GREs of unknown function, usually annotated as
PFLs. In the present thesis I describe the grouping of these PFL family en-
zymes based on the sequence similarity and analyse the conservation patterns
when compared to the structure of E. coli PFL. Based on this information an
activation route is proposed. I also report a crystal structure of one of the
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PFL-like enzymes with unknown function, PFL2 from Archaeoglobus fulgidus.
As A. fulgidus is a hyperthermophilic organism, possible mechanisms stabilising
the structure are discussed. The organisation of an active site of PFL2 suggests
that the enzyme may be a dehydratase.
Keywords: glycyl radical, enzyme, pyruvate formate lyase, x-ray crystallogra-
phy, bioinformatics



Lyhennelmä (Synopsis in Finnish)

Lari Lehtiö (M.Sc. Biokemia) 2006. Biokemia, Bio- ja Ympäristötieteiden laitos,
Biotieteellinen tiedekunta, Helsingin yliopisto

Glysyyliradikaalientsyymit (GRE:t) muodostavat proteiiniperheen, jonka
jäsenet aktivoiduttuaan varastoivat radikaalin glysiini aminohappoon. GRE:t
toimivat ainoastaan anaerobisissa eli hapettomissa olosuhteissa. Jos nämä
entsyymit altistuvat hapelle, niiden aminohappoketju katkeaa ja entsyymi
inaktivoituu. Eniten tutkitut GRE:t, anaerobinen ribonukleotidireduktaasi
(RNRIII) ja pyruvaattiformaattilyaasi (PFL), ovat tietyille hapettomissa oloissa
eläville organismeille välttämättömiä entsyymejä. RNRIII katalysoi reaktiota
jota tarvitaan DNA:n valmistukseen. PFL puolestaan toimii mikrobin
anaerobisessa energiantuotannossa. Sekä RNRIII:n että PFL:n rakenteet on
ratkaistu ja ne muistuttavat toisiaan, vaikka niiden aminohappojärjestys on
hyvin erilainen.
Väitöskirjatyössäni olen tutkinut GRE:ejä röntgensädekristallogra�an ja
bioinformatiikan menetelmin. PFL:n katalysoimassa reaktiossa pyruvaatin
hiiliatomien välinen sidos katkeaa ja syntyy lopulta formaattia ja
asetyylikoentsyymi A:ta. PFL:n kiderakenne yhdessä pyruvaatin kanssa
paljasti, että pyruvaatti sitoutuu aktiiviseen keskukseen hyvin samalla
tavalla kuin sen analogi oksamaatti. Oksamaatti on kuitenkin inertti,
eikä toimi entsyymin varsinaisena substraattina eikä inhibiittorina. Onkin
todennäköistä, että entsyymin aktivoiduttua eli radikaalin muodostumisen
jälkeen, aktiivisen keskuksen konformaatio on muuttunut. Olisi tärkeää
selvittää aktivoidun entsyymin kiderakenne, jotta rakenteen perusteella
voitaisiin tehdä johtopäätöksiä entsyymin toimintamekanismista.
Viime vuosien aikana tieto eri organismien perimästä on kasvanut valtavasti
ja sen johdosta on löydetty uusia, emässekvenssin perusteella GRE:n
kaltaisia geenejä. Väitöskirjatyössä vertailtiin tietokannoista löytyvien GRE:n
kaltaisten entsyymien aminohappojärjestyksiä, ryhmiteltiin ne samankaltaisiin
joukkoihin ja pyrittiin löytämään vakioisia alueita eri joukkojen sisältä
sekä niiden väliltä. Saatua tietoa verrattiin aiemmin ratkaistuun PFL:n
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kiderakenteeseen. Vakioisten alueiden perusteella ehdotettiin mm. entsyymin
aktivointireittiä, jonka kautta GRE:ä aktivoiva entsyymi pystyisi luomaan
glysyyliradikaalin. Tietokannoista löytyvistä sekvensseistä löydettiin myös
uusi aiemmin tunnistamaton GRE ryhmä, jonka jäsenet ovat merkittävästi
pienempiä kuin aiemmin tunnetut entsyymit.
Yksi tuntematon entsyymi, arkkibakteerin PFL2, valittiin tarkemman
tutkimuksen kohteeksi, koska kyseinen arkkibakteeri, Archaeoglobus fulgidus,
elää hyvin korkeissa lämpötiloissa, parhaiten 83 asteessa. A. fulgiduksen
epätavallinen kasvulämpötila asettaa erityisvaatimuksia myös sen proteiineille,
sillä näin korkeassa lämpötilassa proteiinit yleensä denaturoituvat. Korkean
lämpökestävyyden takia PFL2 entsyymin glysyyliradikaalin voidaan olettaa
olevan huoneenlämmössä stabiilimpi kuin PFL:n vastaava. Tämä saattaa
mahdollistaa aktiivisen entsyymin rakenteen tutkimisen. Yhdistelmä-DNA-
tekniikan avulla A. fulgiduksesta monistettiin PFL2:ta koodaava geeni ja
tuotettiin entsyymiä Escherichia coli -bakteerissa. Proteiini puhdistettiin,
kiteytettiin ja sen rakenne ratkaistiin röntgensädekristallogra�an avulla.
PFL2:n rakenne muistuttaa hyvin paljon yllä mainitun PFL:n rakennetta,
mutta se on kuitenkin hieman lähempänä toisen GRE:n, hiljattain löydetyn
glyseroli dehydrataasin (GD), rakennetta. PFL2:n kiderakenteessa aktiiviseen
keskukseen on sitoutuneena pienmolekyyli, jonka elektronitiheys vastaa
glyserolia. PFL2:n ja GD:n kiderakenteiden perusteella vaikuttaisi, että
PFL2 olisi myös dehydrataasi, jonka substraatti on glyserolin kaltainen �
ehkä hieman suurempi. Muista GRE:istä poiketen PFL2 on tetrameeri,
joka koostuu kahden sijaan neljästä samanlaisesta alayksiköstä. Tällä on
merkitystä entsyymin säätelyn kannalta, sillä yleensä ainoastaan toinen GRE:n
alayksiköistä on aktiivinen. PFL2:n rakenteesta löytyi useita tekijöitä,
jotka mahdollistavat entsyymin korkean lämpökestävyyden: mm. parempi
aminohappojen pakkautuminen, suurempi määrä varauspareja, lyhyemmät
silmukat ja niiden ankkurointi sekä ehkä myös suurempi alayksikköjen määrä.
Avainsanat: glysyyliradikaali, entsyymi, pyruvaattiformaattilyaasi, röntgensä-
dekristallogra�a, bioinformatiikka





Chapter 1

Introduction

Glycyl radical enzymes (GREs) are anaerobic enzymes that need to be activated
post-translationally. The activation is performed by special activating enzymes
belonging to the radical SAM superfamily (So�a et al., 2001; SAM refers to
S -adenosylmethionine). The GRE activating enzymes generate glycyl radicals
with the help of an iron sulphur cluster and a SAM cofactor. SAM gets cleaved
in the process to methionine and to 5'-deoxyadenosyl radical, which abstracts a
hydrogen atom from the substrate (Frey et al., 1994). In contrast to other radical
SAM enzymes catalysing various reactions of small molecules, the substrate of
GRE activating enzyme is a protein.
The detailed structure of a GRE activating enzyme is unknown and the struc-
tural information about the iron sulphur cluster and the radical chemistry has
been obtained so far by various spectroscopic techniques (Walsby et al., 2005).
Although the sequence similarity within the radical SAM family is low and the
substrate range is large, the structures of other radical SAM enzymes indicate
that GRE activating enzymes would consist of a partial triose phosphate iso-
merase (TIM) barrel core perhaps composed of two or three (αβ)2 units. The
crystal structure of one GRE activating enzyme, pyruvate formate lyase (PFL)
activating enzyme, was one of the original goals of the present thesis.
The reaction catalyzed by PFL was described in the 1940's (Chantrenne & Lip-
mann, 1950; Utter et al., 1944). Since then, it has been studied extensively
especially after it was discovered that the enzyme contains a carbon centred
radical on a glycine residue (Knappe et al., 1984; Unkrig et al., 1989). In 1999,
the crystal structure of E. coli PFL was solved (Becker et al., 1999; Leppä-
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nen et al., 1999). The structure consists of a ten stranded α/β-barrel built
from two sets of �ve parallel β-strands assembled in an antiparallel manner.
The structure relates PFL to ribonucleotide reductases (RNRs): aerobic class I
enzymes (RNRI; Uhlin & Eklund, 1994), coenzyme B12-dependent class II en-
zymes (RNRII; Sintchak et al., 2002), but especially to anaerobic class III RNRs
(RNRIII; Logan et al., 1999), which also function via a glycyl radical. Although
the core of all the RNRs is similar, RNRIII is clearly the one di�ering most from
the other classes (Sintchak et al., 2002). Ribonucleotide reductases and PFL-like
enzymes share similarities in structure and in mechanism, but lack signi�cant
sequence similarity (Leppänen et al., 1999). These crystal structures revealed
that the glycyl radical is buried inside the α/β-barrel. How the 5'-adenosyl
radical, generated by the activating enzyme, reaches the buried glycine will be
discussed in the thesis (Study II).
In the middle of the barrel, the glycine loop meets another loop containing
important active site residues. Two cysteine residues that are required for the
C-C cleavage reaction of PFL reside adjacent to each other in this loop. Which of
the cysteines are needed in pyruvate cleavage and which in acetyl transfer from
protein to Coenzyme A (CoA) has been a subject of discussion in the literature
(for a review see Stubbe & van Der Donk, 1998). The crystal structure of PFL in
complex with substrate, pyruvate, was solved in order to clarify the mechanism
(Study I). The pyruvate was found to be bound like an inert analog, oxamate,
close to the cysteine residue residing further from the glycyl radical site. This
raised perhaps more questions than answers concerning the current mechanistic
proposals.
During the last ten years several new GREs, in addition to PFL and RNRIII,
have been discovered: a new α-ketoacid formate lyase (TdcE; Heÿlinger et al.,
1998), glycerol dehydratase (GD; Raynaud et al., 2003), benzyl succinate syn-
thase (BSS; Leuthner et al., 1998) and p-hydroxyphenylacetate decarboxylase
(pHPAD; Selmer & Andrei, 2001). Interestingly all these enzymes show overall
sequence similarity to PFL, not to RNRIII. In the present thesis, conserved
areas in the PFL-like GREs are compared with the crystal structure of PFL
(Study II).
Many of the proteins in the PFL family are still of unknown function (Study II)
and the structures of only two of them have been solved. In order to expand
our knowledge of these glycyl radical enzymes, the structure of the archaeal
Archaeoglobus fulgidus PFL2 was solved (Study III). This enzyme was chosen
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because A. fulgidus is an anaerobic hyperthermophile and so the glycyl radical,
once generated, might be more stable at ambient temperature than the PFL
glycyl radical, allowing direct structural studies on the activated enzyme. The
structure suggests that PFL2 should catalyse a dehydration reaction similar to
that of GD, with perhaps a slightly bigger substrate molecule.
In the following the literature on GRE systems over the last six decades will be
reviewed with the main focus being on the di�erences in the GREs catalysing
a wide variety of di�cult reactions. In the experimental part (Section 4), the
research presented in my original publications will be discussed with respect to
the literature published before and during the thesis work.



