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1. INTRODUCTION

The most important role in life is played by males of a great complexity,
nucleic acids and proteins. Due to their submiapgxsizes, these molecules cannot be
visualized using the common tools for biologicadaarch. Using the highly advanced
methods to investigate the molecules of life allesegentists to understand properly
their structure, function and the processes theticgzate in. This knowledge can be
applied in various areas of human concern like pieej pharmacy, food production or
agriculture. This is the reason why | have chogarctural biology for my postgraduate
research. The research addressed in this Ph.Dis thas been concerned with the
investigation of the atomic structure of a proteivolved in oxidative stress response.
The most common and therefore well-developed metiio¢iray crystallography was
used in this study. Let me introduce first the ogasfor studying the protein structures
and then the particular protein studied in thigaesh.

1.1. What can we learn from the protein structure

Proteins are macromolecules crucial for survivalabfliving organisms. They
have evolved to perform a variety of functions. ifhdifferent roles, like catalysis,
structure building, transport, immune responseedr recognition, are reflected in the
range of distinct three-dimensional (3D) structutbsy can acquire. So far the
structures of more than 40 000 proteins and prbteicleic acid complexes have been
determined, according to the Research CollaboratdryStructural Bioinformatics
(RCSB) Protein Data Banlhifp://www.pdb.org/ Bermanet al., 2000). The essential

features of protein structure emerging from studiea large number of proteins were

summarized by Branden and Tooze (1999). The protelecules are polymers built up
from 20 different amino acids linked by peptide dsrio form polypeptide chains.
Amino acids along the polypeptide chain interactoion secondary-structure elements
known asa helices and3 sheets. The spatial arrangement of the secontiaigtise
elements is called protein fold, and it determines the shape of the functionetl gfa
the protein, the active site. The fold ensures tiratfunctionally-important amino acids
are brought to proximity to participate on activte $ormation. The composition and
structural arrangement of the active site is tlogeefcrucial for the function of the
protein. Proteins of certain functions have a cottaréstic fold. There is a limited
number of possible protein folds due to geometoastraints restricting the spatial
arrangement of polypeptide chains. Nowadays the bashe known protein structures



iIs wide and therefore the chances of finding aytndw fold upon determination of a
new protein structure have become low. A new foddrt been found since 2009
according to the statistics presented by the RCBB @ttp://www.pdb.org/ Bermanet

al., 2000). This means that there is a high probgtidit the newly-determined protein
structure to share the same protein fold with sofrtbe protein structures deposited in
the PDB. Based on structural similarity possiblactions may be predicted for the
protein of which the function is unknown. On théet hand, an unexpected similarity
to a known protein fold found for a protein perfangn some peculiar function may
reveal a new functional aspect for this proteirdfol'aken together, accumulating of
structural data improves our understanding of thecture-functional relationships for
the existing protein folds.

Proteins with sequence identity approximately ali@¥#% share the same fold and
possibly also the function. They are consideredutiamary related. Together they form
a family of proteins. Considering the sequence similarity of the pratesharing the
same function and evolutionary origin, it is sudggdsthat the functionally important
residues in the protein sequences are most comst#raigh evolution (Murzin, 1996).
The 3D structure of a protein can be predicted dmypdlogy modeling. In this method,
the protein with known experimental structure ssras a template for building of a
structural model of a homologous protein from thee family, of which the structure
has not been determined yet (Paerddl., 2004)

Since a large number of protein structures have lbeeovered many structural
databases have been developed to sort out theirpsituctures. The database called
Structural Classification of Proteins (SCOP) (Maret al., 1995) classifies the proteins
based on the 3D structure of individual domainy ttansist of. A domain is a compact
globular structure that folds independently andoften associated with a specific
function. The single polypeptide chain can foldionhe or several domains. Classifying
the proteins according to the structural similestis useful due to the implications of
the functional and evolutionary relationships ightiindicate.

In summary the investigation of the three-dimenaiostructure of proteins
contributes significantly to understanding of thendtional and evolutionary
relationships between proteins. The knowledge ofgim structure is a prerequisite for
understanding of their functions, for learning thechanisms of their action and the
possibilities of their control. Proteins are bastieictural and functional constituents of

all living organisms which provides many applicas of the structural research of



proteins in practical life, e.g. in medicine, drdgsign, agriculture, food industry or
other indusrial branches.

This thesis presents the structural study of a dowgy member of a recently-
discovered family of flavoproteins, WrbA. Based tre sequence similarity with
enzymes known as quinone oxidoreductases, the mendieWrbA family were
suggested and later experimentally confirmed talga¢ two-electron reduction of
quinones, which is the mechanism implicating theeeymes in the cell protection

against oxidative stress.
1.2. Tetrameric flavoprotein WrbA

1.2.1. First reports on WrbA

The protein investigated in this research is a umitgtrameric flavoprotein WrbA
from Escherichia coli. It is a small protein, with molecular weight df RDa, built up of
198 amino acids. The first reference to this prowates back to 1993 when it was
reported as a protein co-purifying with the trygiap repressor protein, TrpR. With
reference to its discovery the protein was namggtdphan(W repressor-imding
protein A WrbA. The interaction of WrbA with TrpR was thgit to enhance the
stability of DNA binding by TrpR, and thus to haedfect on the biosynthesis of
tryptophan in prokaryotes (Yarg al., 1993). However, this role for WrbA was put
under question, because of no specific effect obAVon TrpR-DNA binding was
observed (Grandost al., 1998).

The proper biochemical function of WrbA had not thé@mown for a few years.
The role for WrbA was estimated mainly from its seqce analysis and biochemical
studies done on the purified protein. Sequenceysaisaland homology modeling
identifiedE. coli WrbA as a prototype of a new family sharing thelfaiith flavodoxins
(Grandori and Carey, 1994). Biochemical studiesEorcoli WrbA expressed and
purified from the recombinant strain Bf coli (Grandoriet al., 1998) confirmed flavin
mononucleotide (FMN) as the physiological cofaadrWrbA. Compared to typical
flavodoxins the binding of FMN to WrbA was found toe relatively weak,
corresponding to differences in the flavin-bindipgcket predicted by homology
modeling (Grandori and Carey, 1994). Presence dNFd a cofactor and similarity to

flavodoxins indicated WrbA to be involved in red@@actions.



1.2.2. WrbA is an NADH:quinone oxidoreductase

Due to the efforts made in sequencing and strulcggaomics, large numbers of
protein sequences and the 3D structures of manteipso became available. The
number of WrbA homologues increased significantlyshow that the WrbA family is
widely distributed in living organisms, from bagterto fungi and higher plants.
Phylogenetic analysis revealed strong sequencdasityiof the members of WrbA
family with the reported NAD(P)H:quinone oxidoredases (Nqos) (Laskowskt al.,
2002; Daheret al., 2005). Some characterized fungal and plant Ngeseweven
identified as members of the WrbA family, suggesgtihat WrbA family might share
this function. Finally in 2006, Patridge and Feesperimentally confirmed th&. coli
WrbA and its homologue iArchaeoglobus fulgidus (43% sequence identity . coli
WrbA) display quinone oxidoreductase activity, sfamring electrons from NADH as
the preferred electron donor to a number of difierguinones (Patridge and Ferry,
2006). Enzymes with NAD(P)H:quinone oxidoreductassivity are proposed to
maintain quinones in fully reduced state in oraepiotect cells against harmful oxygen
radicals arising from one-electron redox-cyclingngenet al., 2002; Coheret al.,
2004; Jaiswal, 2000; Morre, 2004; Wasdgal., 2006; Gonzalert al., 2005; Talalay
and Dinkova-Kostova, 2004; Bianchett al., 2004; Ross and Siegel, 2004).
Correspondingly to the suggested cell-protectivehmaismvia the full reduction of
quinonesE. coli WrbA was shown to transport two electrons at atmesulting in the
full reduction of the quinone acceptor (Néllal., 2006). The proposed antioxidant role
of WrbA is also supported by the results of expmssstudies showing that
transcription of WrbA is controled by the stressp@nse gen&poS (Lacour and
Landini, 2004) and a wide range of external stnesssuch as acids or,6 induce
WrbA'’s expression (Chang al., 2002; Tuckeet al., 2002, Kanget al., 2005). Based
on the given evidence the quinone reductase actah be considered as a common
feature of WrbA family involving its members in tbgidative-stress response.

