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Aim and outline of thesis

This thesis describes a study on the role of th&lntangsten in the hyperthermophilic
archaeonPyrococcus furiosusP. furiosus can be considered as a model system for
hyperthermophilic archaea; its genome has beeneseqd [1], the organism can be
cultivated easily in a batch or continuous cultfg@], and many of its proteins have been
the subject of studies in recent yedsfuriosuscan also be considered as a model system
with respect to its tungsten metabolism. Cultivatistudies showed a strong tungsten-
dependent growth [2], and in the last decades ftumgsten containing aldehyde
oxidoreductases (AORs) were purified frémfuriosuscell-free extract [4-7].

The aim of this thesis project was to extend thewkadge on different aspects of tungsten
metabolism irP. furiosusby trying to answer some fundamental questions: dowthe cells
take up the tungstate from the media? Can theytalkup molybdate and incorporate the
molybdenum in the active site of the AOR enzymes?what extent is tungsten-cofactor
(Wco) synthesis similar to molybdenum—cofactor (Epsynthesis? And can we identify
new tungsten-containing enzymesinfuriosu®

The results of this study are presented in thisishen the following orderChapter 1
provides a general introduction to the bioinorgaoilemistry of tungsten. Repeatedly,
reference is made to the homologous metal molybdemhose literature is generally more
developed both for biological and model systems.

The presentation of the experimental data is divisko three parts representing different
aspects of tungsten metabolism: uptake, incorgmratnd catalytic actiorPart | starts
with the uptake of the metal from the media by desty the identification and
characterization of th®. furiosusperiplasmic tungstate binding protein (Wtp&hépter

2). This protein, part of an ATP binding cassett®(\ transport system, has an extremely
low Kp for tungstate (K = 17 £ 7pM) but is also able to bind molybdate with a riekaly
high affinity (Kp = 11 £ 5 nM).

Part Il focuses on a subsequent step of tungsten metaahis incorporation of the metal
into the pterin cofactor in order to tune its redapoperties in a manner required for
biological activity. Inchapter 3 the hexamerid. furiosusMoaB protein is shown to
catalyse the adenylylation of metal-binding ptgiMPT) as activation step prior to metal
insertion. This finding shows that adenylylationMPT is a conserved step in Wco/Moco
biosynthesis in both prokaryotes and eukaryote® Jibsequent step of metal insertion
catalyzed by th®. furiosusMoeA proteins is investigated ahapter 4.

Chapter 5 presents then vivo incorporation of tungsten-homologous molybdenuto the
cofactor of theP. furiosusAOR enzymes. So far, these enzymes had only baghep
containing tungsten in their active site.

Part Il focuses on the tungstoenzymeShapter 6 describes the purification and
biochemical characterization of a new AOR, tungsbeidoreductase number five (WORS),
which completes the family dP. furiosusAORs. The gene adjacent weor5 (PF1479)
encodes a putative four [4Fe-4S] clusters bindirgggin, which distinguishes WORS5 from



the other (monocistronic) AORS&hapter 7 provides a study on this PF1479 protein and
proposes it to form a heterodimeric structure WMORS, localized in the periplasmic
space.

Chapter 8 describes the redox chemistry of the tungstenimmdsulfur prosthetic groups
in P. furiosus formaldehyde oxidoreductase (FOR). In additione tK,, value for
formaldehyde is suggested to be three orders ohinatg lower than previously reported,
due to an unfavorable hydratation equilibrium whicbnverts free formaldehyde into
methylene glycol. Finallychapter 9 contains the concluding remarks and perspectives fo
future research, and is followed blyapter 10 a summary of all the results.
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Chapter 1

Abstract

Tungsten is widely distributed in biology, howevtte majority of the tungsten-containing
enzymes purified to date, originates from anaerodmichaea and bacteria. Tungsten
coordination complexes incorporated in these ensyroan be studied with similar
analytical and spectroscopic techniques as tungstmtel compounds. The metal is taken
up by cells in the form of tungstate, and subsetiyienis processed into a sulfur-rich
coordination as part of a metal-organic cofactderred to as tungstopterin, which is
equivalent to the molybdopterin forms found as\a&cttenters in several molybdenum-
containing enzymes. For biology tungsten is sigaifitly different from molybdenum and
this review focuses on the (bio)molecular basistto$ differential cellular use of W
compared to Mo in terms of their active transpodfactor synthesis, and functioning as
catalytically active sites.
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The Bioinorganic Chemistry of Tungsten