Chapter 2

Literature review

The radical tendencies of GREs were discovered in the late 1980's and early
1990's, when it was shown that PFL contained a carbon radical at a partic-
ular glycine residue (Unkrig et al., 1989; Wagner et al., 1992). Later it was
proven that an active form of an RNRIII also contained a similar glycyl radi-
cal (Young et al., 1996). These enzymes share many similar features and have
both been studied extensively. During the last ten years several other GREs
have been discovered. Furthermore, the wealth of genetic information provided
by the genome sequencing projects has shown that there are many proteins of
yet unknown function that share the �ngerprints of a GRE. All the GREs re-
cently discovered and characterised appear to share sequence homology to PFL,
but not to RNRIII. Despite the lack of sequence similarity between PFL-like
enzymes and RNRIII, RNRIII is structurally homologous to PFL (Leppänen
et al., 1999; Logan et al., 1999). Both PFL and RNRIII are ancient enzymes.
Anaerobic RNR or a similar catalyst, protein or a ribozyme, was required for
the transition from the RNA to the DNA world (Freeland et al., 1999). PFL is
a key enzyme in anaerobic metabolism and may therefore even predate RNRs
(Reichard, 1997). Very early divergence or convergent evolution are the possible
explanations for the low sequence homology and yet a similar structure. The
recently characterised enzymes of PFL family seem to have evolved much later
from PFL via divergent evolution. In the following, the common properties of
GREs and the speci�c features of each characterised member of the GRE fam-
ily will be described. I also discuss how GREs are activated (Section 2.3), as
all GREs need to be activated by another enzyme to be able to catalyse their
respective reactions.

18
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2.1 Common features of glycyl radical enzymes

GREs are usually homodimers of 80-100 kDa subunits. There are however some
exceptions to this rule: Benzylsuccinate synthase (BSS) and p-Hydroxyphenyl-
acetate decarboxylase (pHPAD) both contain additional small subunits (Andrei
et al., 2004; Leuthner et al., 1998), and PFL2 of Archaeoglobus fulgidus (α4;
Study III) and pHPAD (β4γ4; Andrei et al., 2004) are tetrameric. All the GREs
are synthesized as inactive proteins and they all require post-translational acti-
vation by speci�c activating enzymes to become catalytically competent. The
genes encoding the activating enzymes are generally located adjacent to genes
encoding the associated GREs, with the exception of TdcE- (Heÿlinger et al.,
1998) and Y�D-proteins (Wagner et al., 2001), which are activated by PFL ac-
tivating enzyme. The activating enzymes generate glycyl radicals on the GREs
by stereospeci�c abstraction of the pro-S hydrogen of a Cα from a conserved
glycine residue (Frey et al., 1994). The glycyl radical is relatively stable un-
der anaerobic conditions. Initial reports indicated that the radical lasted hours
at 30◦C in the presence of an activating enzyme (Knappe et al., 1984), while
more recent reports indicate a half-life of at least 24 hours inside an anaerobic
chamber (Walsby et al., 2005). Activation changes the hybridisation state of
the radical glycine from sp3 to sp2 and thus changes the conformation of the
backbone (Frey et al., 1994). The glycyl radical is stabilised by delocalisation of
the unpaired electron over the adjacent peptide bonds by the captodative e�ect:
electron withdrawal by the adjacent carbonyl group and the electron donation
from the amide nitrogen (Frey, 2001; Sustmann & Korth, 1990). Simulation of
the electron paramagnetic resonance (EPR) spectra showed that 55 % of the
spin density is localized on the α-carbon (Knappe & Wagner, 1995). The spec-
troscopically observed glycyl radical site is a storage position for the radical and
the radical moves to a cysteine residue, forming a thiyl radical, before the actual
enzymatic reaction.
All the glycyl radicals of activated GREs have a similar EPR signal at g∼2.0035:
PFL (Unkrig et al., 1989; Wagner et al., 1992), RNRIII (Mulliez et al., 1993;
Young et al., 1996), pHPAD (Selmer et al., 2005), BSS (Krieger et al., 2001;
Verfürth et al., 2004) and methylpentylsuccinate synthase (Rabus et al., 2001).
This characteristic can be used for detection of GREs in cells (Rabus et al.,
2001; Verfürth et al., 2004) and for kinetic measurements of the activation re-
action (Henshaw et al., 2000). Interestingly, only one radical is observed per
dimeric GRE (Mulliez et al., 2001; Unkrig et al., 1989). There are two possible
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explanations for this, both relying on speci�c structural changes: either activa-
tion of the �rst monomer prevents the second radical formation or only one of
the radicals can be stabilised by the structure at a time (Mulliez et al., 2001).
Recent very high �eld EPR experiments (18 T) indicated that, although the rad-
icals in GREs are very similar, there is a slight di�erence between the anisotropic
components of the EPR signal of RNRIII and other GREs (PFL and BSS)
(Duboc-Toia et al., 2003). This may re�ect a small change in the environment
of the radical in one direction. It should be noted that in D2O the hydrogen
atom in the sp2 hybridised radical glycine exchanges to deuterium in activated
PFL (Unkrig et al., 1989), pHPAD (Selmer et al., 2005) and BSS (Krieger et al.,
2001; Verfürth et al., 2004), but not in RNRIII (Mulliez et al., 1993). This indi-
cates a di�erence in the compactness of the active site in RNRIII versus other
GREs.
One characteristic of GRE is rapid inactivation upon exposure to molecular
oxygen (Wagner et al., 1992). This is due to the reactions of oxygen with
the glycine radical. The inactivation reaction was initially used to identify the
glycyl radical site as it results in cleavage of the protein mainchain (82 kDa
and 3 kDa in the case of PFL; Wagner et al., 1992). The same cleavage has
also been observed in other GREs (King & Reichard, 1995; Leuthner et al.,
1998; Sawers et al., 1998; Selmer & Andrei, 2001; Wagner et al., 2001; Young
et al., 1996). EPR studies on the inactivation of wild type and cysteine-to-
alanine mutants of PFL revealed two types of radicals after 30 second exposure
to oxygen: inactivation of the wild type PFL results in a sulphinyl radical
(RSO•) and inactivation of a C419A mutant (a cysteine near the glycyl radical)
a peroxyl radical (ROO•) (Reddy et al., 1998). This suggests that the sul�nyl
radical originates from the cysteine residue. Based on sequence analysis, all
known GREs have a cysteine residue near the glycyl radical site except for
Y�D. Y�D forms a complex with oxygen inactivated PFL and thus the cysteine
is provided by PFL. A mechanism for the inactivation process was suggested
based on theoretical calculations (Gauld & Eriksson, 2000) and experimental
analysis of the radicals resulting from oxygen inactivation (Reddy et al., 1998)
(Figure 2.1). When the last step in the reaction scheme, α-hydroxyglycine, is
formed, it hydrolyses and results in cleavage of the protein backbone Cα-N bond.
Rapid freeze-quench EPR experiments showed that the �rst radical generated
is indeed a peroxyl radical observed as early as 10 ms after mixing the samples
with oxygenated bu�er (Zhang et al., 2001). This peroxyl radical vanished over
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time and after 12.2 seconds the peroxyl radical had completely disappeared and
the only radical observed was the sul�nyl radical described above (Zhang et al.,
2001).

Figure 2.1: Inactivation of GREs by molecular oxygen (adapted from Gauld
& Eriksson, 2000). The relative energy of di�erent intermediates is shown in
kcal/mol. All the chemical drawings in the thesis have been made with BKchem
(http://bkchem.zirael.org) and Inkscape (http://www.inkscape.org) unless cited oth-
erwise.

GREs catalyse di�erent kind of reactions with a wide variety of substrates (Fig-
ure 2.2). The enzymatic cycle is initiated by transfer of the radical from the
storage position to a nearby cysteine. After the formation of the thiyl radical,
the reaction is di�erent for each enzyme. Notably, in all GREs except PFL,
the following step is a radical transfer from cysteine to a substrate molecule. In
PFL a covalent substrate-enzyme complex is formed (Section 2.2.1).
Although the sequence identity between functionally di�erent GREs is very low,
and in the case of RNRIII and PFL-like enzymes not detectable by generally
used algorithms, they all still share a similar core structure of a ten stranded
α/β-barrel (Figure 2.3; Becker et al., 1999; Leppänen et al., 1999; Logan et al.,
1999). According to SCOP (structural classi�cation of proteins; Murzin et al.,
1995) they all belong to the structural superfamily of PFL-like GREsa. Two
hairpin loops entering the barrel from opposite sides meet in the middle of the
barrel. At the tips of these hairpin loops reside the key residues participating
in the radical chemistry in all GREs: a radical bearing glycine on one and a
cysteine forming a transient thiyl radical in the �rst step of the reaction on the
other.

ahttp://scop.mrc-lmb.cam.ac.uk/scop/
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Figure 2.2: Reactions catalysed by GREs (adapted from Selmer et al., 2005). The
R-group in the α-ketoacid formate lyase reaction (αKFL) is either a methyl or an ethyl
group. PFL prefers a substrate with methyl group, pyruvate. The base in the RNRIII
reaction refers to adenine, guanine, uracil or cytosine.

2.2 Characterised enzymes

The �rst GRE discovered was PFL. This enzyme is, along with RNRIII, also
the one most studied and therefore it will be here used as the type enzyme
for the family. The reactions catalysed by glycyl radical enzymes range from
key reactions of anaerobic metabolism (PFL and RNRIII) to more specialised
reactions of glycerol (GD), toluene (BSS) and tyrosine catabolism (pHPAD)
(Figure 2.2). Some smaller proteins. such as Y�D, also function as spare parts of
the oxygenolytically cleaved GREs. PFL, GD, BSS and pHPAD share signi�cant
sequence homology, whereas RNRIII does not have sequence homology to other
GREs. I will refer to the group of GREs with sequence homology to PFL as PFL
family enzymes (Study II), since sequence and structure comparisons together
allow analysis of important similarities and di�erences between these enzymes.
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Figure 2.3: Comparison of monomers of A) PFL (PDB-code: 1H16) and B) RNRIII
(PDB-code: 1H78). The structures were superimposed with coot (Emsley & Cowtan,
2004) in order to get a similar view of the enzymes (rmsd of 2.46 Å over 378 Cα atoms).
β-helices of the cartoon models are coloured red and β-strands yellow.
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2.2.1 α-Ketoacid formate lyases