1.2.3. Unique features of WrbA family

E. coli WrbA was the first characterized member of the Wfbasily. According
to sequence analysis, homology modeling and biowastudiesE. coli WrbA and its
homologues possess several features distinct fypioal flavodoxins. The sequences of
WrbAs display insertions to the core sequence afadtloxins predicted to form

additional secondary-structure elements (Grandond aCarey, 1994). Unlike



flavodoxins, WrbAs are capable to form dimers aetdatners in solution. The structural
elements additional to the flavodoxin fold have rbemiggested to form a unique
subdomain responsible for tetramerization. (Grandbral., 1998, Natalelloet al.,
2007). The last distinctive feature is relatedn® ¢ofactor, FMN. FMN binds to WrbAs
much weaker than to flavodoxins, which reflectgloan differences between their FMN-
binding sites. Considering the oxidoreductase agtof WrbAs, FMN is involved in
different reaction mechanism in WrbAs than in fldesins. Flavodoxins use FMN for
the single-electron transport to protein partnengngas in WrbA, FMN is involved in
the two-electron reduction of quinones. The eukiicydqos use different flavin
cofactor, FAD, for the two-electron transport. Sosmgnificant effects of FMN on the
WTrbA structure has been shown as well. FMN bindsegms to be connected with
global reduction in protein dynamics and shift bé tsubunit assembly equilibrium
towards tetramers, as shown by Nataletlal. (2007). FMN has been found as a factor
improving crystallizability ofg. coli WrbA (Paper 2 Wolfovaet al., 2007), indicating
the influence of FMN binding on the WrbA structuténderstanding of the unique
features of WrbA family with respect to its molemustructure has inspired the pursuit

of the crystal structures of WrbA.
1.2.4. Structural information on WrbA family

A number of crystal structures of WrbA from diffatebacteria have been
deposited in the RCSB PDBt{p://www.pdb.org/ Bermanet al., 2000). However, the
structural analyses have been published only f@etinepresentatives of WrbA family:

WrbA from Deinococcus radiodurans , WrbA from Pseudomonas aeruginosa (Gorman
and Shapiro, 2005) and WrbA froscherichia coli (Andradeet al., 2007; Carewt al.,
2007; Wolfovaet al., 2009). These structural investigations have cordd that the
WrbA monomers share the fold with flavodoxins. Tdeatral fold consists of a central
five-stranded parallgb-sheet sandwiched by five-helices, which is generally known
as ana/[3 open-sheet fold. A binding site for FMN is locaiaebetween the three loops
at the carboxy-edge of thf&sheet. Each loop participates in binding of ong pa
FMN, the isoalloxazine ring, the ribityl and the gsphate group. Two additional
structural elements, each of them forming a looptaiaing onea-helix have been
found flanking the core flavodoxin-like fold. Theséditions correspond to sequence
insertions proposed to be unique for the WrbA fgmilhe WrbA monomers have been

found to form homotetramers that bind one FMN malecper monomer, so each



tetramer contains four independent FMN-bindingssieetramer has been suggested as
the obligatory functional assembly as residues fitbm three neighbouring subunits

cooperate to form the FMN-binding site (see Fi@).2.

flavodoxin-
like domain

Figure 2.1. Structural models of WrbA frork. coli (PDB ID: 2R96, Wolfovaet al.,
2009): A) monomer; B) tetramer, FMN is shown irtlesi.

The first published crystal structures of WrbA fr@mwainococcus radiodurans and
Pseudomonas aeruginosa (Gorman and Shapiro, 2005) have provided the basic
structural information including the main fold of ldA monomers, FMN-binding
interactions and the tetramer assembly. Taking &toount that WrbA fromD.
radiodurans displays structural adapatations typical of thigesrophilic organisms, and
that the structures of WrbA from the mesophRicaeruginosa are disordered in the
segments characteristic of WrbA family, crystalistures of other members of WrbA
family have been required to precisely define tieque features of WrbAs and to
understand their functional implications. Crystalstures of the prototypicdt. coli
WrbA (Andradeet al., 2007; Caret al., 2007; Wolfovaet al., 2009) have extended
the structural knowledge of WrbAs significantly. rék crystal structures d&. coli
WrbA: two structural models of WrbA in complex withMN, here referred to as
holoWrbA, and a structural model of the unliganded formreheeferred to as
apoWrbA, are presented in this thesis as major outcomesirofesearch (Carey al.,
2007; Wolfovaet al., 2009). The structure of apoWrbA was determinethathighest



resolution ever reported for WrbA apoprotein ansl structural comparisons with
holoWrbA allowed the investigation of the respomsethe WrbA structure to FMN
binding. Extensive comparative analyses of all WA crystal structures with the
related flavodoxins have provided the key to ttractural explanation of the unique
features of WrbA and their contribution to the st function of WrbA Paper 4
Wolfova et al., 2009). In Careet al. (2007) Paper 5 the focus has been given to
structural comparisons of the active site E&f coli holoWrbA with those of the
functional homologue mammalian Ngo and flavodoxirorder to clarify the structural
accounts for the oxidoreductase activity of WrbAs auggest the possible mechanism
of this function. The functional arrangement of tlsebstrates, NADH and
benzoquinone, in the active site of holoWrbA hasrbproposed. Our suggestions have
been supported by the crystal structure Eof coli holoWrbA in complex with
benzoquinone (PDB ID: 3B6K, Andra@eal., 2007) that have confirmed the position
of benzoquinone in the active site proposed bystuctural model. These authors have
presented the crystal structure Efcoli holoWrbA in complex with NADH as well,
however this substrate has been found in the noctifinal position, leaving our

proposed position for NADH in the active site expentally unproved.
1.2.5. Aims of the structural research ork. coli WrbA

The structural research on WrbA frdincoli has been inspired by the unique, and
largely unknown, standing of this protein among oltiger flavoproteinsk. coli WrbA
is a founding member of the novel family of flavofgins displaying unusual
biochemical and functional features with respectthe close-related flavodoxins:
tetramerization, weak FMN binding and quinone oradluctase activity. At the
beginning of our research, structural informatioaiable on WrbAs was rather scarce
to rationalize the unique features defining the Wramily and to understand the
relationship of WrbAs to other flavoproteins. THere our work has been aimed at
extending the structural knowledge of this disivetfamily of flavoproteins and
clarifying its structural and functional relatiomghto flavodoxins and quinone
oxidoreductases. The structural information hasnbgarsued with a perspective to

understand the role of WrbAs in the living orgarssm



Main goals pursued in this research:
Crystallization of thee. coli WrbA in both forms — apoWrbA and holoWrbA.

Solving the crystal structures based on the X-iffyadtion data collected on the

obtained crystals and their deposition into the PDB

Detailed comparative analysis of the crystal stmes of apoWrbA and
holoWTrbA to investigate the effect of FMN binding the WrbA structure.
Structural comparisons of WrbA to flavodoxins irder to identify the structural
distinctions and explain them in terms of molecslancture and function.
Structural comparisons of WrbA to its functionalni@ogues, Nqos, in order to
shed light on the oxidoreductase activity of WrbA dontext of its molecular

structure and function and to clarify the relatioipsof WrbAs to Nqos.



2. METHODS USED IN PROTEIN X-RAY CRYSTALLOGRAPHY

Methods used for the research are described wellhén published papers,
therefore just the fundamentals of the techniqugdied in determination of protein
structures by X-ray crystallography are introducedhis part. X-ray crystallography
has been the most common method used for deteromnat the three-dimensional
structure of proteins so far. Out of the other rodththat are included in structural
research | should mention the nuclear magneticneesme spectroscopy (NMR) and
electron crystallography. About 90% of the protsiructures deposited in the PDB
(http://www.pdb.org/ Bermanet al., 2000) up to date have been determined by X-ray

crystallography. The frequent usage and popularfitthis method have contributed to
the rapid development of instrumentation and saftwesed for obtaining and handling
the X-ray diffraction data, as well as to progrdesvards automatization of the
crystallization procedure.