Introduction

Tungsten is the bioelement with the highest atamimber, 74, and the only bioelement in
the third transition row of the periodic table. Dgten is widely distributed in biology,
however, it is not a universal bioelement. For s@pecies tungsten is essential: their life
depends on the presence of the element; for othecies tungsten is a facultative
bioelement: they choose to make biological usehef ¢lement when they experience
specific environmental constraints; for the remagnispecies tungsten is biochemically
indifferent or possibly xenobiotic: they have netvdloped a functional use of the element,
although, upon its inadvertent intake, their phigig may well be affected. Present
knowledge places all eukaryotes, including manthie last category. Two fundamental
guestions form the Leitmotif of this review; thesti one is the ‘why’-question: why do
some cells go for tungsten chemistry and other mbhe second is the ‘how’-question: how
do cells discriminate between tungsten and molybaen

Molybdenum is in many ways the twin element of tteg. Also in biology the
coordination chemistries of W and Mo are similarsimuctural and functional aspects.
Molybdenum is the only bioelement in the secondditgon row. Like tungsten it is widely,
though possibly not universally, distributed in Ibgy. Its usage appears to be to a
considerable extent the mirror image of that ofggtan. Some forms of life, e.g. humans,
are strictly dependent on the availability of Moikehthey are independent of W; other
species, e.g. the archae®yrococcus furiosyshave no apparent use for Mo, while they are
strictly dependent on W; yet other species, e.gg #rchaeonMethanobacterium
thermoautotrophicumappear to be able to choose between W and Mofasction of a
variable environment. And yet other species, éxg.drchaeorPyrobaculum aerophilum
may have learned to employ the chemistries of Md ®Wh simultaneously for distinct
functions. Mo-biochemistry and W-biochemistry amegently both very active areas of
research, the latter in particular in relation ke fundamental why and how questions
formulated above. Mo has been known to be a biodddrace element for a long time, and
the development of its biochemistry has commonknbaken to be an endeavor in its own
right. The identification of tungsten as a bioelatis from a more recent date, and thus, it
has come naturally to develop its biochemistry amparison to that of molybdenum.
Several aspects of Mo-biochemistry have been cdverescent reviews [1-4]. This review
takes a tungsten vantage point and uses molybdémucontrast. Early reviews on aspects
of W-biochemistry can be found in [5-7].

Aqueous chemistry of tungsten
Since water is the only life-compatible solventg thqueous chemistry of tungsten is of

relevance. The basic geochemical conditions foelament to qualify for general use in
biology are a diffuse distribution over the surfadehe earth and a reasonable solubility in
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Chapter 1

water. Both conditions hold for tungsten (and foolybdenum as well). Scheelite and
wolframite are not unusual ores, and global leagiias resulted in an average tungsten
concentration in the oceans of circa*Jpm or=1 nM. It has been argued that a circa two
orders-of-magnitude higher concentration of molyhde in oceanic waters could be at the
basis of a presumed preference for Mo over W iogi [8] [6], however, the oceanic
concentration of cobalt, a universal bioelementpfishe same order, or less, of that of
tungsten.

The dilute aqueous speciation of tungsten in wiat@resumably completely dominated by
the tungsten(V1) oxoanion WP over a wide range of pH and redox-potential valigds
that would cover conditions found in most of thedstrial inhabitable environments, and so
tungstate is likely to be the only molecule thdtscm search of tungsten have to deal with.
At increased concentrations a kinetically, and riietynamically complex polyoxoanion
chemistry evolves [10]. Thus the entry point of Wdhemistry is a stable, redox
indifferent, highly soluble oxoanion; and it hasv@ congener of very similar properties
including an anion radius of circa 1.74 A [11].