Pyruvate formate lyase

One of the key enzymes in anaerobic metabolism of prokaryotes is PFL. This
intriguing enzyme has been studied for a long time, starting with the pioneering
work of Lipmann and co-workers (Chantrenne & Lipmann, 1950; Utter et al.,
1944). It catalyses a homolytic cleavage of C�C bond of pyruvate and produces
formate and acetyl-CoA (Figure 2.2). Acetyl-CoA can be further utilised, anaer-
obically, by the organism to generate ATP, the energy currency of the cell. In
mixed acid fermentation this two step process is catalysed by phosphate acetyl-
transferase and acetate kinase (Stadtman et al., 1951; Stern & Ochoa, 1951).
The alternative pathway is through anaerobic respiration, where the ATP is �-
nally produced from the proton motif force by ATP synthetase. PFL is a crucial
enzyme for a facultative anaerobe as it catalyses the key metabolic reaction. In
an aerobic environment pyruvate is converted to Acetyl-CoA and CO2 by pyru-
vate dehydrogenase. At the same time NAD+ is reduced to NADH. In anaerobic
environment, however, pyruvate is mainly used by PFL to form Acetyl-CoA and
formate.
The production of formate induces expression of formate hydrogenlyase pathway
(Rossmann et al., 1991) and the usual scenario is that formate is converted to
CO2 and H2 by the formate hydrogenlyase complex. Experiments showing that
formate or purine nucleotide starvation leads to increased expression of PFL in
Streptococcus thermophilus has suggested a new role for PFL (Derzelle et al.,
2005). In addition to being a power plant, PFL would also serve as a formate
supplier for anabolic processes. A similar kind of a role had been suggested
three decades ago in Clostridia (Thauer et al., 1972).
The activity of PFL is controlled both transcriptionally and post-translationally.
E. coli PFL is constitutively expressed at a low level, but it is inactive under aer-
obic conditions. Posttranslational activation of PFL by the activating enzyme
happens only under anaerobiosis as the activating enzyme is also inactivated
by oxygen. Under anaerobic conditions, there is a 12 fold increase in the PFL
expression (Sawers & Böck, 1988). This induction is mediated by ArcA and by
a fumarate and nitrate reduction regulator (FNR) protein, both of which are
known to regulate many anaerobically induced genes (Sawers, 1993; Sawers &
Suppmann, 1992). Activation of the p� operon also requires an integration host
factor (IHL) (Sirko et al., 1993). In Salmonella typhimurium, FNR (oxrA) was
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also found to contribute to anaerobic induction of PFL expression (Wong et al.,
1989). Addition of pyruvate to the growth medium further increases expression
two-fold. It has been shown that PFL constitutes approximately 3 % of total
cell protein in anaerobically-growing E. coli (Knappe et al., 1974). Although
there are other PFL-like enzymes in E. coli, at least one of which can catalyse
the same reaction (TdcE; page 28), PFL is a crucial enzyme for E. coli and
the anaerobic growth of an E. coli knock out mutant lacking PFL is severely
impaired (Sawers et al., 1998).
In addition to the activation of PFL by the activating enzyme, E. coli PFL
can also be inactivated in a coordinated manner by a deactivase (Kessler et al.,
1992; 1991). This deactivase was, quite surprisingly, shown to be a multifunc-
tional alcohol dehydrogenase (AdhE; Goodlove et al., 1989). AdhE is a 96 kDa
metalloprotein (Fe2+) that forms helical 60-200 nm polymer chains. It is still
unknown how the reaction happens, but CoA and NAD are required for the
inactivation. A similar deactivation mechanism was also found in Streptococcus
bovis (Asanuma et al., 2004) and S. sanguis (Takahashi et al., 1987). S. bovis
is an obligate anaerobe and hence would not necessarily require deactivase to
prevent oxygenolytic inactivation of PFL. It is therefore possible that AdhE
regulates PFL activity in response to some other changes in the environment.
In contrast, in Lactococcus lactis and S. mutans, AdhE cannot protect activated
PFL from oxygenolytic cleavage and hence does not possess PFL deactivase ac-
tivity (Melchiorsen et al., 2000; Takahashi et al., 1987). Y�D protein (Section
2.2.2), which acts as a replacement part of PFL, is not inactivated by AdhE
(Wyborn et al., 2002). The enzymatic inactivation mechanism of PFL is unique
among GREs.
Although PFL occurs mainly in prokaryotes, it has been also observed in some
eukaryotes: in anaerobic fungi (Akhmanova et al., 1999; Boxma et al., 2004;
Gelius-Dietrich & Henze, 2004) and in chloroplasts and mitochondria of green
alga (Atteia et al., 2006; Kreuzberg, 1984; 1985; Kreuzberg et al., 1987). De-
spite the low abundance of PFL in many species, it has been proposed that
the PFL system was acquired very early in the eukaryotic evolution from the
endosymbiotic α-proteobacterial ancestor of mitochondria (Gelius-Dietrich &
Henze, 2004).
In the early 1980's the PFL gene of E. coli was cloned and the recombinant pro-
tein expressed (Pecher et al., 1982). Characterisation of the enzyme revealed
an α2-dimer of 85 kDa subunits (Conradt et al., 1984). The puri�ed enzyme is
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inactive and it needs to be activated by another enzyme, PFL activating enzyme
(Section 2.3). Once activated, PFL contains a carbon centred radical at glycine
734 (Wagner et al., 1992). This radical has been detected by EPR (g=2.0037)
and spin quanti�cation showed that, interestingly, only a single radical is gen-
erated per PFL dimer (Unkrig et al., 1989). This phenomenon is known as
half-of-the-sites reactivity as only one of the dimer subunits is active at a time.
The x-ray structures of PFL revealed that glycine 734 resides in a hairpin loop
that is buried inside a ten stranded α/β-barrel (Becker et al., 1999; Leppänen
et al., 1999). Recently solved structures of other GREs (O'Brien et al., 2004;
Study II) con�rm that this fold forms the structural framework in all PFL family
enzymes. The α/β-barrel is composed of two sets of parallel β-sheets combined
in an anti-parallel fashion (Figure 2.3). The PFL dimer interface, which has a
two-fold symmetry, is formed mainly by the long helical regions (131-155 and
272-278) leaving the glycine loops at the opposite sides of the dimer. In the
middle of the barrel, the glycine loop, which enters from the top, meets the
hairpin loop, which enters from the bottom. At the tip of this loop reside two
cysteine residues, 418 and 419, which have both been shown to be essential for
catalysis (Knappe & Wagner, 1995; Parast et al., 1995). The catalysis of PFL is
very e�cient with a kcat of 760 s−1 for the forward reaction and 260 s−1 for the
reverse reaction (Knappe et al., 1974). The equilibrium favours pyruvate cleav-
age (K eq=750) (Knappe & Sawers, 1990). The binding constants for pyruvate
and CoA are 2 mM and 7 µM, respectively.
Before the �rst step of the reaction catalysed by PFL, the radical has to move
from the storage position (Gly734), to the adjacent cysteine residue (Cys419)(Cα-
Sγ distance 3.5 Å; Figure 2.4). There have been discussions as to which of the
two active site cysteines attacks the carbonyl carbon of pyruvate in the �rst step
of the reaction (reviewed by Stubbe & van Der Donk, 1998). The interpretation
of the structures solved simultaneously in di�erent laboratories support di�erent
mechanistic views (Eklund & Fontecave, 1999). Based on the x-ray structure of
an inactive PFL, pyruvate is located closer to Cys418 (Figure 2.4) and hence,
despite criticism (Study I), the current commonly accepted view is that Cys418
is the one attacking the substrate (Becker & Kabsch, 2002). Either way, the
reaction starts with a thiyl radical attack on the carbonyl carbon of pyruvate,
and a tetrahedral oxyradical intermediate is formed (Figure 2.5). Breakdown
of this intermediate produces an acetyl-enzyme and a formate radical anion.
This formate radical then regenerates the radical enzyme by abstracting a hy-
drogen atom either from one of the cysteines or from the glycine. Only the
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Figure 2.4: Stereo �gure showing the relative positions of key residues in the PFL
active site. Binding orientation of pyruvate is also shown. Distances are shown in
Ångströms. Figure is based on PDB coordinates 1H16 (Becker & Kabsch, 2002).

glycyl radical has been observed experimentally (Unkrig et al., 1989; Wagner
et al., 1992). Some of the initially proposed reaction mechanisms relied on the
covalent binding of pyruvate to one of the cysteines as thiohemiketal (Knappe
et al., 1993). Crystal structures of PFL-pyruvate complexes showed no evidence
of such a covalent adduct (Becker & Kabsch, 2002; Study I).
The current reaction mechanism proposed by Becker et al. (1999) reinterprets
site mapping results of the acetyl-enzyme as artefacts (Plaga et al., 1988). One
possible reason for the erroneous results is that heterolytic acyl transfer occurs
between active site cysteines (Himo & Eriksson, 1998), which would impair the
site mapping results. Heterolytic transfer may also be an actual part of the
enzyme mechanism (Leppänen et al., 1999). When the radical is returned to
the enzyme, the subsequent acetyl group transfer to CoA can happen either het-
erolytically or homolytically via a radical mechanism. Also, a structural model
based on the crystal structure of PFL in complex with a CoA in a "waiting" po-
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Figure 2.5: Reaction cycle of PFL according to Becker & Kabsch (2002). The reaction
starts when PFL has been activated and the radical generated on glycine 734. CoA
refers to Coenzyme A and AcCoa to the acetylated form of Coenzyme A.

sition indicates that both mechanisms would be possible, although the authors
prefer a radical mechanism for the second step of the reaction as well (Figure 2.5,
Becker & Kabsch, 2002). Theoretical work indicates that the radical mechanism
would be energetically more favourable (Himo & Eriksson, 1998).

TdcE

In addition to PFL, there is another α-ketoacid formate lyase in E. coli. TdcE
was discovered by immunological analysis of an E. coli strain that does not
express PFL (Heÿlinger et al., 1998). The analysis revealed a crossreacting pro-
tein of approximately the same size as PFL, which likewise appeared to be a
GRE (Heÿlinger et al., 1998). The enzyme is very homologous to PFL with
amino acid sequence identity of 82 %, and, indeed, it was shown that both
PFL and TdcE have pyruvate formate lyase as well as 2-ketobutyrate formate
lyase activity (Heÿlinger et al., 1998; Sawers et al., 1998). In vivo, the function
of TdcE is to convert 2-ketobutyrate, the product of threonine deamination, to
propionyl-CoA and formate. The gene for E. coli TdcE is located in a tdcABCD-
CEFG operon. The operon encodes components of an anaerobically inducible,
catabolite-repressible pathway, which generates one molecule of ATP from the
degradation of L-threonine to propionate via 2-ketobutyrate. TdcE is a key
component in this pathway (Figure 2.6).
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Figure 2.6: Anaerobic metabolism of L-threonine to propionate in E. coli. TdcB
is L-threonine dehydratase, PFL and TdcE are α-ketoacid formate lyases, PTA is
phosphotransacetylase; AckA is acetate kinase, and TdcD is propionate kinase. Figure
based on Heÿlinger et al. (1998).

TdcE accepts 2-ketobutyrate and pyruvate with equal e�ciency, while pyru-
vate is the preferred substrate for PFL (Heÿlinger et al., 1998). PFL defective
mutants of E. coli grow very poorly under anaerobic conditions and TdcE can
only partially compensate for the loss of PFL activity (Kaiser & Sawers, 1994).
A basic 14.5 kDa protein from C. butyricum, TcbC, can induce expression of
TdcE in E. coli. In PFL de�cient strains, introduction of TcbC can partially
compensate for the PFL de�ciency, although TdcE is produced at lower levels
than PFL in wild type strains (Sawers et al., 1998). The substrate speci�city
of PFL and TdcE is readily explained by the crystal structure of PFL and by
sequence comparison. There is an alanine to glycine change in TdcE near the
methyl group of pyruvate (Becker & Kabsch, 2002; Study I). This makes the
binding site in PFL slightly smaller and hence it prefers the smaller pyruvate.
PFL and TdcE are very similar by sequence, catalysis and most likely by struc-
ture as well. Indeed, they are both dependent on the same activating enzyme
(Heÿlinger et al., 1998). Most of the PFL like genes are accompanied in the
genomes with an activating enzyme, but TdcE is not. There are multiple genes
for activating enzyme homologs in E. coli, but TdcE is exclusively dependent
on the PFL activating enzyme (Sawers & Watson, 1998).
As the PFL and TdcE sequence identity is within the variation range between
the actual PFL enzymes themselves, it is not clear how abundant these enzymes
are in prokaryotes. The changes in the active site are very small and hence it is
likely that some of the sequences annotated as PFLs are actually TdcE enzymes.

2.2.2 Y�D

A small protein called Y�D (14 kDa; 127 residues) in E. coli shows signi�cant
sequence homology to the C-terminus of PFL, with amino acid identity of 79 %
over residues 69-127. Sequence searches show that similar proteins are present
in other facultative anaerobic bacteria and bacteriophages. Wagner et al. (2001)
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have shown that this small protein acts as a PFL spare part. When activated
PFL gets cleaved during oxidative stress, Y�D can quickly restore the activity
of PFL enzyme without de novo protein synthesis. Wagner et al. (2001) showed
that the activity of an inactive deletion variant of PFL, which lacked all the
C-terminal residues starting from the radical glycine (734), was completely re-
stored by addition of Y�D. If the hetero-oligomer is exposed to oxygen after
activation, the small component was, analogously to PFL, cleaved to 11 kDa
and 3 kDa fragments. The bacteriophage T4 Y�D protein, Y061, is similarly
able to restore the activity of oxygenolytically-cleaved E. coli PFL.
Radical generation in Y�D requires that it is associated with the PFL core.
Y�D alone is a poor substrate for the activating enzyme, with a Km of 0.1 mM
(compared to 1.4 µM for PFL). The radical generated on the Y�D protein alone
is also very labile. While PFL is expressed optimally under strictly anaerobic
condition (Kessler & Knappe, 1996), Y�D is produced optimally by E. coli
growing under microaerobic conditions (O2 concentration of 10 µM) (Marshall
et al., 2001). This is perfectly consistent with its function as a spare part.
In addition to induced expression by the general anaerobic inducer, FNR, the
expression of Y�D is remarkably induced by acidic conditions (Blankenhorn
et al., 1999). Y�D de�cient mutant strains of E. coli accumulate lactate, suc-
cinate, pyruvate and formate and thus suggest a role for Y�D in reduction of
acidic metabolic end products (Wyborn et al., 2002). The expression of Y�D is
also modulated by the indirect activator ArcA, as for PFL (Sawers, 1993), and
by the pyruvate sensor PdhR (Wyborn et al., 2002). Although the expression of
PFL is also induced by pyruvate (Sawers & Böck, 1988), the expression of PFL
is not dependent on PdhR. The activation of Y�D by PFL activating enzyme
is also enhanced under acidic conditions (Wyborn et al., 2002). The function of
Y�D as a spare part of PFL is consistent with the fact that both transcriptional
and post-translational regulation of these two proteins is linked. Nevertheless,
it is not yet known whether Y�D has a function per se, or whether it acts solely
in complex with PFL.