The crystallographic method consists in diffractioh X-ray beam from the
repeating array of many identical molecules - al-amlered crystal. X-rays interact
with electrons in a crystal that deflect them froineir incident direction. Therefore
X-ray crystallography provides an image of disttibn of electrons in a molecule.
As electrons occur as electron clouds around attimsatomic positions can be found
by X-ray crystallography. The whole process of duteation of the 3D-structure of
a molecule can be divided into several stages: t@liygstion. Collection of X-ray
diffraction data on crystals. Data processing. @tme solution. Structure refinement

and model building. Evaluation of quality of struiil models.

2.1. Crystallization of proteins

2.1.1. Principle of crystallization

Crystallization is a phase transition by which ncales segregate from the
solution to form the solid phase - a crystal. Thmecpss of crystallization is usually
divided into three steps: nucleation, growth andhteation of growth. Nucleation is a
process of formation of the stable aggregates décontes which are the origins of the
future crystals. It takes place in the so calleghessaturated solutions where the
concentration of protein is higher than the soltiblimit. Nucleation is a prerequisite
for crystal growth — a process of transferring males from the solution to a crystal

surface. As the crystals grow concentration of giroin solution decreases until the



concentration of protein reaches the solubilityuealwhat means protein in solution is
in equilibrium with its crystalline form and theystal growth stops.

Quality of the crystals depends on their growtler&rowth of crystals at high
supersaturation results in less ordered crystajbeh defect density and other problems
that degrade the quality of crystals. Principle duder growing crystals can be
demonstrated on the phase diagram (see Fig. Zh2)sdlubility curve (saturation limit)
of a protein divides the phase diagram into theioreg of undersaturation and
supersaturation. There are several different zaneshe supersaturated region —
nucleation can occur only in the zone with the isightly high supersaturation. The
higher the supersaturation the more nuclei form Hrel faster the crystals grow,
resulting in a plenty of small crystals which aret rsuitable for X-ray diffraction
analysis. The slower crystal growth occurs at #gian of the phase diagram called
metastable zone, where a few large, single cryatal$ormed, but no nucleation occurs.
Strategy of the methods used for protein crystilon is to slowly create the lowest
level of supersaturation where the nuclei begigraw and then let the system enter the

metastable zone, where a few crystals would coetiouwevelop.

Labile Region Stable Nucleus
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Figure 2.2.Phase diagram of a protein showing different zanefe supersaturation
region where nucleation and crystal growth occ@idopted from McPherson (1999).
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2.1.2. Crystallization methods

There are several approaches to create supersaturat protein solutions,
generally a precipitant agent such as salt, songanec solvent or polymer is
introduced into the protein solution, reducing gwdubility of proteins and eventually
causing formation of protein crystals. Changeseofigerature and pH, parameters to
which proteins are sensitive, can affect the protolubility as well. The rate of
achieving supersaturation influences the size andlity of protein crystals and
therefore it must be controlled. Several methode lieeen developed to implement the
strategy for growth of good-quality protein crystathat means achievement of low
supersaturation values at sufficiently slow ratesatluce formation of a few larger and
well-ordered crystals. These methods are basedeorpdrature changes (thermal
methods), evaporation of the solvent (vapour diffiasmethods) and slow mixing of
solutions either through a membrane (dialysishoough free liquid interface (counter-
diffusion methods) (McPherson, 1999). | will oudironly the methods used in this
work, which are vapour diffusion methods representine standard techniques and

counter-diffusion methods considered as advancdthigues.

2.1.2.1. Vapour diffusion methods

Methods based on vapour diffusion are the most lpomaethods used by protein
crystallographers. In these crystallization methtb#ssupersaturated protein solution is
created by combining the effect of the precipitatament with evaporation of solvent
from the protein solution. They are performed ie thosed systems, where a droplet
containing the buffered protein solution and priéatpng agent is set up against a
reservoir containing a solution of precipitatingeagat higher concentration than at the
droplet. The difference in precipitating agent camtcation between the drop and the
reservoir solution causes water to evaporate froendrop and the concentration of
protein is increasing until equilibrium is reachesd the concentrations of the
precipitant in the drop and in the reservoir areatqThese mechanisms can be applied
in different geometric arrangements, mostly usesl llanging drops or sitting drops
(see Fig.2.3). An advantage of these methods ise#isy control of the kintetics of

crystallization by changing the rate of water evagion.
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Figure 2.3.Experimental set-up of vapour diffusion in A) a ey drop, B) a sitting
drop. [ppt] denotes concentration of the precipitAnlopted from McPherson (1999).

2.1.2.2. Counter-diffusion methods
Counter-diffusion methods are known as the advantechniques for

crystallization because there is a continuous chafigupersaturation in space and time
applied to achieve crystal growth. In these methibes crystals are attempted to be
grown under slow diffusive mass transport, whictkim®wn to produce well-ordered
crystals. Because of the geometry and mass transpoived, they are called counter-
diffusion techniques (Garcia-Ruiz, 1991; GarciazZR003). The counter-diffusion
techniques are arranged such that volumes of teeigwating agent and protein
solution are positioned to one another inside tassgcapillary either in direct contact
or separated by a membrane or by an intermediamloér (containing gel or liquid)
working as physical buffer. The two solutions aet ®© diffuse against each other,
resulting in a gradient of supersaturation aloreglédngth of the capillary. The gradient
ensures that crystals growing at different poirftthe capillary do it under a different
supersaturation values and different rate of charigeipersaturation, so increasing the

probability to reach the supersaturation wherenbk ordered single crystals grow (see

Fig- 2-4)- precipitant  gel protein chamber

diffusion of the precipitating agent towards
the pratein soltion

Figure 2.4. Protein crystallization by counter-dittusion methim capillary.Picture at
the bottom shows an actual thaumatin crystallizagigperiment using counter-diffusion
method (Garcia-Ruiz, 1991).
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This arrangement serves also as automatic screeradgcing the number of
crystallization experiments (Garcia-Ruiz et al.Q20 Additional implementation of
gels in these methods have been found successfaproving quality of the crystals as
the gels form environment that may reduce convecéind allow the crystal growth
under the slow diffusive mass transport (GarciezRUB91; Gavira and Garcia-Ruiz,
2002). The principles and applications of the cetniffusion methods were reviewed
by Ng et al. (2003).

2.1.3. Screening for crystallization conditions an@ptimization

Crystallization of proteins is a multiparametpmcess, and there is no way to
predict the suitable conditions for crystal growflo. succeed in getting the crystals one
has to screen through all the possible crystaitimatonditions and improve those in
which some success was achieved by systematic iclgatige parameters affecting the
crystal growth, as the type and concentration @& frecipitating agent, protein
concentration, pH or temperature. Crystallizatioresning kits based on the reagents
successfully used for growing protein crystals hibgen developed (Jancarik and Kim,
1991) to offer a large number of the crystalli@atconditions for initial screening.

Crystallization conditions can be further optindzby mixing inorganic and
organic precipitating agents, crystal seeding, regldstabilizing agents, additives,
glycerol and other small molecules. Seeding is iagplo both, screening for initial
crystallisation conditions and to increase the aizé quality of crystals. During seeding
events leading to the spontaneous nucleation gegaed from those events that allow
a crystal nucleus to grow. Commonly used additif@gscrystallization of biological
macromolecules are small organic molecules (aleohahd sugars), detergents,
monovalent salts, divalent and trivalent metalduoing agents, solubilization agents,
diamines, detergents protease inhibitors, alsotsatbsanalogues, inhibitors, ligands or

some other molecules (Stura, 1999).
2.1.4. Protein crystals

Since proteins are large macromolecules that dispkry weak interaction
properties, the protein crystals differ consideyattbm the conventional crystals of
small organic and inorganic molecules. Protein tatgsare generally much smaller,
extremely fragile and they have very weak mechapagperties. Most of them display
a weakly birefringence, which is a consequencerofiaisotropy in the crystal seen

along the viewing axis. This property makes thestatg of macromolecules coloured if
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seen in polarized light under the steromicroscdpese crystals are characteristic with
high content of solvent, for most cases 40-60%. figh solvent content means that
small molecules, as ligands, cofactors or dyes, m@amliffused into macromolecular

crystals simply by their addition to the crystat@ther liquor (McPherson 1999).