Basics of tungsten biology

The top most systematic level of division of lifea earth is into the three domains of
eukaryotes, bacteria, and archaea (figure 1). Ttematics of tungsten biochemistry is
already significant at this level: there appearsb& respectively, no, occasional, and
frequent usage of W in the three domains. It hanlmiggested that in an evolutionary
sense tungsten is an ‘old’ element on its way tord@aced by ‘modern’ molybdenum
(similarly nickel has been suggested to be in therse of being replaced by cobalt) [8].
This idea appears to be supported by the significarrelation between archaeal life and
W-biochemistry. The name archaeon (previously: aeblacterium) is of course intended to
transmit the notion that these forms of life areutht to be the most similar to ‘primitive’
life as it must have existed in early geologicalgs not long after the appearance of the first
living cell. 1t should, however, be realized thatleea, similar to bacterial or eukaryal
monocellular organisms, typically have doublingesrof the order of Ibto 10" hours and,
therefore, have a life span of the order of }@ar, i.e. a very brief moment on geological
time scales. Archaea are modern organisms thatdd&y and that do not show any sign of
decreased fitness for survival at all. On the otiend, there appears to be a clear over-
representation of archaea in ‘extreme’ habitats:; ¢he vast majority of hyperthermophiles
(species with optimal growth temperature above@Q0consists of archaea. However, a link
between W usage and extremophilicity is not immietifaobvious, and the relation, if any,
may well be a rather indirect one: most archaeanaerobes (or perhaps microaerophiles)
and the link may simply be one of mutual exclusadnmolecular oxygen and tungsten
biochemistry.

12



The Bioinorganic Chemistry of Tungsten

Figure 1. The tree of the three domains of life and therithistion of tungsten and molybdenum
containing enzymes: molybdenum enzymes are fouradl fiorms of life whereas the occurrence of
tungsten enzymes appears to be restricted to ax@rakbsome bacteria.

In general, the biochemistry of a metal in a motlata organism encompasses several
processes (figure 2): sequestering and transperttbe cytoplasmic membrane, storage and
release, metal-cofactor biosynthesis, metalloenzyoaalysis, and metal-controlled
regulation of transcription and /or translation.r@uesent knowledge of these processes in
relation to tungsten is not particularly balancathgsten-based biocatalysis is by far the
best studied; the processes of tungsten transpartt@ngsten cofactor biosynthesis are
emerging research areas; we are essentially ighorathe remaining processes of storage
and regulation. For the latter there is limitedommfiation from molybdenum biochemistry,
and this may help in designing experiments to date if comparable tungsten-related
processes exist.

Tungsten is sequestered and transported into toplagm as tungstate. It may then enter
the biosynthetic machinery to be bound to a di#melfunctionality of a tricyclic pterin
moiety to form tungstopterin (W-MPT) (figure 2A) @neventually end up in
tungstoenzymes in the form of a complex metal-agyaafactor: tungsto-bispterin (W-bis-
MPT) or tungsto-bispterin guanine dinucleotide (W-BIGD) (figure 2B).

W-MPT W-bis-MPT
Tungstopterin (Wco) Tungsto-bispterin
o
HN
\
HZN)\N >

N
W-bis-MGD Hon off
A Tungsto-bispterin guanine dinucleotide
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Figure 2. The structure of tungsten containing pterin cafexctand intermediates: tungsten
containing metal binding pterin (W-MPT) (1), tungsbispterin (W-bis-MPT) (11), tungsto-bispterin
guanine dinucleotide (W-bis-MGD) (lll) (A). A schetic overview of the stages in cellular
metabolism of tungsten (in various chemical formsptake, storage, regulation, cofactor
biosynthesis, and incorporation in enzymes. Dasreows correspond to hypothetical processes
based on cellular processes known for molybdate (B)

Spectroscopy of tungsten

The molecular spectroscopy of tungsten associaidd miomolecules poses a number of
considerable challenges, which find their origint anly in the physics of the methodology
but also in practical biochemical problems. A kegue is the redox chemistry of the
element, i.e. the availability of the three oxidatstates +IV, +V, and +VI, over a relatively
narrow potential window in combination with the demcy of W(V) to disproportionation.
Tungstoenzyme preparations (and molybdoenzymeslasimi are frequently found to
exhibit inhomogeneity in terms of oxidation staerthermore, they tend to be mixtures of
holo- and apoenzyme (i.e. protein that has lostewver received, the metal cofactor), and of
active, inhibited (e.g., by substrate or product) énactivated (e.g., by molecular oxygen)
enzyme forms. Common as these problems may beisttithe, they are presumably
eventually solvable with careful protein productiopurification, and characterization
procedures. Unfortunately, this may not hold tree the problems of sensitivity and
resolution intrinsic in tungsten spectroscopy.
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The Bioinorganic Chemistry of Tungsten

NMR and Mdssbauer spectroscopy

A decade ago we attempted an evaluation of thenpateapplicability of NMR and
Mossbauer spectroscopy on W-proteins. It was trstimated that®W (1=1/2) NMR, in
which a very high resolution is counterbalancedahyextremely low sensitivity, would be
applicable to proteins only in a dedicated, vebpolar-intensive program [5]. Since then no
papers have appeared on W-protein NMR, and, in faetliterature on W-NMR in general
is limited, and gives indications of a detectianiti(e.g., > 0.1 M [12]) that would suggest it
to be wise to exclude W-protein NMR for consideratin the foreseeable future.