2.2.3 Anaerobic ribonucleotide reductase

Ribonucleotide reduction is a reaction where ribonucleotides, precursors of RNA
synthesis, are reduced to deoxyribonucleotides, the precursors of DNA. The re-
action is the only known biological pathway for deoxyribonucleotide de novo syn-
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thesis and is thus required for all living organisms. The �rst enzyme to catalyse
the reaction, "the ur -reductase", is ancient � proposed to predate the transition
from the RNA world to the DNA world (Poole et al., 2002; Reichard, 1997). Ri-
bonucleotide reduction is catalysed by three classes of enzymes (RNRs), which
di�er in their radical forming mechanism but share a similar mechanism for
reduction of ribose (Figure 2.7).

Figure 2.7: Major steps in the reduction of ribonucleotide by RNRs (adapted from
Poole et al., 2002). This basic mechanism applies to all RNR classes, although the na-
ture of the reduction step is di�erent. In RNRI and RNRII the reduction is performed
by a pair of cysteines, which become oxidised. In RNRIII the active site has only two
cysteines and the reduction is performed by an active site cysteine and formate.

RNRI is a dimer of dimers and uses an Fe-O2 centre for the generation of a
stable tyrosyl radical in a form of diiron(III)-tyrosyl-radical cofactor for the
activating subunit. The radical has to then move over 30 Å to the catalytic
subunit. Due to the nature of the radical generation, RNRI is a strictly aerobic
enzyme (Kolberg et al., 2004; Stubbe & Riggs-Gelasco, 1998). RNRII, which
is either a monomer or a dimer, generates the radical by cleavage of adenosyl
cobalamin (vitamin B12) (Ashley et al., 1986). Unlike other RNRs, there is
no stable protein based radical in RNRIIs (Licht et al., 1999). RNRII works
both in the presence and absence of oxygen. Of particular interest here is the
strictly anaerobic RNRIII, which is a GRE. It is a dimer like PFL and requires
post-translational activation by an activating enzyme to generate the glycyl
radical (Mulliez et al., 1993). Di�erent classes of RNRs can co-exist in a single
organism and the expression of the enzymes adjusts in response to the changes in
the physical environment. RNRI enzymes have been found from eubacteria and
eukaryotes; RNRII enzymes from all three kingdoms of life; RNRIII enzymes
only from eubacteria and archaea (Poole et al., 2002). So far approximately 70
crystal structures of various RNRs has been solved (Kolberg et al., 2004) and
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despite di�erent radical generation mechanisms, all the RNRs are structurally
homologous (Logan et al., 1999; Sintchak et al., 2002; Uhlin & Eklund, 1994).
The activities of all ribonucleotide reductases are controlled by allosteric e�ector
molecules. This control is very important as an imbalance in dNTP pools can
cause errors in DNA synthesis and repair (Kunz et al., 1994). The binding of
molecules to the second allosteric site, the speci�city site, changes the substrate
speci�city of the enzyme similarly in all RNRs: dATP increases the turnover of
pyrimidine nucleotides, dGTP increases the turnover of adenosine nucleotides
and dCTP increases the turnover of guanosine nucleotides (reviewed by Kolberg
et al., 2004). The increase in the turnover rate is 10-100 fold. The recent crystal
structures of Thermotoga maritima Class II enzyme revealed that the allosteric
e�ect is achieved by e�ector compound speci�c conformations of loop 2, which
bridges the e�ector and substrate molecule (Larsson et al., 2004). The allosteric
mechanism is proposed to be similar for all RNRs (Larsson et al., 2001; 2004).
Furthermore, the overall activity of some RNRs is increased by ATP binding and
decreased by dATP binding to another allosteric site. This type of regulation
does not exist in an Ib subclass of RNRI, RNRIIs, nor bacteriophage T4 RNRIII.
The most studied RNRIII enzymes are those of E. coli (Sun et al., 1995; 1993;
1996) and bacteriophage T4 (Young et al., 1996; 1994a;b). Under anaerobic
conditions the expression of the NrdD operon, encoding the RNRIII system,
is induced in E. coli. Induction is dependent on the FNR protein but not
on ArcA (Boston & Atlung, 2003). The NrdA operon, coding for the aerobic
RNRI components, is not a�ected immediately but is turned o� under prolonged
growth under anaerobic conditions.
Both E. coli and T4 enzymes were found to contain a glycyl radical, which
undergoes an oxygenolytic cleavage upon exposure to oxygen (King & Reichard,
1995; Young et al., 1996). The crystal structure of T4 RNRIII has been solved
and the structure relates the protein closely to both other RNR classes and PFL
(Eklund & Fontecave, 1999; Larsson et al., 2001; Logan et al., 1999; Figure 2.3).
Notably, bacteriophage T4 RNR does not have the allosteric activity site found
in other RNRIIIs (Andersson et al., 2000a; Olcott et al., 1998). An interesting
�nding in the RNRIII structure was that it contains an additional metal binding
site formed by four conserved cysteines not found in other GREs (Andersson
et al., 2000b). The metal binding to this site is assumed to be Zn2+ and point
mutations introduced to the coordinating cysteine residues indicated that this
metal site participates in the activation reaction (Logan et al., 2003). In the
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active site of RNRIII, there are two cysteine residues. These cysteines are not
adjacent as in the case of PFL, but they are positioned in both sides of the
ribose moiety of the substrate: Cys290 at the tip of a hairpin loop meeting the
glycine loop in the middle of the barrel structure and Cys79 in a barrel strand.
The reaction cycle starts with hydrogen atom abstraction from the 3'-carbon
of ribose by the transient thiyl radical (Cys290; Figure 2.7). In the next step,
the 2'-hydroxyl group is protonated by Cys79 and water molecule is released.
Formate has been proposed to facilitate this release (Andersson et al., 2001).
The 2'-position is then reduced by Cys79. The overall reductant of the reaction
is formate, which is thought to bind directly to the active site near Cys79. This
binding site is formed by two active site asparagines (Andersson et al., 2001).
In the process, formate is oxidized to CO2. Analogously to the PFL reaction,
a formate radical anion has been proposed as an intermediate in the reaction
(Andersson et al., 2001; Figure 2.5). In RNRI and RNRII enzymes, the reducing
agent is produced with the assistance of a third cysteine residue in the active site
forming a disulphide with a cysteine corresponding to Cys79. The electrons for
the reduction in RNRI and RNRII are supplied by thioredoxin and �avodoxin.
Thioredoxin and �avodoxin are needed also in the RNRIII system, but for the
activation reaction (Bianchi et al., 1993; Padovani et al., 2001a). In the last
step of the reaction, the thiyl radical is regenerated and the radical returned to
the glycine residue for storage.

2.2.4 Glycerol dehydratase

A recently characterised GRE, glycerol dehydratase, catalyses the �rst step
in glycerol metabolism: dehydration of glycerol to 3-hydroxy propionaldehyde
and water (Figure 2.8). The driving force for studying GD has been the need
to increase the production of the end product of glycerol metabolism, 1,3-
propanediol. This compound can be utilised in the production of a new polyester
called polypropylene terephtalate, which has unique properties for the �bre in-
dustryb. Chemical processes for 1,3-propanediol production produce toxic in-
termediates and require high hydrogen pressures at the reduction step (Sullivan,
1993). This has turned focus on the biological production of the chemical with
the help of GD, which is present in many bacterial strains. The best producer
of 1,3-propanediol is C. butyricum (Saint-Amans et al., 1994). In most microor-

bhttp://www.dupont.com/sorona/home.html
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ganisms GD activation is dependent on vitamin B12 and this steeply increases
the production costs. The C. buturicum enzyme does not require B12, but
it is a GRE and activated by a SAM dependent activation enzyme (Raynaud
et al., 2003; Saint-Amans et al., 2001). This discovery has promoted the de-
velopment of economically feasible biological processes for the production of
1,3-propanediol.

Figure 2.8: Microbial conversion of glycerol to 1,3-propanediol. The second reaction
is catalysed by 1,3-propanediol dehydrogenase (PDH).

So far B12 independent GD has only been found in C. butyricum, although
genome sequences indicate that it is present in other Clostridium species as
well (Selmer et al., 2005). GD is a protein of 88 kDa (787 aa). The sequence
identity between GD and the characterised GREs varies from 25 % (E. coli
PFL) to 32 % (T. aromatica BSS) (Raynaud et al., 2003). The conversion of
glycerol to 1,3-propanediol involves an operon consisting of three genes, dhaB1,
dhaB2, and dhaT. dhaB1 encodes the actual GD, dhaB2 encodes the activating
enzyme and dhaT encodes a 1,3-propanediol dehydrogenase, which catalyses the
second step of the reaction from 3-hydroxy-propionaldehyde to 1,3-propanediol
(Figure 2.8).
The crystal structure of GD revealed remarkable similarities to PFL (O'Brien
et al., 2004). The core 10-stranded barrel structure is similar to that of PFL
and the largest changes are in the helices surrounding the barrel. The dimer
observed in the crystal is assumed to be the biologically relevant oligomer. It is
formed analogously to that of PFL positioning the glycine loops on the opposite
sides of the dimer. Also, the active site is arranged as in PFL with the two
hairpin loops meeting in the middle of the barrel. In contrast to PFL, there
is only one cysteine residue in the active site of GD. The crystal structures of
GD in complex with substrate, glycerol, and a substrate analog 1,2-propanediol,
allowed O'Brien et al. (2004) to propose a reaction mechanism for the enzyme
(Figure 2.9).
The proposed reaction mechanism is largely based on the two active site histidine
residues positioned to form a hydrogen bond to the migrating hydroxyl group
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Figure 2.9: Proposed reaction mechanism of GD (O'Brien et al., 2004; reproduced
with permission). Two histidine residues, H281 and H164, are crucial for the pro-
tonation step of the tricyclic intermediate. Substrate rotates in the last step of the
reaction and therefore enables the abstraction of a hydrogen atom from C433 by the
3-hydroxypropionaldehyde radical. This �nal step returns the radical to the protein,
which is then ready for the next catalytic cycle.

in the reaction. The reaction starts by hydrogen atom abstraction from C1-
carbon of glycerol and proceeds via cyclic intermediate. The interaction of a
histidine residue, as a Lewis acid, with a moving hydroxyl group is critical in
stabilisation of the transition state in this mechanism. The last steps of the
reaction are the regeneration of the protein radical by abstraction of hydrogen
from the cysteine residue and the dehydration of the geminal diol to yield 3-
hydroxypropionaldehyde. The initial biochemical characterisation indicated a
kcat of ∼4400 s−1 for GD catalysed reaction (assumed that GD has half-of-the-
sites reactivity) which is faster than the PFL reaction and over 10 times faster
than the reaction of B12-dependent GDs (O'Brien et al., 2004).
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2.2.5 Benzylsuccinate synthase