2.2. X-ray diffraction on crystals and structure deéermination

2.2.1. The principles of X-ray diffraction by crystls

Crystal is a symmetrical three-dimensional periogiicay of molecules, which
consists of the repeating elementary unit callethiacell to form a crystal lattice. It is
defined with dimensions a, b, and c and the anglef andy between them. By
applying certain operations of symmetry, all thelenales can be built in the unit cells
of the crystal. The elements of symmetry in a gelt define the so called space group
of the crystal, the space groups belong to sevestatrsystems (triclinic, monoclinic,
orthorombic, trigonal, tetragonal, hexagonal anbti©u Unit cell dimensions and the
space group of a crystal is reflected in its ddfran pattern. The knowledge of crystal
symmetry is essential by interpreting of the diffran data (Blow, 2002). A complete
reference guide to crystal symmetry is provided International tables for
crystallography, Volume A (Hahn, 1995).

If a parallel beam of X-rays falls on a plane oflevoles in crystal lattice, the
radiation beams are deflected (scattered) fronr thiéginal path in many directions.
The diffraction occurs if the scattered waves fieter with each other and those being in
phase are added together and contribute to a systesymmetrically arrenged spots
forming a diffraction pattern on the detector. Each spot the intensity of the diffracted
wave is measured. The diffraction on parallel ptaogcrystal lattice occurs if the so
called Bragg’s condition is fullfilled:

nA = 2dsiné (2.1)
wheren is the integer/ is the wavelength of X-rayg] is the spacing between the
parallel planes in crystal lattice arflis the scattering angle (see Fig. 2.5). This
condition arises if the scattering angle of theay-beam deflected by the lattice planes
equals the angle of the incident beam, which igallst the condition for the reflection
by using these lattice planes as a mirror. Theeefoe diffracted beams are referred to
as reflections and the planes, on which the X-argsdiffracted, as reflecting planes.
Crystals contain many different sets of planesraténg with X-rays but the diffraction

occurs only if these planes are oriented in a fipeangle towards the X-ray beam.
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Thus, crystals are rotated during the diffracti@peximent to bring all the planes to the
positions where diffraction occurs (Blow, 2002).

Incident
plane wawve

Figure 2.5.lllustration of the Bragg's law. Rays are scatteneal pair of lattice planes
separated by a distance d. The path lengths oh#fsescattered at the two planes differ
by 2d sinf. Adopted from Thornton and Rex (1993).

2.2.2. Experimental set up and instrumentation

For X-ray data collection protein crystals are ntednn loops or special glass or
quartz capillaries and attached to a goniometerlleaidallows rotation of the crystal
and bringing the planes of the crystals into theitim where X-rays are diffracted. The
goniometerhead is placed in between the X-ray soara the detector such that the
crystal is in the path of X-ray beam. The X-raymseufrequently used in laboratories is
a rotating anode tube producing characteristicataah from a copper anode (CyK
1.54 A wavelength). In recent years synchrotroiilifis have become widely used as
preferred sources for X-ray diffraction measurerseBiynchrotron radiation is emitted
by electrons or positrons travelling at near ligpeed in a circular storage ring. The
main advantages of synchrotron radiation are higénisity and a wide range of X-ray
wavelengths available for the diffraction experinsenHigh intensity allows data
collection on weakly diffracting crystals and algaluces the radiation damage caused
to protein crystals by shortening the data acqarstimes. Because of radiation damage
of the crystals the X-ray pattern dies away afteiew hours of exposure at room
temperature. To slow down the destructive procesdsobtain enough data points from
X-ray diffraction the crystals must be rapidly fese and maintained at cryogenic
temperatures. This method requires pre-treatment thif crystal with some
cryoprotectant to prevent the formation of crystall ice (Lopez-Jaramillo, 2001;

McPherson, 1999). Intensities of the diffracted ay-beams are measured by X-ray
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detectors. The commonly used detectors in thess dagy image plates and area
detectors, such as multiple wire proportional cewbr charge coupled devices (CCD).

2.2.3. Processing of X-ray diffraction data

As the crystal is rotated series of diffraction gea is taken to record and measure
the intensities of all the diffracted waves. Difftian spots (or reflections) are indexed,
that means to each diffraction spot a set of Milhglices (h, k, I) is allocated according
to its position in the diffraction pattern and itgensity is on the X-ray detector is
recorded. Intensities from all the diffration imagare integrated. The possible space
groups and the unit cell dimensions are determauedl refined throughout the data
processing (Leslie and Powell, 2007).

After integration the intensities are merged analest Multiple observations of
reflections are merged and average intensitiescateulated. Intensities of all the
reflections are converted to the amplitudes ofdifieacted waves, which are called the

structure factor amplitudes. A mathematical retalip is used for this conversion:

‘Fhkl ‘ = VI (2.2)

wherg Fhy | is the structure factor amplitude derived from theensity Iy of the
here Frg | is th f litude derived f theensity |y of th

reflection at position (h, k, I) of the diffractigrattern. Procedure of French and Wilson

(1978) is applied to do the scaling. The best stinecfactor amplitudes are estimated
according to the probability distribution of intéss Iy (Evans, 2005). These

processes are done by using sofisticated softwale tleveloped over many years.
2.2.4. Calculation of the atomic positions from theliffracted waves

The positions of atoms in molecules are determamambrding to the distribution
of electrons in the 3D-space. This is expressednaslectron-density functiop(r);.
here r is written for spatial coordinatex,y,z). A mathematical relationship called
Fourier transform is applied to calculate the eteedensity function from the
amplitude and phase of the diffracted wave. Thetipas of the diffraction spots are
defined with the so called Miller indices (h, k,which represent the group of parallel
reflecting planes the diffracted wave came from.

16



All molecules in the crystal unit cell contributethe total scattering from the unit
cell. The total wave diffracted on the parallelleefing planes of the crystal (one
diffraction spot) defined with indice#,k,l) is represented by the structure fadtqy, a

comlex number with the amplitudghm ‘ and phaséy:

Fra = ‘Fhkl ‘ @Xdi G ] :Vj ,O(I’ ) EXF{ZH'(h m) dv (2.3)

The symbolV represents the volume of the unit cellis the density expressed as
electrons per unit volumé, r is written for an expressiohx + ky + |z, and2z(h-r) is
the phase shift at the point, {, 2. The electron-density function is calculated Iy a
inverse Fourier summation over all scattered X-iys over all reflecting planek k1)

of the crystal (Blow, 2002):

)= Vi% Fuo [exe-27i(h )] (2.4)

2.2.5. Structure solution

In this step the electron density function in 3@ (electron density map) is

calculated based on the experimental structureorfactDiffraction intensitylyy is

2
a square of amplitude of structure factHr_',hM‘ , (see equation 2.2) and thus the

amplitudes of diffracted waves can be measuredthaue is no information about their
phase angles. This is the so called phase problarystallography, because both the
amplitudes and phases of diffracted waves are we&dealculate the electron-density
function (see equations 2.3 and 2.4).

Different methods have been developed to find thesp angles of the reflections

and to solve the structure:

» The isomorphous replacement method — heavy atoesittached to protein
molecules in crystals, the phase angles of thensities and positions of the
heavy atoms in the structure are determined fastl these are then used to
determine the phase angles and the structure girtitein. Data collection on
the native crystals as well as on the crystalshefheavy-atom derivatives is

necessary to solve the protein structure.
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= The multiple (or single) wavelength anomalous difron method — this
method requires the presence of sufficiently str@mgpmalous scattering
atoms, e.g. selenomethionine is used in expressfoproteins to replace
methionine and to introduce the anomalous scagies@tenium into the protein
structure. The diffraction data collection mustdme at a number of X-ray
wavelengths, which is one of the disadvantagekisfrhethod.