In a similar vein, we considerétfw (Igrouna= 0; kxitea = 2; parentds = 115 days) as a target
for biological Méssbauer spectroscopy, and we ssiggethat W would be somewhat more
difficult than Ni, a nucleus that was, at the tinagtively explored for its potential in
Mossbauer studies on nickel proteins [5]. Sincenthe papers have appeared on the
Mossbauer effect in Ni- or in W-proteins, and tlterature on tungsten Mdssbauer in
general over the last ten years is almost nonendqtL3]. Again, one can fairly conclude
that MOéssbauer spectroscopy on tungstoproteinstism advisable research subject at this
time.

Optical spectroscopy

Fortunately, a somewhat brighter picture can bevdraow for optical spectroscopy on
tungstoenzymes, which is another subject on whlpnmary literature existed ten years
ago. Dimethyl sulfoxide reductase (DMSOr) is a memlof a small subgroup of
molybdoenzymes that do not carry any prosthetiagnm addition to the molybdopterin
active center. In the DMSOr froRhodobacter capsulatddo can be replaced with W with
retention of activity and without detectable chamgehe 3D structure of the rest of the
molecule [14]. Both the Mo(VI) and the W(VI) versi®f this enzyme exhibit an optical
spectrum with a number of absorption bands extegndihthe way into the IR and with
extinction coefficients of the order ef= 2 mM'cm™ (figure 3 [14]).

The spectra have been qualitatively interpreteteims of metal to sulfur charge transfer
with reference to model compounds [14]. Also, cdesable changes occur upon metal
reduction during catalytic turnover, and this hasrbused as a monitor in a pre-steady-state
kinetics study of the molybdoenzyme [15], howeeiquantitative characterization of the
complete spectra of any other form than the fukydized enzyme has not been reported
yet.
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Figure 3. UV/visible absorption spectra, recorded at roompgerature for molybdenum containing
DMSOr (A) and tungsten containing DMSOr (B) (dagépnoduced from [14] with permission; the
spectra have been re-plotted on an absolute asoguale).

The typical molar extinction coefficient of 2 midmi* implies a problem of sensitivity in
optical studies of complex enzymes. The vast nigjolf tungstoenzymes and
molybdoenzymes carry, in addition to their metakbom active center, one or more
cofactors for electron transfer. The collectionebéctron transfer cofactors can be quite
complex in some molybdoenzymes where one can fimlbmations of Fe/S clusters with
flavins and/or hemes resulting in a swamping bysé¢hstrong absorbers of the relatively
modest absorption spectrum of the metallopterimgtoenzyme members of the aldehyde
oxidoreductase (AOR) family (defined below) are pe@al case in that they carry, in
addition to the tungsto-bispterin, only a singleFrg44Sf***") cluster. Although the
extinction coefficient of the latter in its oxididéorm is circa an order of magnitude greater
than that of the tungstopterin, the shape of thextspm is relatively simple with only a
single, broad band peaking at circa 390-430 nmgradually falling off to zero absorption
towards circa 700 nm. The use of the relatively kveengstopterin optical spectrum from
these enzymes as a monitor in kinetic measurenmastsecently been employed in a study
to delineate the redox intermediates in the reactigcle of P. furiosusformaldehyde
oxidoreductase (FOR) [16].
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The Bioinorganic Chemistry of Tungsten

No resonance Raman data on tungsten enzymes henedported in the primary literature.
A peak at 874 cihin the resonance Raman spectrunPofuriosusFOR has been cited to
be assignable to a W=0 stretch frequency [17].