A new GRE, benzylsuccinate synthase (BSS), was found in the late 1990's
(Beller & Spormann, 1997; Biegert et al., 1996). It is involved in the catabolism
of aromatic hydrocarbons, which are widespread in our environment. A wide
variety of aromatic and saturated hydrocarbons form through biological and
geochemical processes (for a review, see Widdel & Rabus, 2001). Because these
compounds are very stable due to resonance stabilisation and the inertness of
C�C and C�H bonds, it was originally thought that the biodegradation of these
compounds only happens in the presence of oxygen. Oxygen is required to
introduce hydroxyl groups and to cleave the aromatic ring. It was, however, es-
tablished 30 years ago that aromatic compounds can be metabolised by bacteria
even under strictly anaerobic conditions (Evans, 1977).
During the anaerobic metabolism of aromatic molecules, a wide variety of com-
pounds is �rst converted into a few central intermediates, which are then oxi-
dised in the absence of oxygen. One of these central compounds, and perhaps
the most important one, is benzoyl-CoA. The initial steps in the enzymatic pro-
cessing of benzoyl-CoA are performed by benzoyl-CoA reductase, which couples
ATP-hydrolysis to electron transfer in order to dearomatise the ring system and
cleave it (Boll et al., 2002). Ring cleavage is followed by oxidation analogous to
the β-oxidation of fatty acids to yield acetyl-CoA and carbon dioxide.
Of the wide variety of compounds processed to benzoyl-CoA, toluene is of par-
ticular interest here. Because of the inertness of hydrocarbons, it was thought
that the anaerobic catabolism of hydrocarbon would be initiated by a novel
mechanism. The �rst characterised reaction of this type was an addition of
fumarate cosubstrate to the methyl group of toluene to yield benzylsuccinate �
the reaction catalysed by BSS (Beller & Spormann, 1997; Biegert et al., 1996).
This key enzyme in the degradation pathway has been found in denitrifying
(Krieger et al., 1999; Rabus & Heider, 1998), Fe(III)-reducing (Kane et al.,
2002), sulphate-reducing (Rabus & Heider, 1998), phototrophic (Zengler et al.,
1999), and methanogenic bacteria (Beller & Edwards, 2000). BSS is a hetero-
hexamer of 98, 8.5 and 6.5 kDa subunits. The sequence of the large subunit
indicated similarity to the previously known GREs, PFL and RNR. In particu-
lar, the region of the glycyl radical is well conserved. Unlike PFL, the active site
of BSS seems, like GD, to contain only one cysteine residue. The presence of a
glycyl radical in BSS was con�rmed by protein fragmentation after exposure to
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molecular oxygen (Beller & Spormann, 1999; Coschigano et al., 1998; Leuthner
et al., 1998) and by EPR spectroscopy (Duboc-Toia et al., 2003; Krieger et al.,
2001; Verfürth et al., 2004). Like other GREs, only one of the large subunits
can be in the radical form at the time, resulting in half-of-the-sites reactivity
(Leuthner et al., 1998). Also a corresponding activase gene (tutE ) is located in
the same operon, before the actual BSS gene (tutD) (Coschigano et al., 1998;
Leuthner et al., 1998). The function of the small 8.5 and 6 kDa subunits of BSS
is unknown.
The expression of BSS genes is induced by toluene. In T. aromatica growing on
toluene, BSS constitutes 10 % of the total soluble protein, whereas the activating
enzyme constitutes merely 0.3 % (Hermuth et al., 2002). In addition to toluene,
the product, benzylsuccinate, is also required for full induction of the operon
(Coschigano & Bishop, 2004).

Figure 2.10: Proposed reaction mechanism of BSS (modi�ed from Boll et al., 2002).
R1, R2 and R3 are all hydrogen for the normal substrate, toluene. Alternative sub-
strates have methyl or hydroxyl groups in R1, R2 and R3 positions (Morasch et al.,
2004). The methyl group is at the R1 position in o-xylene and at the R2 position
in m-xylene. The hydroxyl group is at the R2 position in m-cresol and at the R3 in
p-cresol.

The glycine bearing the radical and the conserved cysteine residue were both
shown to be crucial for the activity of BSS (Coschigano et al., 1998). Exper-
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iments with deuterium labelled toluene showed that the hydrogen/deuterium
atom removed from toluene before addition of fumarate is retained in the prod-
uct (Beller & Spormann, 1998). These experiments form the basis of the pro-
posed reaction mechanism of BSS (Heider et al., 1998; Figure 2.10). The BSS re-
action is stereospeci�c as it yields only (R)-benzylsuccinate (Leutwein & Heider,
1999; Qiao & Marsh, 2005). The reaction starts with hydrogen atom abstrac-
tion from the methyl group of toluene generating a benzyl radical intermediate
to which fumarate can then be added. The resulting benzylsuccinylradical is
then converted to (R)-benzylsuccinate by abstracting the same hydrogen back
from the enzyme and simultaneously converting the enzyme back to the radical
bearing active form (Qiao & Marsh, 2005). Recent quantum chemical anal-
ysis con�rmed the feasibility of the proposed mechanism (Himo, 2005). The
product, benzylsuccinate, is further oxidised to benzoyl-CoA by β-oxidation
with enzymes encoded by another toluene-induced operon (Leuthner & Heider,
2000).
Similar other enzymatic degradation reactions of aromatic compounds have
been shown to occur mainly through the corresponding succinate adducts: m-
xylene (Krieger et al., 1999), m-cresol (Müller et al., 1999), p-cresol (Müller
et al., 2001), 2-methylnaphthalene (Annweiler et al., 2000) and ethyl-benzene
(Kniemeyer et al., 2003). Although the same enzyme is most likely not respon-
sible for all these reactions, it was shown that toluene is not the only substrate
of BSS, as it can use also cresol and xylene isomers (Figure 2.10; Verfürth et al.,
2004). The enzymes from di�erent sources have di�erent speci�cities: the en-
zyme from Azoarcus sp. strain T converts all xylene and cresol isomers but
the T. aromatica enzyme is not active with any of the xylene isomers (Verfürth
et al., 2004). The recent �nding that the initial step of alkane degradation is
analogous to the BSS reaction (Davidova et al., 2005; Kropp et al., 2000; Rabus
et al., 2001) indicated that the addition of fumarate may be a more general
mechanism in anaerobic hydrocarbon metabolism (Boll et al., 2002). In alkane
degradation the fumarate is added, not to the terminal carbon, but to the C2-
carbon of the molecule, resulting in methyl-branched "alkylsuccinates". This
reaction also involves a GRE enzyme (Rabus et al., 2001).
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2.2.6 p-Hydroxyphenylacetate decarboxylase

Elsden et al. (1976) identi�ed p-cresol as a fermentation end product of the aro-
matic amino acids tyrosine and tryptophan. In the mid 1980's the process was
shown to proceed through p-hydroxyphenylacetate via enzymatic decarboxyla-
tion in Clostridium di�cile (D'Ari & Barker, 1985). The enzyme responsible
was later identi�ed as pHPAD (Selmer & Andrei, 2001). The expression of
pHPAD is not induced when tyrosine is in the growth medium, but is induced
when p-hydroxyphenylacetate is added (Selmer & Andrei, 2001). The product
of the decarboxylation reaction, p-cresol, has antibiotic properties as bacteria in
general can only tolerate concentrations ∼1 mM. C. di�cile, however, can grow
in p-cresol concentrations up to 35 mM. During antibiotic treatments, whether
administered orally or intravenously, some of the antibiotic travels through gut
and a�ects the normal micro�ora of the intestine. Under these conditions C.
di�cile can thrive and produce toxins that cause an infection. The resulting
diarrhoea may be serious for already sick individuals (Bartlett, 2002). The se-
cretion of p-cresol by C. di�cile can give it a further advantage over the normal
bacteria colonising the intestine.
Recently, based on sequence similarity, pHPAD has also been found in Tan-
nerella forsythensis (Andrei et al., 2004) and C. scatologenes (Selmer & Andrei,
2001). In addition, another homologous arylacetate decarboxylase, indoleac-
etate decarboxylase, was identi�ed in C. scatologenes. The pHPADs in the
three organisms are very similar showing ∼60% identities between the amino
acid sequences. Enzymes from Clostridia have been functionally characterised
as pHPADs but the T. forsythensis enzyme does not have that activity (Selmer
et al., 2005).
The pHPAD puri�ed from C. di�cile was identi�ed as a homodimer of 110 kDa
subunits (β2; Selmer & Andrei, 2001), but later studies with recombinant en-
zyme revealed the presence of two small γ subunits (9.5 kDa) making it a β2γ2-
heterotetramer (Andrei et al., 2004). The loss of the small subunits in the initial
puri�cations caused severe loss of activity. Phosphorylation of the small sub-
unit is thought to control the complex stability (Andrei et al., 2004), although
in a recent communication the authors refer to unpublished data showing that
reversible phosphorylation, a�ecting the stability of the complex, occurs in the
large sububit (Selmer et al., 2005). It is still unknown how the small subunit
participates in the enzymatic reaction.



40

Figure 2.11: Proposed reaction mechanism of pHPAD (Selmer & Andrei, 2001).
Republished with permission.

As in other GREs, only one subunit appears to be activated at a time (Selmer
& Andrei, 2001). After formation of the transient thiyl radical at the conserved
active site cysteine residue, the catalytic cycle starts with hydrogen atom ab-
straction from the substrate (Figure 2.11). The resulting substrate radical is
critical as it forms an 'Umpolung', altered donor and acceptor reactivity pat-
tern, of the aromatic ring system, which is required for the stabilisation of rad-
ical anionic intermediates (Buckel & Golding, 1999). After the decarboxylation
of p-hydroxyphenylacetate radical, the resulting anionic radical is protonated
and the protein radical is restored by hydrogen atom abstraction of the neu-
tral p-cresol radical. Interestingly the product, p-cresol, can be metabolised by
another GRE as it is also a substrate of BSS (Section 2.2.5).
The activity of recombinant pHPAD drops drastically from 7 to 1.5 U/mg when
it is partially puri�ed (Andrei et al., 2004). A 10-fold excess of the activating
component has been used in kinetic measurements. The activating enzyme of
pHPAD may have a dual role as an activating as well as inactivating enzyme
(Selmer et al., 2005). The estimated maximum activity of pHPAD is 50 U/mg,
corresponding to a kcat of ∼200 s−1 (Andrei et al., 2004), with a binding con-
stant Km of 2.8 mM for p-hydroxyphenylacetate (Selmer & Andrei, 2001).
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2.3 Activation by radical SAM enzyme

S -adenosylmethionine (SAM) is an important biological compound that is in-
volved in many biochemical processes (reviewed by Fontecave et al., 2004). It is
the second most widely used enzyme substrate after ATP. SAM is best known as
the major methyl-donor in essential biological reactions, but an interesting new
role for SAM has emerged from studies with three enzyme systems over the past
two decades: Lysine 2,3-aminomutase and two GRE systems, PFL and RNRIII.
In these enzymes SAM provides radical intermediates and largely because of the
pioneering work on these enzymes, SAM is now known an important source of
organic free radicals in biological systems. Enzymes utilising SAM for radical
generation form the family of radical SAM enzymes; there are more than 600
members involved in a wide variety of biological processes in metabolism, tRNA
modi�cations, and DNA repair (So�a et al., 2001).

2.3.1 Radical generation

Radical SAM enzymes are small ∼30 kDa iron-sulphur proteins that contain
a [4Fe-4S] cluster (Broderick et al., 1997; Ollagnier-de Choudens et al., 2002b;
Tamarit et al., 2000). The iron-sulphur cluster is coordinated exceptionally by
only three cysteine residues (CX3CX2C). This kind of motif binding an [4Fe-4S]
cluster was earlier found in aconitase (Emptage et al., 1983; Kent et al., 1985).
The [4Fe-4S] cluster is extremely unstable and decomposes easily to [3Fe-4S]
and [2Fe-2S] clusters especially on exposure to oxygen (Broderick et al., 1997;
2000; Duin et al., 1997; Mulliez et al., 1999). The [4Fe-4S] is coordinated by
only three cysteines leaving one of the iron sites available for the substrate, SAM
(Figure 2.12; Guianvarc'h et al., 1997; Moss & Frey, 1987; Ollagnier et al., 1997).
The SAM binding site is formed from a conserved glycine rich sequence motif.
When isolated under anaerobic conditions, the cluster is usually in one of the
inactive forms: [2Fe-2S], [3Fe-4S]+ or EPR silent [4Fe-4S]2+ (Broderick et al.,
2000; Duin et al., 1997; Petrovich et al., 1992). The enzyme is active only in the
reduced state, [4Fe-4S]1+, which can be achieved in vitro with reducing agents
such as dithionite and 5-deazaribo�avin (Henshaw et al., 2000; Miller et al.,
2000; Ollagnier et al., 1999). In vivo the enzyme is reduced by external electron
sources such as the �avodoxin reductase/�avodoxin system (Blaschkowski et al.,
1982; Ifuku et al., 1994; Mulliez et al., 2001). During the reaction cycle, the [4Fe-
4S]1+ cluster donates an electron to SAM and it therefore has to be reduced for
subsequent reactions.
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Figure 2.12: Proposed reaction mechanism for the reductive cleavage of SAM (Walsby
et al., 2005).