= The molecular replacement method — the phaseseteentined based on the

already known structure which is homologous touthkenown structure.

= Computationally based direct methods — these mstiaik perfectly only for
small molecules and use the phase relations asedefrom the probability

theory.

All these methods have been well summarized by tBréh999). The method
used for the solution of the phase problem depemalsly on the data available for the
particular protein. Molecular replacement is thestmoommon method applied in
macromolecular crystallography and it was the metthed in the work presented here.

It is why its brief desription is given in the foling paragraph.
2.2.5.1. Molecular replacement (MR)

Molecular replacement method is the most frequemslyd method for structure
solution and also the fastest method availabley ©Oné set of data plus the structure of
the homologous protein are the requirements for ritedecular replacement (MR)
method. If some protein of a known structure hagvalar amino acid sequence to the
unknown protein, it has probably similar tertiatyusture. Therefore structure of the
homologous protein, referred to as search modelpeaused to “lend” the phase angles
to the unknown protein. By using the relationshgimieen the electron density function
(derived from the protein structure) and X-ray m@iétion on this structure (equation
2.3) the structure factor amplitudes and phasedearalculated. The phase angles from
the homologous protein are then combined with ¥peementally determined structure
factor amplitudes and used for finding the firgireate model of the unknown protein.
But first, the structure of the homologous prote#as to be placed correctly into the unit
cell of the crystal of the unknown protein. The gep position and orientation of the
search model in the unit cell of the unknown proisidetermined in two steps: rotation
and translation. In the rotation step the spati@ndation of the known and unknown

molecule with respect to each other is determinatlin the next step the translation
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needed to superimpose the now correctly orientelécute onto the other molecule is
calculated (Drenth, 1999).

Particle repeating in the cell by the symmetry afiens is called an asymmetric
unit. There can be one or more protein moleculesnie asymmetric unit differing in
their crystallographic environment and/or conforioat The rotation and translation
parameters are usually determined by using onlynoolecule (monomer) of the search
model, but if there are more molecules in the asgtnm unit of the crystal of the
unknown protein they can be identified by calcuigtithe so called self-rotation
function. This calculation is performed during tleéation search (Navaza, 2001).

If the rotation and translation parameters for plgahe search model into the
crystal of the unknown protein are found, then firee model of the unknown protein
(its electron density function) can be calculateddal on the phase angles of the search
model and the experimental amplitudes of structactors determined from the X-ray
diffraction data of the unknown protein. The elentdensity function in three

dimensions, so called electron-density map, carcddeulated as an inverse Fourier
transform of structure factoks, (equations 2.3; 2.4). Nowadays large numbers of the

known protein structures increase the chance alirffqn homologues to the unknown

protein, making molecular replacement the most [@puethod for structure solution.
2.2.6. Structure refinement, model building and evaation

If all the previous steps of structure determinaticere successful, the electron-
density map obtained after molecular replacementimeanterpreted in terms of atomic
positions. There are special graphical programgyded for building of the model into
the electron density maps, like XtalView (McRee,99P or COOT (Emsley and
Cowtan, 2004). The quality of the electron-densigp depends on the results of all the
steps of the structure determination, but the tegwi limit of the structure (details that
can be seen in the structure) is given by the wuéisol limit of the crystal. The
resolution of the diffraction pattern can be dediie®m the Bragg's law (equation 2.1):

-4
min Zsiné’max (2.5)
The resolution is taken as the minimal lattice afise, dn,, corresponding to the
diffraction angle,Omax , at which the reflections are still observed (MeRon, 1999).

The resolution depends strongly on the qualityrgétals. Crystals whose diffraction
pattern extends beyond 2 A are considered veryavééred (1 A = 18° m). Due to the
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progress done in all the steps of protein structiegermination the majority of the
crystal structures entered in the PDB falls in® risolution range of 1 — 2 A.

After the model of a structure is derived from decwon-density map its
accuracy has to be evaluated. Due to the impeofectof the protein crystals and
inaccuracies arisen during the data collectiora gabcessing and structure solution, the
refinement of the model of a structure is neededs lthe process of adjusting the
parameters of the model (bond lengths, bond anglaearity of bonds) to correspond
best to the crystallographic observations. Refinegma& the structure is based on
minimising the difference between the experimentdétermined structure factors and
the structure factors calculated according to tloeleh The agreement index between
the observed structure factors and those calculétech the current model is
represented by an R-factor. To avoid danger offaireg the experimental data by the
refinement another form of R-factor a free R-factBf., has been introduced to
assessing the fit of the model to the experimenaisdh (Kleywegt and Brunger, 1996).
This free R-factor is calculated from the small afeteflections (5-10%) that have been
excluded from the refinement. Cycles of model rketwg followed by refinement of
are repeated till the values of both R angcRare sufficiently low to show a good
correspondence of the model with the experimertiakorations. Reaching values of R
below 0.25 and of Re below 0.4 indicates a well-refined structural maatzording to
Bringer (1992).

Another criterion for the accuracy of the structurendel are the geometric and
stereochemical parameters which should be compatalthe standard values derived
from the structures of the small organic molecwdes the high-resolution protein
structures. The most commonly used program for kihgcthe geometry and
stereochemistry of the structures is PROCHECK (baski et al., 1993). Results of
the analysis by PROCHECK are required for each sgucture deposited into the
PDB.
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3. OUTLINE OF THE THESIS

In this thesis, the complete structural study ab¥/from E. coli done by X-ray
crystallography is presented. All the steps invdlirethe detailed structural analysis of
the purified apo- and holoWrbA are described: {/stallization, (2) X-ray diffraction
on single crystals, (3) structure solution by malac replacement, (4) model building
and refinement, (5) analysis of the 3D structuned eomparisons with the structural

models of the related proteins.

The thesis is based on 5 published papers in wihiehresults of our structural
research oit. coli WrbA have been reported:
Paper 1 describes search for crystallization conditions athebir subsequent
optimization to obtain the first diffraction-qualiapoWrbA crystals.

Paper 2presents crystallization, diffraction analysis gmdliminary structure solution
of holoWrbA.

Paper 3is included in this thesis due to the additiondhde it contains on the newly-
grown apoWrbA crystals that were finally used tdlezti diffraction data and to solve

the structure. Improvement of the diffraction pndigs is demonstrated in this paper.

Paper 4reports the structure solution and refinement eftiio holoWrbA structures
and the one of apoWrbA. Extensive comparative amalyf holoWrbA- and apoWrbA
crystal structures is involved together with conmgrars of allE. coli WrbA structures

with flavodoxin structures.

In Paper 5 structural comparison of holoWrbA with mammalian D@)H:quinone

oxidoreductase, Ngo1, and flavodoxin, is preserf@afationship of WrbA to Ngol and
flavodoxin is discussed. Possible mechanism obtidoreductase activity of WrbAs is
proposed based on the comparative analysis of thigeasites and functionally-

important residues of WrbA and Ngol.

21



4. SUMMARY OF RESULTS AND DISCUSSION

Using a recombinant strain Bf coli for expressionEk. coli WrbA was purified in
its apoform, since the cofactor, FMN, was reledsewh the protein during purification
due to its weak affinity to WrbA. HoloWrbA was obtad by incubation of the pure
apoWrbA with FMN, and so both forms of WrbA wereystallized. The X-ray
diffraction data collected on the crystals at syntion DESY (Hamburg, Germany) led
to the building and refinement of the structuraldels of both, apo- and holoWrbA.
The structural models obtained for WrbA allowedtaisnvestigate the effect of FMN
binding on its tertiary and quaternary structuremparative analyses of the obtained
crystal structures oE. coli WrbA with the structures of the related flavodoxiusd
guinone oxidoreductases were performed to idemiéydefining structural features of
the WrbA family and to find out how they are assateil with the unique properties and

oxidoreductase activity that have been observetMidrAs.
4.1. Crystallization and diffraction characteristics of the crystals

Various techniques were applied in crystallizatmnE.coli WrbA , including
standard hanging- and sitting-drop vapour diffusimathods, and advanced methods
based on counter diffusion. Crystallization turngdto be the most difficult step on the
way towards the crystal structures. A number ofads combinations of crystallization
conditions were being screened to get the proteystals of sufficient quality for
diffraction analysis.