EPR spectroscopy

EPR spectroscopy of tungstoenzymes is relativebpomplicated from the spectroscopist’s
point of view: oxidized W(VI) is diamagnetic, [Xel% reduced W(IV) is 8and could in
principle be high-spin, however, the spin stater@seen determined in tungstoproteins or
tungstopterin model compounds, and no paramagnétsneen reported for this oxidation
state. The intermediate W(V) is 5dnd S=1/2. From the positive sign of the spin torbi
coupling constant for systems with less than h##d shells basic theory predicts the g-
values to be less than that of the free electrdneyay=2.0023, however, occasionally one
can find one or two of the g-values to be greabantg possibly related to relativistic
effects, and/or extensive charge transfer from ISS@) ligands. Experimental g-values
reported for tungstoenzymes are typically in thegeanl1.99 - 1.83 [7], and the deviation
from g as well as the overall g-anisotropy are somewhatenpronounced than in
molybdoenzymes. Natural tungsten consists of fs@topes, only one of which has a
nuclear spin*®*3W occurs in a natural abundance of 14.4% and mglear spin 1=1/2. The
isotope is frequently detectable in the S=1/2 speat W(V) in the form of small satellite
lines with circa 7% relative intensity [18] (figu#e[19]) and this is a unique fingerprint for
the element. The hyperfine splitting along the gpal g-tensor axes is some 30-80 Gauss,
or approximately a few times the inhomogeneouswitth [7], i.e. the pattern is frequently
well resolved. Characteristically, for S=1/2 syssetimat lack extreme g-anisotropy the spin-
lattice relaxation rate is relatively slow, and #pectra can be observed at least up to ~77 K
without significant broadening. When a cryogenic-ftéev system is in place (to detect
heme or iron-sulfur prosthetic groups at low temapaies) tungsten S=1/2 signals are
conveniently detected at circa 40-50 K. The reéjislow relaxation rate would seem to
make W(V)-proteins quite suitable for high-resaduati hyperfine spectroscopy through
pulsed double resonance experiments (ESEEM, p@EBHEIOR). No data are available yet,
but fruitful experiments on molybdoenzymes have nbeeported in particular by the
Enemark group [20]. Finally, the ease of the EP&cpscopy should perhaps be put into
perspective by contrasting it to the complexitiéghe (bio)chemistry of W(V): multiple
stable W(V) forms may well be enzyme dead-end prtxduather than catalytically
competent intermediates [16,21,22].
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Figure 4. W(V) S=1/2 EPR from tungstoproteins is typicallyakedue to substoichiometry of the
intermediate redox state, but is easily identifiedn the satellite hyperfine lines of th&W isotope
(14.4%, 1=1/2). This example, recorded at 9.43 @iHd 22 K, is fromPyrobaculum aerophilum
AOR (A). The simulation hasg= 1.948, 1.914, 1.870 (B) (reproduced from [19]).

If EPR is easy and optical spectroscopy (of enzymiés additional cofactors) is difficult,
then what about their combination in the form ofgmetic circular dichroism, MCD, of
tungstoenzymes? Good quality, variable cryogemuptrature W(V) MCD data have been
reported forP. furiosusAOR [21] and FOR [22] at reduction potentials wéhéhe iron-
sulfur cluster is diamagnetic (at low temperaturggh multiple bands in the 300-800 nm
range plus a near-IR band at 880 nm all assign&itmW(V) charge transfer transitions.
Unfortunately, cryogenic MCD detection requiresmguality transparent glasses, which
means that glassing agents, typically 50% or méyeegol, have to be added to the sample,
and this causes essentially complete inhibitioerafyme activity [21,22]. Sucrose may be
used instead of glycerol to overcome this problem.