The homolytic cleavage of the S�C-bond of SAM happens in two steps and
generates a 5'-deoxyadenosyl radical and methionine (Figure 2.12). SAM binds
to the free iron of the [4Fe-4S]1+-cluster by its amino and carboxyl groups. This
interaction has been studied by multiple spectroscopic techniques: EPR (Walsby
et al., 2002a), Mössbauer (Krebs et al., 2002) and ENDOR (Chen et al., 2003;
Walsby et al., 2002a;b). The wealth of spectroscopic data on one of the radical
SAM systems, PFL activating enzyme, was recently reviewed by Walsby et al.
(2005). Spectroscopic techniques such as EPR and ENDOR have contributed a
lot to our understanding of the structures and reaction mechanisms of radical
SAM enzymes. The binding interactions of SAM to the [4Fe-4S]1+-cluster,
studied earlier by spectroscopic techniques, was recently con�rmed by crystal
structures of radical SAM proteins (Berkovitch et al., 2004; Hänzelmann &
Schindelin, 2004; Layer et al., 2003; Lepore et al., 2005).
After binding, SAM receives an electron from the [4Fe-4S]-cluster and the re-
duced SAM is cleaved to the 5'-deoxyadenosyl-radical and methionine (Henshaw
et al., 2000; Ollagnier-de Choudens et al., 2002a; Padovani et al., 2001b). The
radical is so reactive that it has not been observed directly. It has only been
detected by EPR spectroscopy in lysine 2,3-aminomutase (LAM) with the help
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of a substrate analog, S -3',4'-anhydroadenosyl methionine (Magnusson et al.,
2001). In most of the radical generating reactions SAM acts as a cosubstrate and
is consumed in the process. LAM and spore photoproduct lyase are exceptions
to this rule: these enzymes use SAM as a true cofactor, which is regenerated
in the reaction cycle (Cheek & Broderick, 2002; Moss & Frey, 1987). The 5'-
deoxyadenosyl radical resulting from the cleavage of SAM abstracts a hydrogen
atom from an appropriately-positioned carbon atom in the substrate. This car-
bon can be either part of a small molecular substrate, creating a substrate radi-
cal, or a glycine residue in another protein as in the activation reaction of GREs.
Experiments with deuterium-labelled PFL have shown that the deuterium atom
is transferred to 5'-deoxyadenosyl, indicating that despite the buried nature of
the glycine (Figure 2.3), it interacts directly with the 5'-deoxyadenosyl radical
(Frey et al., 1994). The pro-S hydrogen of the glycine is stereospeci�cally ab-
stracted (Frey et al., 1994). In contrast to the relatively stable glycyl radicals,
the small molecular substrate radicals are very unstable and they have been
observed in only one of the enzymes, LAM (Ballinger et al., 1992; Wu et al.,
2000). The reaction steps following radical generation are speci�c for each rad-
ical SAM enzyme and are not the focus of this study, with the exception of the
reactions catalysed by GREs discussed in section 2.2.

2.3.2 Structural studies

The recently solved crystal structures of biotin synthase (Berkovitch et al.,
2004; BioB), coproporphyrinogen III oxidase (Layer et al., 2003; HemN), LAM
(Lepore et al., 2005) and MoaA (Hänzelmann & Schindelin, 2004) revealed the
general architecture of a radical SAM enzyme (Figure 2.13). BioB converts
dethiobiotin to biotin (vitamin H or B7); HemN, coproporphyrinogen III to
coproporphyrinogen IX in heme biosynthesis; MoaA, a guanosine derivative to
precursor Z in the �rst step of molybdenum cofactor biosynthesis; and LAM,
L-α-lysine to L-β-lysine in lysine metabolism. The structure of radical SAM
resembles a TIM-barrel, the most commonly observed fold in protein structures
(Nagano et al., 2002; Vega et al., 2003; Wierenga, 2001). In the case of BioB,
the barrel consists of a full TIM-barrel (αβ)8 but HemN, LAM and MoaA form
three-quarter-barrels (αβ)6. The active site in radical SAM enzymes reside, like
in TIM barrel enzymes, at the C-terminal end of the β-strands.
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Figure 2.13: Crystal structures of radical SAM proteins. The cartoon representation of
monomers of LAM, HemN, BioB and MoaA is shown. Iron-sulphur clusters are shown
as spheres and the conserved [4Fe-4S] cluster is the one on top in all four enzymes. It
is in contact with the conserved three-quarter-barrel core of the enzymes shown in full
colour. The additional C- and N-terminal parts are translucent. The �gure is based on
a similar illustration of HemN, BioB and MoaA by Hänzelmann & Schindelin (2004).
The image was created with Pymol (DeLano, 2002).

HemN is monomeric (Layer et al., 2003); BioB and MoaA are both dimers
(Berkovitch et al., 2004; Hänzelmann & Schindelin, 2004); and LAM is a homote-
tramer formed from domain-swapped dimers held together by coordination to
zinc (Lepore et al., 2005). BioB and MoaA both contain additional iron-sulphur
clusters: [2Fe-2S] in BioB and [4Fe-4S] in MoaA (Figure 2.13). Additional clus-
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ters have been observed in other radical SAM proteins (Cicchillo et al., 2004),
and predicted in some of the GRE activating enzymes. The activating enzymes
of BSS and GD contain two additional ferredoxin-like CX2CX2CX3C-motifs,
which are likely to bind an iron-sulphur cluster (Leuthner et al., 1998; Raynaud
et al., 2003). The pHPAD activating enzyme contains a four cysteine cluster
(CX2CX4CX3C), which may play a role in the controlled inactivation of the
system (Selmer et al., 2005).
Despite the generally low sequence identity in the radical SAM family (rang-
ing from 5 % to 26 %), bioinformatics studies predicted that GRE activating
enzymes would be structurally homologous to the full- and three-quarter-barrel
enzymes (Nicolet & Drennan, 2004). The smallest radical SAM protein, RNRIII
activating enzyme (160 residues), is predicted to form only a half-barrel struc-
ture, (αβ)4. The thee-quarter-barrel is the most common fold in the family and
it is possible that most of the GRE activating enzymes may have a similar core
structure as HemN, LAM and MoaA (Nicolet & Drennan, 2004). The modu-
lar structure, consisting of multiplications (αβ)2 units, would explain how the
substrates of the radical SAM enzymes can vary from a molecule of 10 atoms
to an 800 residue protein. The solved crystal structures are so far all of radical
SAM proteins that act on small molecule substrates. An interesting goal for
future investigations is how GRE activating enzymes interact with their protein
substrates. Instead of a small molecule binding next to the SAM and [4Fe-4S]
cluster, the hydrogen atom has to be abstracted from a glycine residue buried
inside the ten-stranded barrel of a GRE.

2.3.3 GRE activating enzymes

As there are no crystal structures available for the GRE activating enzymes,
structural information has been obtained by various spectroscopic methods
(Walsby et al., 2005). The most studied activating enzyme, PFL activating
enzyme, is a monomer of 28 kDa (Conradt et al., 1984). The recombinant form
of PFL activating enzyme was �rst characterised by Wong et al. (1993). The
production of protein required refolding and resulted in 20-fold lower speci�c
activity than the natural E. coli enzyme. E�orts to improve the process yielded
more active enzyme preparations by reconstitution of the iron-sulphur cluster
(Külzer et al., 1998) and by a strictly anaerobic production process (Broderick
et al., 1997; 2000). The activation reaction is extremely slow compared to other
enzymatic processes with a maximum observed turnover number of ∼5 min−1
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(Külzer et al., 1998). The Km for the protein substrate is 1.4 µm for PFL
system (Külzer et al., 1998).
GRE activating enzymes are di�cult to study as the cluster is very sensitive
to oxygen and decomposes easily. Usually, after puri�cation, the iron-sulphur
cluster is reconstituted from ferrous ammonium sulphate and sodium sulphide
with the help of a reducing agent (Külzer et al., 1998; Mulliez et al., 2001). Most
of the research has been done with the PFL activating enzyme and relatively
little is known about the activating components of other GRE systems. The
activating component (β) of a RNRIII system was thought initially to form a
tight α2β2-complex with the actual RNRIII (Ollagnier et al., 1996). It was
however later shown that a β2 dimer is able to activate multiple equivalents of
RNRIII dimer (Tamarit et al., 1999) and therefore it acts as a true activating
enzyme like other GRE activating enzymes.
In the characterisation of the BSS and GD systems, the activating component
was added in 10-fold excess to the reaction mixture, which was most likely
necessary because of the slow reaction and instability of the [4Fe-4S]-cluster
(Andrei et al., 2004; O'Brien et al., 2004). An important result was observed
during characterisation of the GD system. A serendipitous arginine to lysine
mutation occurred at the glycyl radical subunit and surprisingly the activating
enzyme was trapped in a complex with the dehydratase (O'Brien et al., 2004).
This mutation, indicating the activation route for GRE, is of great relevance
to the bioinformatics results presented in study II and hence will be discussed
in more detail in the experimental part (Section 4.3). In PFL the activation
reaction requires an "allosteric e�ector molecule", pyruvate or oxamate. It is
unclear how these compounds a�ect the activation process, especially as their
binding site in inactive PFL is next to the active site cysteine (Section 4.3).



Chapter 3

Methods

3.1 Methods used in studies I-III

Detailed descriptions of materials and methods used can be found in the original
publications I-III and the methods used in each study are listed in Table 1. The
methods used in the unpublished work are described below.

3.2 Protein crystallisation under anaerobic con-

ditions

Anaerobic protein work including crystallisation was done under anaerobic at-
mosphere. First crystallisation trials were done in an anaerobic chamber de-
signed for work with anaerobic microbes (Forma, Thermo Electron Corpora-
tion). Later, a chamber more suitable for protein puri�cation and crystallisation
was used (Coy laboratory products Inc.). The atmosphere inside the chamber
consists of N2 (90 %) and H2 (10 %). H2 is needed in order to reduce resid-
ual oxygen to water by a palladium catalyst. The �exible vinyl chamber was
modi�ed by the supplier to include a �tting for a stereomicroscope for visual
inspection of the drops. The standard method for transferring samples into the
chamber is through multiple vacuum and �ll cycles of the transfer chamber. In
addition to this, the anaerobic chamber was supplemented with the possibility
to use just a gas purge method to remove oxygen from the transfer chamber.