The first crystals were grown of the apoWrbA by ngsithe common
crystallization agents — ammonium sulfate as aipitating agent and the Tris-HCI
buffer of pH 8.5. However, the clusters of platelicrystals were obtained as the first
hit. Such multicrystals couldn’t be used for caliec of diffraction data due to the
overlapping reflections. Optimization of crystaditon by application of additives and
gels in the hanging- and sitting-drop arrangemexstswell as in single capillaries
resulted in the first crystals suitable for diffiaa experiments. The crystals diffracted
X-rays up to a resolution of 2.2 A when synchrotradiation was used. The apoWrbA
from E. coli was the first member of the WrbA protein family, which the crystals
were reportedHaper 1).

Crystallization of the holoWrbA appeared to be measier. The presence of
cofactor was found to enhance the crystallizabilily the protein significantly.

Tetragonal single crystals of the holowrbA were aoidd from several standard
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crystallization conditions that were tested in soieg through the wide range of
conditions. The high-quality crystals were growonfr several crystallization conditions
by the standard vapour-diffusion technique at 12°Qinlike apoWrbA crystals,
additional optimization steps were not requiredeep yellow colour of the crystals
indicated FMN to retain the oxidized state appaferh the absorption spectra taken of
the reconstituted holoWrbA before crystallizatidhe X-ray diffraction experiments
revealed two crystal forms differing in unit-cellanameters, space groups and
diffraction limits. Using the diffraction data th@ystal structures were determined to
resolutions of 2.0 and 2.6 A, which was the highestolution reported for the
holostructures of WrbA homologues available attthee of publication of thds. coli
holoWrbA crystals and their preliminary diffractiamalysis Paper 2.

The positive influence of FMN on crystallizatiaaf WrbA stimulated our
interest in studying the FMN binding as a factaadieg to favorable intermolecular
interactions in the WrbA crystals. The crystal stawes of both, apoWrbA and
holoWrbA, were needed for this investigation. Tregadcollected from the apoWrbA
crystals displayed high crystal mosaicity, anigoyrof the diffraction pattern and large
unit cell, the features that didn’t allow the sture to be solved. Other improvements of
crystallization procedure were needed to obtain apeWrbA crystals with better
diffraction properties. Surprisingly, temperaturasasshown to be another factor playing
a significant role in crystallization of WrbA. ThepoWrbA crystals were obtained by
using the same crystallization conditions as th&\WobA crystals, except for the
temperature. The change of temperature from 12°C25C applied during
crystallization allowed the growth of the well-slkedporthorhombic crystals diffracting
up to 1.85 A. The diffraction pattern showed therelsteristics of the well-ordered
crystal and the complete data set collected on twasmsuccessfully used for structure
solution Paper 3.

The achievement of the WrbA crystals despite tltgalrdrawbacks confirm that
the difficulties of crystallization might be overoe. The work presented here provides
several possible solutions of crystallization peoh$. The crystallization success was
accomplished in a number of ways: by using addtiamd gels in standard and
advanced techniques, by co-crystallization withofactor and by temperature change
during crystallization. Publishing the crystalliwat reports is important especially
when difficulties are experienced because the ntestpplied successfully to overcome

them might turn up working well with some other teios.
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4.2. Structure solution and overview of the crystastructures

Diffraction data collected on the reported holod @apoWrbA crystals were used
for structure solution. Data sets obtained on lwoytstal forms of holowrbA allowed
solution of two structural models of holoWrbA. Sedtation function together with
translation function were applied to the diffractidata to identify the correct space
groups. Inspection of the diffraction data by selftion function revealed the
noncrystallographic twofold symmetry indicatingepence of dimers or tetramers in
WTrbA crystals already in the early stage of thectire solution. Phases for one form
of our holoWrbA were determined by molecular reptaent using the crystal structure
of the holoWrbA fromP. aeruginosa (PDB ID: 1ZWL; Gorman and Shapiro, 2005) as a
template. Structure solution contained a dimernm asymmetric unit of the crystals.
Two dimers were found to form a tetramer with 23Pmetry, consistent with the
experimental evidence of tetramerization (Grandbal., 1998, Natalellat al., 2007).
The partially refined structure from the first agisform of holoWrbA was used as a
molecular-replacement template to solve the stractuf the other crystal form of
holoWrbA. The apoWrbA structure was solved in tame way. All the structures were
refined and rebuilt to gain a good R-factor and fimal structural models were
deposited into the PDB. In summary, there are thrgstal structures dt. coli WrbA
presented in this work: (1) holoWrbA at a resolntiof 2.6 A (PDB ID: 2R96), (2)
holoWrbA at a resolution of 2.0 A (PDB ID: 2R97R) (apoWrbA at a resolution of
1.85 A (PDB ID: 2RG1). (The data collection andmefment statistics together with the
details of structure solution of both crystal forofholoWrbA are involved ifPaper 2.

In Paper 4 the crystal data and structure solution are presefdr the later-grown
apoWrbA crystals and the final refinement statsstid¢ all three obtained structures is
given.)

All the crystal structures were obtained at regsohg sufficient for a proper
structural analysis, the structure of apoWrbA watdnined to the highest resolution
achieved for the apoform of WrbA to date. Howevke, entire polypeptide chain could
be traced for both monomers in the asymmetric wmly in the low-resolution
holoWrbA structure. Some segments of the othercstras were not resolved,
indicating the higher conformational flexibility ofhe WrbA structures in these
segments. Due to this fact, both the holoWrbA s$tnes were used for further analysis

to provide the complete structural information.

24



Detailed analyses of the obtained crystal strustuoé E. coli WrbA are
summarised in the following sections. The strudumsere compared by 3D-
superpositions with the long-chain holo- and apaftioxin fromAnabaena (PDB ID:
1FLV, Raoet al., 1992; PDB ID: 1FTG, Genza al., 1996), and with the mammalian
NAD(P)H:quinone oxidoreductase Nqol (PDB ID: 1QRD,et al., 1995). Crystal
structure of the short-chain flavodoxin frobesulfovibrio vulgaris (PDB ID: 1J8Q,
Artali et al., 2002) was used for comparisons of WrbA with fldewin inPaper 5

4.3. Overall fold of WrbA and defining features ofWrbA

The first view at the crystal structures revealst in each of the three structures
four WrbA monomers form a tetramer, where individsabunits share the common
fold of flavodoxins with sequence insertions uniqte WrbA family forming
additional secondary-structure elements. The cporeding arrangement has been
observed in the other reported structures of WiBAr(nan and Shapiro, 2005; Andrade
et al., 2007). Structure of WrbA fronD. radiodurans displays additional secondary-
structure elements to those already mentioned, hwisisuggested to be the structural
adaptation of the protein to resist high radiatexperienced by this extremophilic
bacterium (Gorman and Shapiro, 2005). The FMN-Inigdiite of apoWrbA isn’t empty
for ligands as expected, but a small substancdifdehas chloride ion occupies the
pocket where the phosphate group of FMN is bounidoioWrbA. Anion binding into
the empty FMN-binding site has been found also timeio apoWrbAs (Gorman and
Shapiro, 2005) and apoflavodoxinddrtinez-Julvezt al., 2007 Genzoret al., 1996).