EXAFS spectroscopy

EXAFS spectroscopy at thg,kedge of W (circa 10.2 eV or 1.22 A) was initiadixplored
by Cramer et al. on formate dehydrogenase (FDHEloktridium thermoaceticun23],
(now: Moorella thermoacetica but this early work was hampered by low sigma¢mnsity
and an ill defined redox state of the tungsten.[Z3gorge et al. studield. furiosusAOR
with cryogenic W-EXAFS before high-activity prepaoas of this enzyme had become
available. The W-coordination in the low-activityOR, known as “red tungsten protein”,
was proposed to be by three S, two oxo, and pgseiid more N/O ligand [24]. The S/O
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ratio is lower than in the X-ray structure that vi@®r determined for the actiVe furiosus
AOR [25] suggesting that red-tungsten protein i©x=idative degradation product of AOR.
A revisit of AOR EXAFS has not been reported yeetMloprotein EXAFS spectroscopy is
most fruitfully applied when specific questions ooaordination can be asked based on
available X-ray structures, and the first examgdleswwch an approach is in the combined
crystallographic and spectroscopic study of Stewaral. onR. capsulatusdV-substituted
DMSO reductase [14]. The W(VI) data from oxidizetzgme were interpreted in terms of
four equivalent dithiolene S ligands at 2.4-2.5the O of Ser147 at 1.9 A, a second O
ligand at 1.9 A, and possibly a third O close te ofithe S. This coordination is consistent
with X-ray structural data and is essentially ideadtto that previously determined for the
native Mo(VI)-version of this enzyme, thus definitige protein as an excellent model to
study intrinsic differences in redox propertieswen the two metals [26]. Tungsten
oxidation state dependent EXAFS has been initiakplored by Hagedoorn et al. ¢h
furiosusglyceraldehyde-3-phosphate oxidoreductase (GAP@i®ed at -645 mV versus -
454 mV (using different substrate over productostii27]. Data analysis afforded a six-
coordination of four S and two O for both samphegh slightly longer distances in the
more reduced sample, however these results shoalddnsidered preliminary with
significant noise in the experimental data andigwof an observed mere 0.4 eV shift in
edge position, which indicates that the two samptey not have been purely W(IV) and
W(VI), respectively. All in all, EXAFS spectroscomf tungstoproteins appears to have
considerable potential for structure-function séisdibut its exploration remains limited at
this time.

Cellular transport of tungstate

The cellular transport system for oxoanions likexgstate, molybdate, sulphate and
phosphate has been described for many organismparticular the molybdate uptake
mechanism foE. coli [28]. All systems are members of theéeaosine triphosphate (ATP)
binding @assette (ABC) transporter family. The majority bk$e oxoanion transporters
consist of three proteins; the ‘A’ protein is respible for the recognition and binding of the
substrate. This protein is located in the periplasmhich is the space between the
cytoplasmic membrane and: (i) the cell wall in Grpasitive bacteria, (i) the outer
membrane in Gram-negative bacteria, or (iii) théay®r in archaea. For some ABC
transporters the first component is linked to theeosurface of the cellular membrane with
a so called ‘lipotail’, which is a lipid-modifiedysteine residue. The B component forms the
transmembrane pore through which the substrateaissported into the cell, and this
transport is facilitated by the ATP hydrolyzingigity of component C on the inner surface
of the membrane. In figure 5 an overview is givéithe general rules on gene and protein
annotation, which are also used in this review.[29]
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The periplasmic molybdate binding protein En coli, referred to as ModA, specifically
binds molybdate with an equilibrium constant fassticiation (k) of 20 nM. ModA is also
able to bind tungstate with a similar affinity [30pfter binding to the periplasmic
component the molybdate or tungstate is activehndported against a concentration
gradient into the cell through the transmembrané ModB energized by the ATP
hydrolyzing activity of ModC.

Genetic properties of organisms are describedrmsteof phenotypes and genotypése
genotype refers to the genes present in the genome of aanmg and theghenotype
describes its observable properties, for exam@e¥pression of proteins.

An operon contains one or more structural genes which aestribed as a single mRNA
molecule that codes for more than one protein. djreron is designated by a three-letter,
lower case, italicized symbol (e.gnod. The structural genes are distinguished by izt
capital letters following the name of the operougy(sodA modB modC

Proteins (i.e. gene products) are generally referred th wie three-letter symbol of the non
italicized structural gene designation with thestfiletter of the symbol capitalized (ModA,
ModB, ModC).

Figure 5. An overview of the annotation agreements for gemekproteins [29]

A tungsten-specific transporteruiigsten_ptake potein ABC (TupABC), was identified
for the first time in the mesophilic bacteritBnbacterium acidaminophiluand was shown
to bind tungsten with a dissociation constang)(iéf 0.5uM [31]. The Ky for molybdate
was determined to be greater by several orders afnitude. Recently, a second,
structurally different tungsten specific ABC transgjier system was discovered in the
hyperthermophilic archaeoR. furiosus[32]. The periplasmic component: -thansport
protein A (WtpA), was shown to bind tungstate spealfy with a Ky in the picomolar
range. Isothermal (displacement) titration calotimé€lTC) of molybdate-saturated protein
with tungstate showed clearly that tungstate regddbhe molybdate in the binding pocket of
the protein. These data indicate that the f&r molybdate is several orders of magnitude
greater than that for tungstate [32].