47
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Table 1: Methods used in the original publications.
Method Study
Molecular biology

DNA sequencing II
PCR II
Molecular cloning techniques II

Protein analysis
Analytical ultracentrifugation III
Bradford assay I, II, III
Dynamic light scattering II
Hydrophobic interaction chromatography III
Ion exchange chromatography I,II,III
SDS/native PAGE II
Size exclusion chromatography I, II, III
Small angle scattering III

Bioinformatics
Sequence comparisons II
Phylogenetic analysis II

Crystallography
Vapour di�usion III
Microdialysis I
Model building and re�nement I,III
Molecular replacement I, III
Structural alignment I,III

The transfer chamber is constantly �lled with nitrogen and the excess pressure
is relieved through a valve. This enables the transfer of liquid nitrogen into
the chamber for �ash freezing of the crystals. The chamber was stored in a
cold room at +10◦ C. This was done in order to keep the protein in at a lower
temperature during the crystallisation experiments. Lower temperatures e.g.
+4◦ C shorten the lifetime of the vinylic chamber drastically.
Activating enzyme for the crystallisation was produced and puri�ed under anaer-
obic conditions as a collaborative e�ort in Professor Joan Broderick's lab at
Michigan State University in Lansing (Broderick et al., 2000). Brie�y, the E. coli
culture was grown in a bench top fermentor and induced with IPTG when the
OD600 reached 0.6-0.8. The cells were grown for two more hours and cooled



49

to +4◦C. The medium was then purged with nitrogen or argon overnight. The
cells were collected and lysed with lysozyme under unaerobic conditions. The
protein was puri�ed with two gel �ltration steps inside an anaerobic chamber.
Protein samples were kept at -80◦C and transferred to the anaerobic chamber
frozen using multiple vacuum and purge cycles. The sample was then allowed
to thaw inside the chamber letting the catalyst to remove any possible contam-
inating oxygen. The reagents such as SAM and dithionate were transfered to
the chamber as a powder, when possible, to avoid transfer of dissolved oxygen.
Well solutions for crystallisation were transfered to the chamber on crystalli-
sation plates and solutions were equilibrated in the anaerobic atmosphere for
an additional 30 minutes before setting up crystallisation experiments. When
larger volumes of solution were transfered, they were purged inside the cham-
ber with an aquarium air pump for 30 minutes in order to remove remnants of
oxygen.
The hanging drop method was used for the crystallisation trials. The wells of a
VDX plate (Hampton Research) were greased before transfer to the anaerobic
chamber and a crystallisation drop was placed on a siliconised glass cover slip
placed on top of the well, sealed with grease. The drops were equilibrated inside
the chamber and monitored with a stereomicroscope.



Chapter 4

Results and discussion

A brief description of the results based on the published original communications
I-III is given here. In addition the crystallisation trials of E. coli PFL activating
enzyme are discussed.

4.1 Crystallisation of E. coli activating enzyme

Crystals of E. coli activating enzyme were obtained under anaerobic conditions
at room temperature as well as at 10◦C. Reddish needle clusters grew within a
week (Figure 4.1). The protein preparation (7 mg/ml) was in a bu�er containing
50 mM HEPES pH 7.2, 200 mM NaCl, 10 mM SAM and 5 mM dithionite. The
well solution (500 µl) contained 80 mM Tris-HCl pH 8.5, 1.6 M ammonium
dihydrogen phosphate and 20 % glycerol. The crystallisation drop consisted of
2 µl of protein and 4 µl of well solution.
Although the crystals were fragile, as protein crystals tend to be, they were un-
suitable for di�raction experiments due to their morphology as well as di�rac-
tion capabilities. One of the tested crystals showed weak scattered di�raction
to ∼8 Å resolution on a home source with long 30 minute exposure time. The
morphology of the crystals remained the same despite e�orts to improve the
crystals by varying concentrations in the crystallisation mixture, seeding, and
screening of additive compounds. Among tested compounds were S -adenosyl
homocysteine as a SAM analog; ferrous ammonium sulphate to regenerate pos-
sibly decomposed iron-sulphur clusters; and pyruvate as a potential allosteric
e�ector.
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Figure 4.1: Crystals of the studied proteins grown by di�erent techniques. (A) Needle
clusters of E. coli PFL activating enzyme. The reddish crystals with a maximum length
of ∼50 µm were grown anaerobically in a hanging drop. (B) Tetragonal crystals of
E. coli PFL at the bottom of a microdialysis button surrounded by some precipitated
protein. The diameter of the largest crystal in the �gure is ∼300 µm (C) Plate like
crystals of A. fulgidus PFL2 on a surface of a sitting drop. The largest dimension of
the crystal is ∼300 µm, but the thickness of the plate is only ∼30 µm.

An interesting feature of the crystals, consistent with the idea that activating
enzyme is inactivated by oxygen, was that, when transferred to the ambient
atmosphere, the crystals disappeared within a minute after opening and closing
of the well. This indicates that the iron-sulphur cluster decomposes due to the
exposure to oxygen and the conformation of the protein changes so that it no
longer crystallises. This is the �rst report of crystalline GRE activating enzyme.

4.2 Substrate complex of PFL - Study I

The crystallisation of E. coli PFL in complex with pyruvate was accomplished
essentially as reported for PFL with oxamate (Becker et al., 1999). Crystalli-
sation in dialysis buttons enabled me to change the bu�er to a cryogenic one
containing 1 M DL-threitol (Figure 4.1). The �ash frozen crystal di�racted to
2.7 Å resolution at the synchrotron. The structure was solved by molecular
replacement and pyruvate molecules were found in both active sites. This was
unexpected, as earlier solution studies showed that only one pyruvate molecule
would be bound per dimer (Knappe & Wagner, 1995). Furthermore, solution
studies had suggested that binding would be covalent, but neither the crystal
structure with pyruvate reported in study II nor the higher resolution structure
by Becker & Kabsch (2002) show such binding.
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Figure 4.2: Comparison of pyruvate (PYR) and oxamate (OXM) bound to the active
site of PFL. Carbon atoms of the crystal structure solved at 2.7 Å resolution described
in Study II (PDB id. 1MZO) are shown in blue. The higher resolution (1.5 Å)
PFL pyruvate complex is shown in cyan (PDB id. 1H16) and PFL-oxamate complex
(1.75 Å) in magenta (PDB id. 1H17; Becker & Kabsch, 2002). Water molecules near
the active site are shown as small spheres. Despite the di�erence in the resolution at
which the structures were solved, the resulting models are very similar. The rmsd's
for Cα:s are: 0.270 between 1MZO and 1H16, 0.266 between 1MZO and 1H17 and
0.060 between 1H16 and 1H17.

Pyruvate binds, like oxamate (Becker et al., 1999), close to Cys418 (Figure 4.2).
The distances between the carbonyl carbon of pyruvate and the sulphur of cys-
teine are 3.0 Å for Cys418 and 5.8 Å for Cys419. Two arginines, Arg176 and
Arg435, bind the negatively charged pyruvate from opposite sides (Figure 4.2).
A small rotation between the binding modes of pyruvate and oxamate results
from the interactions of the amino group of oxamate versus methyl group of
pyruvate. Pyruvate forms better hydrophobic interactions with the surround-
ing hydrophobic Phe, Ala and Trp residues. This result was not expected as
oxamate is an inert analogue of pyruvate: it can replace pyruvate in the acti-
vation reaction, but it is neither a substrate nor an inhibitor of PFL (Knappe
et al., 1974). All the structural studies with GREs have been done with inactive
enzymes and it is likely that conformational changes occur during the activa-
tion. The binding of CoA also requires conformational changes both in CoA as
well as in the protein. The crystal structure of PFL with CoA in the "waiting
position" is consistent with the predicted changes as it is located on the surface
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of the protein far from the active site (Becker & Kabsch, 2002). Because of the
conformational changes, it is not clear that the crystal structures are snapshots
of an enzyme in action, but maybe rather of an enzyme waiting to be activated.
All the structures of PFL so far are highly symmetric. Pyruvate was found
in both active sites, but did not induce any signi�cant conformational changes
in the structure. A biological dimer was found in the asymmetric unit of the
crystal, and the monomers are very similar to each other. Therefore, noncrystal-
lographic symmetry restraints between the monomers was used in the re�nement
as the resolution was only moderate. In the other crystal form the monomers
are actually identical by crystallographic symmetry regardless of bound pyru-
vate, oxamate or CoA (Becker & Kabsch, 2002). The activated enzyme is not
symmetric as only one radical can exist in a dimer. Conformational change dur-
ing activation must occur as the activating enzyme abstracts a hydrogen atom
directly from the glycine buried 8 Å from the surface of PFL. This change will
be discussed later in more detail (Section 4.3). If the binding site of pyruvate, or
oxamate, described here is the allosteric site, it is not evident from the structures
how pyruvate would enable such a conformational change. It is also still possible
that the true allosteric site lies on the activating enzyme and the site described
here represents adventitious binding due to the high concentration of pyruvate
used (25 mM). No other pyruvate binding sites were found in the structures.
Structural information from the activated enzyme is needed to understand the
asymmetry required for the half-of-the-sites activity and catalysis.

4.3 GREs of unknown function - Study II

As the genome sequences provided lots of new data on unknown GRE enzymes,
I decided to clone one of the unknown glycyl radical enzymes, annotated as A.
fulgidus PFL2. The gene coding for a radical SAM protein, likely to be its acti-
vating enzyme, is immediately downstream of the PFL2 gene. The rationale for
choosing this enzyme was that, as A. fulgidus is a hyperthermophilic organism,
the glycyl radical, once generated, would be more stable at ambient tempera-
ture. I hoped this would further increase the temperature related stability seen
experimentally in E. coli PFL: the E. coli PFL radical is more stable at 4◦C
than at 30◦C (Knappe et al., 1984).
Overexpression of PFL2 required the use of an E. coli Rosetta strain, because the
DNA sequence contains rare codons, especially for arginine residues. The PFL2
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content was �nally estimated to be ∼10 % of total protein. On native-PAGE the
protein migrated as three distinct bands, indicating loose but higher oligomeri-
sation than for the dimeric E. coli PFL. Dynamic light scattering (DLS) exper-
iments suggested that the protein was mainly a trimer. This was later shown
to be false (Section 4.4). The higher oligomerisation together with the new
sequence information available prompted me to analyse and recharacterise the
PFL family sequences (Study II).
The sequence comparisons and the conserved areas were compared with the
crystal structure of E. coli PFL, which was the only structure of a PFL family
enzyme available at the time. The overall conservation patterns revealed that
conserved residues were mostly involved in preserving structure rather than
function (Figure 4.3). This lead me to propose that, in the future, PFL family
enzymes will be shown to catalyse an even wider variety of reactions than is
known to date. The PFL family was organised into �ve groups based on phylo-
genetic analysis. The groups were named by the characterised enzymes within
the group if there was one: BSS, GD, CCPFL (PFL-like with two cysteines
in the active site). Two of the groups did not include any characterised en-
zymes and were therefore called CPFL (only one cysteine in the active site) and
SHORT. The SHORT group contains sequences that are signi�cantly shorter
(∼500 aa) than other sequences in PFL family. The sequences in this group
were not previously annotated as GREs.
Sequence comparisons showed that only three residues in the active site were
conserved throughout the PFL family: the glycine bearing the radical, the argi-
nine of the glycine loop positioning the loop and the active site cysteine close
to the glycine (Cys419 in PFL; Figure 4.3). Many other residues close to the
active site show conservation but only within a group. The most important ones
are residues corresponding to Cys418 and Ser733 in E. coli PFL. The residue
correponding to Cys418 can also be either a serine (SHORT) or a glycine (CPFL
and GD). In the BSS group it is either a leucine or a glycine. Ser733 can be
either threonine (SHORT) or alanine (GD and CPFL). Again, the BSS group
is an exception and the residue can be either serine or alanine. Conservation
patterns seen in the active site residues indicate that enzymes within at least
the BSS group might catalyse di�erent reactions. Notably, both of these highly
but di�erentially conserved residues, Cys418 and Ser733, are adjacent to the
absolutely conserved ones, Cys419 and Gly734.
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Figure 4.3: Conserved sequences in PFL family plotted on the PFL structure. (A)
overall view showing the molecular surface and cartoon representation of the protein
chain. Conserved sequences are coloured blue and conserved hairpin loops are coloured
red. CoA is shown in green in the "waiting position". (B) Conserved residues around
the glycine loop. Water molecules residing between the glycine loop and helix P are
shown as blue spheres. The �gure is reproduced with permission (Study II).
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Figure 4.4: Interactions of the conserved asparagine residues with the glycine loop in
E. coli PFL. The �gure is reproduced with permission (study II).