The structure-based sequence alignment construaedording to the
3D-superposition of WrbA monomer and flavodoxin hesnfirmed only one
characteristic sequence insertion distinguishingoAVfrom flavodoxins, in contrast
with previous reports (Grandori and Carey, 1994ar@ori et al., 1998). Insertion
interrupting the fifth 3-strand aligns with insertion of the long-chainvfidoxins,
therefore it was incorrectly assigned as a uniegqsertion in previous studies. In the
long-chain flavodoxins the insertion has been psepoto participate in interactions
with protein partners (Peelen et al., 1996; Fromehal., 2003; Nield et al., 2003).
A similar role has been proposed for this insertiorWrbA for it has been found to
contact symmetrically-related molecules in the tigs The insertion assigned correctly
as the one characteristic of WrbA family forms aalnsubdomain that is located

together with the equivalent subdomains of the rothbunits at the ‘poles’ of the
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WrbA tetramer. This segment provides only a minamtcbution to tetramerization in
contrast to previous assumptions. However, a nde lhas been proposed for this
unique subdomain in our study. It was suggestddrio together with the equivalent
subdomain of the neighbouring monomer a channelghrg hydrophobic substrates
into the active site of the enzynie the transient membrane interactions. This ingertio
hasn’'t been found as a defining feature only in MértbA more extenxive insertion in
the same topological position as in WrbAs has kdentified also in Nqos (Lét al.,
1995), where it forms a small subdomain flanking fltavodoxin fold. This fact

indicates the common evolutionary origin of WrbA®ldNqos. Paper 4
4.4. Structural accounts for tetramerization

WTrbA tetramer is formed as assembly of two dimevih two kinds of interfaces
between the neigbouring subunits, a smaller interfavolving FMN-binding site, and a larger
interface formed across an ‘equator’ of the tetrarbetailed analysis of the burried surface
areas, residues and interactions occuring at tleesubunit interfaces led us to the conclusion
that the dimers are formed preferentially acrossléinger interface and the tetramers assemble
across the smaller FMN-binding interfaces of the-fprmed dimers. This corresponds to the
results of the mass spectroscopy that FMN promtgamerization while not affecting the
monomer-dimer equilibrium (Natalelld al., 2007). Considering oligomerizaion the functional
homologue of WrbA, mammalian Ngol forms dimer asdhtive assembly. Two monomers of
Nqgol pair across their FAD-binding surfacesdlal., 1995), which is an interaction similar to
that formed across the FMN-binding interface of Wrblgol can’t form tetramers like WrbA
due to an additional C-terminal subdomain occupyitihg position of the possible
tetramerization surface (C-terminal subdomains gbNare located in the position equivalent
to the subunits across the larger interface of Widtramer).

Further, analysis of interfaces of the WrbA tetresnimdicated that the key elements
promoting tetramerization correspond mainly to theegral secondary structure elements
occuring also in flavodoxins and not to the uniguddomain of WrbA as proposed earlier
(Grandori et al., 1998, Natalelloet al., 2007). In order to find out the explanation of
tetramerization in WrbAs the tendency to form teteas was discussed for both, WrbAs and
flavodoxins, with regard to hydrophobicity of therface-exposed areas. The regions of WrbA
involved in tetramerization display similar hydraiicity as the corresponding regions in
flavodoxins, but the hydrophobic residues in flaaxids appear to be shielded from the solvent
by the polar functional groups. This result indechtthat small changes in the structure of
flavodoxins, or its environment, causing exposuréhese hydrophobic residues might induce

temporary oligomerization in flavodoxins. Consisterwith this idea some flavodoxins have
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been reported to accumulate dimers (Yoch, 1975ykloand Ludwig, 1997). The possibility of

dimer formation in other flavodoxins and their ftinoal implications were discussed.
(Paper 4
4.5. FMN-induced changes in WrbA and flavodoxin

The effects of FMN on th&. coli WrbA structure were shown in all levels of
structural organization. The FMN-induced changesMrbA were revealed from the
comparative analysis of holo- and apoWrbA. Potéefiects of crystal packing on the
structure were distinguished from those of the coiabinding by proper analysis of
crystal contacts in all the structures. FMN bindings observed to have long-range
effects, including mainly the arrangement of teteasnas well as the effects influencing
the structure in the vicinity of the FMN-bindingesi

Large differences were observed in the arrangenoénsubunits in WrbA
tetramers. These changes were attributed to fiximegloops mediating intersubunit
contacts upon FMN binding. Absence of FMN has Heend to cause disorder of this
loops with the consequence of the substantial atsag) the subunit interfaces located
at the cores of the tetramers. Apotetramers apgdarse symmetry, if compared to
holotetramers, probably due to the asymmetric asmeof the distance between the
subunits across the empty FMN-binding site. Thglmange effects of FMN binding on
WrbA might account for increasing the structuraderof WrbA, which could explain
the positive influence of FMN on crystallizatiortré&gthening intersubunit interactions
in tetramers upon FMN binding correspond to theltef mass-spectrometry analysis
(Natalelloet al., 2007)suggesting FMN to favour tetramerization.

Significant structural changes of WrbA structureompFMN binding are
presumably located in the vicinity of the FMN-bindisite. Structural overlay of holo-
and apoWrbA monomers showed the large displaceonfemte of the loops contacting
FMN in holoWrbA, resulting in partial occupation thife empty FMN-binding pocket in
apoWrbA. The bottom of the FMN-binding site, whehe chloride ion is bound in
apoWrbA, was showen to be almost unaffected byatteence of FMN. The minor
effects of the anion on this part of the protenuciure indicated the pre-formed anion-
binding pocket in apoWrbA.

The 3D-superposition of holo- and apoWrbA with lerfgain holo- and apoflavodoxin
revealed striking similarities in the behavior bétFMN-binding residues in response to FMN
unbinding, despite their different FMN-binding sitelopologically equivalent residues,
Trp57 of flavodoxin and Arg78 of WrbA, swing thedide chains by similar angle to
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partially occupy the empty FMN-binding site. Thesafts have, however, different
structural origins and consequences. Whereas wodtain the relative motion of
Trp57 is accompanied by the displacement of theesltdop into the empty active site
resulting in its tight closure (Genzer al., 1996), the main-chain atoms of apoWrbA
Arg78 and the corresponding loop move only slighyative to holoWrbA due to
tetramerization interactions. The shifted Arg78 ckk the empty active site of
apoWrbA only partially, though further occlusioncacs by large displacement of one
of the neighbouring loops and the other two sulsufnitming the active site of WrbA.
The comparisons of the apo- and holoprotein pdirgVA and flavodoxin haven't
shown only the similarities and differences of th@ proteins in response to FMN
binding, but also helped to identify the structlyra¢équivalent residues and their

possible roles in the structur@aper 4
4.6. Flavin-binding sites of WrbA, flavodoxin and Njol

Substantial distinctions between FMN-binding sites holowrbA and
holoflavodoxin were revealed. The FMN-binding dibeated at the interface of the
three subunits of WrbA tetramer resembles the cenex pocket consisting of the floor
under the isoalloxazine ring presented by one FNHdihg loop and two sides formed
from residues presented by the neighbouring subufibe large binding site was
suggested to cause weaker FMN binding. In monaniEvodoxin, the FMN-binding
site is shaped like a slit-like crevice in whicle tisoalloxazine ring of FMN is tightly
bound in between two aromatic residues presentedhéytwo neighbouring loops
(Simondsen and Tollin, 1980). Aromatic stackingtreg narrow crevice is thought to
modulate FMN redox state by stabilizing the semique intermediate thus enabling
shuttling of single electrons (Ghisla and Masse389). The mechanism of the two-
electron transport promoted by WrbA requires FMN ke fully reduced to its
hydroquinone form, which seems to be the favouiddl Fedox state in the large FMN-
binding site of WrbA Paper 5. According to the analysis of electrostatic ptigdn
surfaces, tetramerization and FMN-binding in Wrb&res found to be necessary for
neutralization of positive charges in the FMN-bmglisite, in order to allow attraction
of the slightly positive substrate, NADH + Hinto the active site. No corresponding
positive charges were shown in the FMN-binding <feflavodoxin Paper 4.
The differences found between the FMN-binding s@e8VrbA and flavodoxin reflect
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the structural adaptations for the different el@atiransport mechanisms of the two
related proteins.