Based on a high sequence similarity with TupA (58%g first high affinity vanadate
transporter,_Vnadate_ptake potein ABC (VupABC), could be identified recently i
Anabaena variabis [33]. This organism requires vanadate for theresgion of a
vanadium-containing nitrogenase for the fixatiommflecular nitrogen.

With the identification of these transporter systetimat all have specific affinities, we can
conclude that significant overall amino acid seqeesimilarities (ranging from 30% up to
60%) cannot be used to predict the type of oxoatha is transported with the highest
affinity. So which factors are determining the s&laty? Crystal structures of the
periplasmic component in complex with the specdiomanion could help to answer this
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qguestion. The three-dimensional structure can lexl us identify essential amino acid
ligands that play a role in determining the spetifi of the protein. Subsequently
mutational studies can confirm this rolernvitro binding experiments.

Crystal structures are available for ModA frdin coli [34] and ModA fromAzotobacter
vinelandii (ModA2) [35]. Both ModA proteins were crystallizén complex with tungstate
or molybdate (figure 6AB). Howeven vitro binding experiments showed that ModA was
not able to discriminate between the two oxoaniamsl therefore, these structures cannot
be used to explain the specificity that was found the tungstate transporters. Indeed,
inspection of the structures confirms that the garobinds tungstate and molybdate in an
identical way: in both ModA proteins, seven hydmogeonds are formed between the
tetrahedral oxoanion species and the amino acideeoprotein. There are no (positively)
charged residues and also no water molecules nfroteins within 8A of the oxoanion,
and this determines the surface potential of tinelibg pocket to be neutral with an apolar
character. Hu and co-authors have stated thaeresgetically more favorable for an apolar
pocket to bind a larger oxoanion, which could ekplathe selectivity for
molybdate/tungstate compared to the smaller oxoasudfate [34]. This argument refers to
simple electrostatic considerations based on Bdrarging energies. The authors add,
however, that a more detailed analysis of the edstdtics of the anion binding, taking into
account the locations and orientations of dipotethe structure, is required to support this
gualitative statement [34].

A very recent paper describes a third crystal sfinec of a ModA, namely, from
Archaeoglobus fulgiduéfigure 6C) [36]. Thestructure of this protein has been solved as
part of the structure of the complete ABC transpoitModAB,C,). However, in our
opinion, theA. fulgidusprotein should be referred to as WtpA homologtleeathan ModA
homologue. First of all, the sequence of #hefulgidus periplasmic binding protein is
significantly more similar t@. furiosusWtpA (44% identity, 64% similarity) than . coli
ModA (27% identity, 45% similarity). Secondly, tleeystal structure of thé\. fulgidus
protein shows a completely different coordinatidrntlee metal ion, namely an octahedral
coordination, whereas the ModA @&. coli and A. vinelandii both show a tetrahedral
coordination. The metal in thA. fulgidus protein is bound to the four oxygens of its
oxoanionic structure and to one oxygen each ofcreoxylate side groups of two amino
acids Glu218 and Asp153, which are fully conserealy in WtpA homologues. The four
oxygen atoms of the oxoanion are coordinated biytdigdrogen bonds, in a similar manner
as in the ModA proteins (figure 6C). Finally, itirgeresting to note that the genomeAof
fulgidus contains several genes encoding putative tungstentaining aldehyde
oxidoreductases, which also suggests that tungsatbe physiological ligand of this
periplasmic binding protein. However, no affinityudies have been reported yet. In
addition, the resolution of the crystal structuie$ A - 1.6 A ) may conceal any differences
between the tungstate and molybdate binding s3&}s [
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Figure 6. Crystal structure of the binding pocket®f coli ModA binding molybdate (A) [34]A.
vinelandii ModA binding tungstate (B) [35], and the periplasrhinging protein ofA. fulgidus
binding tungstate (C) [36].

Currently, no crystal structure is available ofaiplasmic binding protein in complex with
its ligand, for which a difference in affinity beén molybdate and tungstate has been
measuredn vitro. In the coming years we expect to see crystatiiras of the tungstate
(and also vanadate) selective periplasmic bindirggems in complex with their ligands,
and these might provide a basis to explain the cutde mechanism of the molybdenum
and tungsten selectivity.