Also outside the active site some residues are absolutely conserved. Of special
interest are two conserved residues, Arg753 and Asn706 (Figure 4.3). Arg753
binds a surface helix (helix P in �gure 4.3) to the glycine loop and interestingly,
a layer of water molecules can be seen in crystal structures between the helix
and the glycine loop. As this water layer will provide �exibility to the pro-
tein, I proposed this position as the activation route. This hypothesis has also
some experimental support, as during the characterisation of GD, serendipitous
mutation of this residue to lysine captured the GD-activating enzyme complex
(O'Brien et al., 2004). This activation route is located on the outside of the
PFL dimer, making both of the active sites accessible to the activating enzyme.
The conformational change occurring during activation also has to be somehow
transmitted to the idle active site to explain the half-of-the-sites reactivity seen
in GREs (Section 2.1). As the binding of pyruvate to the inactive PFL does not
induce such a change (Section 4.2), radical formation itself has to be responsi-
ble for half-of-the-sites reactivity. Also, the location of the activation route on
distal sides of the PFL dimer suggests that it is indeed the sp3 to sp2 change
of the glycine that induces the conformational change that makes the second
monomer inaccessible to the activating enzyme.
Asn706 positions the glycine loop by forming an unusual hydrogen bond be-
tween Nγ and the mainchain nitrogen of Gly734, which stores the radical when
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the enzyme is activated (Figure 4.4). The environment clearly supports this
particular orientation of the side chain as carbonyl group of Asn706 is making
hydrogen bonds to the Arg731 of the glycine loop. Interestingly the residue
corresponding to Asn706 is Asp in RNRIII (Logan et al., 1999). This di�erence
between the PFL and RNR enzyme families may contribute to the di�erences
seen in the anisotropic components of the EPR signal between RNRIII and other
GREs (PFL and BSS) (Duboc-Toia et al., 2003; Section 2.1).

4.4 Structure of A. fulgidus PFL2 - Study III

Crystallisation of PFL2 was achieved by vapour di�usion in sitting drops. A
drop of protein and well solution in a 1:1 ratio was incubated above a well
solution consisting of 80 mM HEPES pH 7.5, 16 % PEG-8000, 8 % isopropanol,
160 mM ammonium sulphate and 1 mM DTT. Plate-like crystals appeared
overnight (Figure 4.1). Di�raction data were collected at 100 K temperature
on a synchrotron, where the �rst tested crystal di�racted to 2.9 Å resolution.
This is still the best resolution obtained from the PFL2 crystals. The space
group of the crystal is C-centred orthorhombic, C222, with unit cell axes of
relatively similar lengths (167, 174 and 162 Å). A three-fold symmetry element
was identi�ed in the di�raction data, which was �rst taken as con�rmation of
the trimeric nature of the protein, thus supporting the observations of study II
(Figure 4.5). The three-fold was however not complete as it related only two
PFL2 monomers found in the asymmetric unit. The molecule placed in the
third position was generated by space group symmetry and was in a completely
di�erent orientation.
The asymmetric unit of PFL2 crystals consisted of two monomers, but the
interaction between these molecules is very weak. Crystal packing suggested
that the biological oligomer would be a tetramer. The discrepancy between the
DLS data and the crystal structure prompted us to characterise the oligomeric
state by small angle x-ray scattering (SAXS) and analytical ultracentrifugation.
The small angle scattering curve of PFL2 was compared with all the possible
oligomers generated based on crystal packing. It was clear that the tetramer
seen in the crystal �tted the data best. Analytical ultracentrifugation results
showed that PFL2 sample consisted of a mixture of di�erent oligomers as the
apparent molecular weight was higly dependent on the concentration of the
sample. Di�erent possible equilibrium models were analysed and the model
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Figure 4.5: Self rotation function calculated at χ=120◦ with MOLREP of CCP4 pack-
age (Collaborative Computational Project Number 4, 1994; Vagin & Teplyakov, 1997).
The four peaks generated by symmetry from the peak at θ=55◦ and φ=45◦ indicate
the presence of three fold symmetry in the crystal in addition to the symmetry elements
of the C222 space group.

�tting the data best had three di�erent oligomeric states, 1 ⇒ 2 ⇒ 4. The
result from both SAXS and ultracentrifugation, agreed that the oligomeric state
of PFL2 is indeed a tetramer � a dimer of PFL-like dimers. This surprising
result makes PFL2 an exception in the PFL family, but also relates it loosely
to pHPAD, which is a hetero-octamer β4γ4 (Andrei et al., 2004).
The monomer structure of PFL2 is more similar to GD than to PFL, although
the rmsd of corresponding Cα atoms is under 2 Å in both cases. The ten
stranded barrel is conserved between these enzymes but the surrounding sec-
ondary structures are somewhat di�erent. This also a�ects the orientation of
the monomers with respect to each other in the PFL dimer. Monomers in the
PFL-like dimer are rotated with respect to each other along the axis running
through mass centres of the monomers. The rotation in comparison with E. coli
PFL is 40◦ for GD and 47◦ for PFL2. The di�erences in the dimeric structures
are interesting with respect to the half-of-the-sites reactivity of GREs. It is
not known yet how many radical glycines the PFL2 tetramer contains when
activated, and the structural comparisons do not yet explain why only half of
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the active sites form radicals. In heterooctameric pHPAD, only half of the
monomers contain a radical, similarily to other GREs (Selmer & Andrei, 2001).
PFL2 came from a hyperthermophilic organism, A. fulgidus, and therefore the
possible structural features contributing to the stability of the protein struc-
ture were analysed. It is possible that the higher oligomeric state of PFL2
contributes to the thermostability of the enzyme, but also several other known
mechanisms were identi�ed from the crystal structure when compared with GD
from mesophilic Clostridium butyricum. PFL2 contains additional ionic inter-
actions at the oligomeric interface in the PFL-like dimer. Furthermore, on the
surface of PFL2 there are more ionic interaction networks. In total, PFL2 con-
tains more salt bridges than GD or PFL (73 versus 63 and 48). The N-terminus
of PFL2 is also shorter and anchored to the protein with salt bridges. In addi-
tion, the di�erences in the buried charges of PFL2 result in better interactions
and better hydrophobic packing of the protein than in GD. Two speci�c exam-
ples of potentially destabilising and stabilising buried charges were identi�ed.
Asp527 of PFL2 makes multiple favourable hydrogen bonds to backbone amides
and to two serine residues. It also binds a surface loop to the core protein. In
contrast, a buried Asp506 in GD is highly unstabilising. It makes hydrogen
bonds to sidechain hydroxyl and to the backbone carbonyl group of a serine,
the latter of which is very unfavourable: it is only possible if Asp506 is proto-
nated. Asp506 is positioned in a very hydrophobic environment indicating that
it might indeed be protonated.
Two small-molecule binding sites were assigned based on the additional electron
density found in the PFL2 structure: in the active site next to the cysteine
residue (Cys426) and in a tunnel leading from the surface of the protein to the
active site (Figure 4.6). The active site density was modelled as glycerol and
the density in the tunnel as a part of a PEG molecule (triethyleneglycol). The
resolution of the structure is rather modest, 2.9 Å, and therefore the orientation
of the compounds should be treated with caution, but it appears that glycerol
is either a substrate or a product analog of PFL2. Further supporting this idea,
of the reactions catalysed by GREs (Figure 2.2), only the substrate of GD,
glycerol, could appropriately bind to the active site of PFL2. The active site
cavity in PFL2 is bigger than in GD due to di�erences in the sequence: Met632
and Asn332 in PFL2 replace Ser332 and Tyr339 in GD (Figure 4.6). Despite
these changes, the binding of glycerol is supported by the active site residues in
both enzymes. Glycerol is, however, in a slightly di�erent orientation in PFL2
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Figure 4.6: Small molecule binding sites found in the crystal structure of PFL2
(Study III).(a) A comparison of the active sites of PFL2 (brown) and GD (blue).
A glycerol molecule was found in both structures but in di�erent orientations. The
distances of hydrogen bonds are shown in Å. The �nal σA weighted 2F o-F c electron
density around the glycerol in PFL2 is shown at 1σ. (b) The tunnel leading from
the surface of PFL2 to the active site. F o-F c density found in the tunnel and in the
active site is contoured at 3 σ. A part of PFL2 is shown as a brown cartoon model
and the active site Cys426 and Met632 are shown as sticks. The �gure is reproduced
with permission (Study III).
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than in GD, because of the changes in the active site residues. Importantly,
the atoms C1, C2, O1 and O2 of glycerol, participating in the dehydratation
reaction, align well between GD and PFL2. Also the cysteine (Cys426 in �gure
4.6), is positioned appropriately for the hydrogen atom abstraction from the C1
carbon of glycerol.
The most important change in the active site is that the histidine residue, pro-
posed to be critical for the GD reaction (His281 in �gure 2.9), is not conserved
in PFL2 but is replaced by a rather inert glutamine (Gln271). The second his-
tidine, His164, of GD is conserved. Therefore it seems that this histidine is the
required acid-base catalyst in the dehydratation reaction � perhaps also for GD.
Based on the PFL2 structure at 2.9 Å resolution, it cannot be completely ruled
out that the additional electron densities in the active site and in the tunnel
leading to the active site form a binding site for a single unknown molecule or a
glycerol-like molecule and a co-substrate. The tunnel leading to the active site
(Figure 4.6) is surrounded by hydrophobic residues in PFL2 while in GD it is
more polar and occupied by a continuous chain of water molecules. This may
indicate a di�erence in the nature of the substrate entering through or binding
to the cavity. The current structural information, however, indicates that PFL2
may be a dehydratase, using perhaps a slightly bigger substrate than glycerol
due to the larger active site cavity.



Chapter 5

Conclusions

In this study it is shown for the �rst time that it is possible to get crystalline
material from a GRE activating enzyme. The results with E. coli activating
enzyme raises hope in �nding suitable crystals for structure determination.
The binding mode of pyruvate to PFL revealed that the e�ector compounds
required for activation, pyruvate and oxamate, bind to the same position in
the active site of PFL. My work shows that mechanisms based on the static
structures of inactive PFL need to be considered as still unproven, because
large-scale conformational changes must occur during activation. All the solved
structures show identical dimeric structures of PFL, although in the activated
enzyme the dimer is clearly asymmetric. This results in the half-of-the-sites
reactivity seen in all characterised GREs � behaviour that can not be explained
by current structures.
Critical conserved residues of GREs were identi�ed from the bioinformatics stud-
ies. The enzymes were grouped into �ve phylogenetic groups, one of which
contained previously unidenti�ed short GREs. The sequences were compared
between and within the groups and clear di�erences in residues surrounding the
active site were found between groups. This analysis suggested that the en-
zymes in BSS group may catalyse di�erent reactions or use di�erent substrates.
The sequence conservation was also mapped to the E. coli PFL structure and
this analysis revealed that the conservation in PFL family is scattered, preserv-
ing structure rather than function. Based on this analysis, important residues
surrounding the radical containing glycine loop were assessed. The work also
suggested that the activating enzyme might bind on the distal sides of the PFL-
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like dimer. Arg753 would thus be an important player in the activation process
and a water layer positioned between a surface helix and the glycine loop pro-
vides the necessary �exibility to the structure.
The crystal structure of a thermostable GRE with an unknown function suggests
that the PFL2 from A. fulgidus is a dehydratase. The active site is slightly larger
than in GD and a tunnel leading from the surface of the protein to the active site
is more hydrophobic than in GD. A glycerol molecule was found in the active
site of PFL2, which together with the orientation of the glycerol with respect
to the active site residues, indicate that PFL2 is a dehydratase. The conserved
histidine, suggested to be less important in GD, is proposed as the key acid-base
catalyst in the reaction. As the PFL2 active site is slightly larger than that of
GD, the true substrate might be larger than glycerol. Analysis of the structural
features a�ecting the stability of PFL2 suggested that increased stability is the
sum of multiple factors: an increased number of ionic interactions, improvement
in burial of charged residues, truncation and anchoring of N-terminus and loops,
and perhaps the higher oligomeric state.
Important milestones for future studies are: a crystal structure of an activated
GRE, a structure of an activating enzyme, and a structure of an activating
enzyme in complex with a GRE. These three structures would let us to describe
how the activation reaction and the �rst steps of the GRE-catalysed reaction
happen.
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