A surprising structural relationship was found betw E. coli WrbA and
mammalian NAD(P)H:quinone oxidoreductase, Nqol. déeernous FMN-binding site
of WrbA was found to be similar to that of Ngol, ieth analogously to WrbA,
promotes two-electron reduction of the electroplslibstrates. Unlike WrbA, Ngol is a
dimeric protein using FAD for the redox reactiofifile mechanism of two-electron
transfer catalyzed by Nqol requires presence adues providing a charge-relay pair
that promotes hydride transfer (&ial., 1995). Corresponding residues capable to form
the charge-relay pair were found in the FMN-bindsgitg of WrbA. The active site of
WrbA was shown to be able to accommodate its saflestr benzoquinone and NADH.
Since the active site did not prove to be largeughofor simultaneous binding of a
cofactor and both substrates, WrbA was predicteshtye the characteristic ping-pong
kinetic mechanism with NqoP@per 5. Crystal structures d&. coli WrbA in complex
with benzoquinone and NADH (PDB IDs: 3B6K, 3B6J;dkadeet al., 2007) have
confirmed that the molecule of benzoquinone binushe active site in a similar
position to Ngol. Hence, NADH has been found iroa-functional position providing
no additional relevant information.

Based on structural comparisons of the FMN-bindiiig of WrbA with those of
flavodoxin and Ngol we could suggest that the absewf the flavodoxin-like fold
into tetramers to form an active site presentsdaptation of WrbA for promoting the

two-electron redox reactions.
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5. CONCLUSIONS AND PERSPECTIVES

All the steps towards the crystal structureseofcoli WrbA were successfully
passed through. Detailed analyses of Eheoli WrbA crystal structures presented in
this thesis have provided significant contributidnsunderstanding of the structural
features defining the WrbA family. The structurédraents involved in tetramerization
were identified by the studying of the tetrameeifdaces. Effects of FMN binding on
the overall structural ordering, the tetramerizatiand the structural arrangement of the
active site were described based on the profoungpadsons between the holo- and
apoWrbA structures. Comparisons with the similadgtof the FMN-induced structural
changes in flavodoxins revealed surprising sintiEgi The resembling behaviour in
response to FMN binding together with the diffelenén the FMN-binding sites of
WrbA and flavodoxins provided a brighter view o tstructural relationship between
these two protein families as well as the justtima for their functional distinctions.
Structural comparisons of thE. coli WrbA to mammalian FAD-dependent Ngol
revealed the close relationship between these ipsotand provided hints to
understanding the structural features of WrbA integt of its function. The close look
into the structures showed how the simple flavoddikie fold may be adapted in WrbA
to extend the catalytic function from one-electtoemfer between protein partners to
two-electron reductions of quinones. WrbA was sstgg to be a protein linking
bacterial flavodoxins and eukaryotic Nqos in batiniicture and biochemical function.

Even though the mechanism of the reactions catdlyae WrbAs has been
suggested, the experimental evidence is still reguio confirm our assumptions and to
reveal more interesting details of the conditiohdh& active site when the reaction
occurs. Since in the only crystal structure avédadf E. coli holoWrbA in complex
with NADH (PDB ID: 3B6J, Andradest al., 2007) the substrate doesn’t bind to a
functional position in the active site, crystalustiure of holowrbA with NADH is still
to be pursued, as well as the crystal structuresotdWrbA complexed with different
kinds of quinones. Our resarch Bncoli WrbA has not only extended the structural
knowledge base of proteins but it has also providedygestions of the physiological
roles that might serve as inspiration for the fatyhysiological and enzymological

investigations.
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Abstract

The tryptophan (W)-repressor binding protein A (Wrpidentified as arEscherichia
coli stationary-phase protein was proposed as the fiogmdember of a new family of
multimeric flavodoxin-like proteins implicated irxiolativestress defense. Since WrbA
is largely uncharacterized with respect to bothauoolar and physiological functions,
the present effort is aimed at structural charaagon. WrbAapoprotein was purified
and used for crystallization trials at room temp@e Multicrystals of WrbA
apoprotein were obtained using standard and addawcgstallization techniques.
Application of additives and gelling protein forystallization in single capillaries
yielded diffraction-quality single crystals. Theystals diffracted to a resolution of
2.2A at synchrotrons DESY (X13) in Hamburg (Germjargnd Elletra (XRD1) in
Trieste (Italy).
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Abstract

The flavoprotein WrbA from Escherichia coli is cadeyed to be the prototype of a new
family of multimeric flavodoxin-like proteins thatre implicated in cell protection
against oxidative stress. The present study is giatestructural characterization of the
E. coli protein with respect to its recently revsshbxidoreductase activity. Crystals of
WTrbA holoprotein in complex with the oxidized flavcofactor (FMN) were obtained
using standard vapour-diffusion techniques. Dedfpwetetragonal crystals obtained
from differing crystallization conditions displayifférent space groups and unit-cell
parameters. X-ray crystal structures of the WrbAopimtein have been determined to
resolutions of 2.0 and 2.6 A.

Julie Wolfova: 75% podil na publikaci

Shortened version for the presentation on the web
38



Paper 3

Crystallographic study of Escherichia coli flavoprotein WrbA,

a new NAD(P)H-dependent quinone oxidoreductase

WOLFOVA, J.,BRYNDA, J.,MESTERS J.R.,CAREY, J.,GRANDORI, R. AND
KUTA SMATANOVA | I.

Published in:
Materials Structure (2008) 15 (1): 55-57

Shortened version for the presentation on the web
39



Crystallographic study of Escherichia coli flavoprotein WrbA, a new NAD(P)H-
dependent quinone oxidoreductase
Wolfov4, J, Brynda, J., Mesters, J.R., Carey, J., Grandorarid Kuta Smatanova, I.

Published in:
Materials Structure (2008) 15 (1): 55-57

Abstract

The flavoprotein WrbA fromEscherichia coli represents a new family of multimeric
flavodoxin-like proteins implicated in cell protemt against oxidative stress. The
recently revealed NAD(P)H-dependent quinone oxidocgase activity stimulated
determination of crystal structures & coli WrbA and the following search for
structural features characterising the new familyredox-active proteins. Crystals
obtained forE. coli WrbA in complex with its flavin cofactor (FMN) wemubjected to
X-ray diffraction analysis and the crystal struesihave been determined. In order to
investigate influence of FMN binding on the protestructure, WrbA apoprotein
(without FMN bound) was crystallized and the diftian data were recorded to a
resolution of 1.85A.
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Abstract

Two previously reported holoprotein crystal fornighe flavodoxin-likeE. coli protein
WrbA, diffracting to 2.6 and 2.0 A resolution, andw crystals of WrbA apoprotein
diffracting to 1.85 A, are refined and analysed pamatively through the lens
of flavodoxin structures. The results indicate tlthfferences between apo and
holoWrbA crystal structures are manifested on miawgls of protein organization as
well as in the FMN-binding sites. Evaluation of timfluence of crystal contacts by
comparison of lattice packing reveals the protegisbal response to FMN binding.
Structural changes upon cofactor binding are coetpawith the monomeric
flavodoxins. Topologically non-equivalent residugsdergo remarkably similar local
structural changes upon FMN binding to WrbA orlevédoxin, despite differences in
multimeric organization and residue types at thedinig sites. Analysis of the three
crystal structures described here, together witdvaidioxin structures, rationalizes
functional similarities and differences of the Wibrelative to flavodoxins, leading to a
new understanding of the defining features of WrbHRse results suggest that WrbAs
are not a remote and unusual branch of the flavad@xnily as previously thought but

rather a central member with unifying structuralttees.
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Abstract

The crystal structure of the flavodoxin-like protaivVrbA with oxidized FMN bound
reveals a close relationship to mammalian NAD(P)igne oxidoreductase, Ngol.
Structural comparison of WrbA, flavodoxin, and Nqgatlicates how the twisted open-
sheet fold of flavodoxins is elaborated to form timrs that extend catalytic function
from one-electron transfer between protein partnessig FMN to two-electron
reduction of xenobiotics using FAD. The structuoggests a novel physiological role
for WrbA and Nqol.

Julie Wolfova: 10% podil na publikaci

Shortened version for the presentation on the web
44