The presence of genes in the genome encoding oimesd transporter systems: ModABC,
TupABC or WIpABC, can explain the tungstate andyhdate uptake pathway in most
bacteria and archaea. A recent paper reports tifidation of the first eukaryal, high-
affinity molybdate transporter i8hlamydomonas reinhard{87].

Cellular storage of tungstate

A way to insure a constant intracellular level ofadl essential compounds, such as metal
ions, in cells is the operation of a (regulatedyage system. Proteins can act as storage
units that are able to release the metal at spdoifations in the cell when intracellular or
local concentrations decrease. Proteins can atdiddte metal solubility or protect the cells
against toxic levels of certain compounds by fognmineral cores, like in the case of
ferritin. Free ferrous iron is potentially toxic tells (notably in the presence of molecular
oxygen) and therefore it is immobilized inside tegitin protein as a mineral core of ferric
iron combined together with phosphate and/or hydeions. The resulting core is similar
to the mineral ferrihydrite, and theoretically ompeotein molecule, consisting of 24
monomers, can store up to circa 3000 ferric i083.[3

So far, two classes of proteins have been describad play a role in the storage of
molybdate and potentially also tungstate. The foktss is formed by the so called
‘molbindin’ family. These proteins consist of onetao molybdate binding domains (Mop
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domains) that are able to bind molybdate or turigqt0]. They are found in bacteria and
archaea, but not all organisms that use tungstdroamolybdenum have copies of these
‘Mop domain’ encoding genes in their genome. Sdva@bindins have been crystallized:
Mop from Clostridium pasteurianunf40], Mop from Sporomusa ovat@41] and di-mop
(i.e. two mop domains in a single protein) ModGnir@\. vinelandii[42]. The crystal
structures indicate that the mono-mop proteins farmmimer of dimers, and the di-mop
proteins are trimeric, which in each case resualt native hexameric domain conformation.
These hexameric molbindins can bind eight oxoanpmrsmolecule at two different sites.
Six oxoanions can bind to six high affinity sitedjich are located between the faces of the
dimers, and two can bind to lower affinity sitesdted along the trimeric symmetry axis in
the middle of the three domains (figure 7).

Figure 7. Crystal structure of th&. ovatamolbindin protein, binding eight molecules of tstage
[41].

All three described Mop proteins were also crystatl with tungstate bound but no
differences were observed in the coordination & ligands compared to the protein
complexed with molybdate [40-42] . In all cases ¢ixeanion was found to be coordinated
by hydrogen bonds formed with the main chain awi@ sihains of the protein. As in the
ModA structures, there are no positively chargednanacids present within 4 of the
binding sites.

Unfortunately, no quantitativan vitro binding experiments have been described for these
three proteins that might have indicated a diffeeem affinity for tungstate or molybdate.
The proteins were crystallized with both oxoani@msl it was concluded that the higher
binding affinity for molybdate and tungstate congghito an observed lower affinity for
sulfate, was likely determined by the size of theding pocket. Based on the apparently
identical way in which the oxoanion is bound onauldcexpect the Mop-domain proteins to
bind tungstate and molybdate equally well.
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However, so far only one molbindin protein has bdeacribed that was isolated from an
organism for which we know that it actually usesgsten: the Mop protein frork.
acidaminophiluni43]. This organism expresses two tungsten comtgienzymes [44] [45]
and a specific tungsten uptake system [31] andetber one can expect that this Mop
protein serves as a tungstate storage prateiivo with possibly a higher affinity for
tungstate over molybdate. Unfortunately bindingrabteristics were determined only with
a gel shift assay [43], which is not well suited fguantitative determination of the
dissociation constant [32] .

In addition to the molbindin proteins, a secondslaf oxoanion storage proteins has been
characterized that store tungstate and molybdatenastal-oxygen cluster. The first protein
identified in this category was the molybdenum ager (Mo/WSto) protein fromA.
vinelandii [46]. This protein has been isolated more thary@frs ago as a molybdate and
tungstate binding protein [47]. Very recently, thgucture of the protein loaded with
tungstate could be determined [48]. The moly

bdate-binding counterpart of the protein could betcrystallized so far, because all the
molybdate was released during the long-term incobatequired for the crystal formation.
The protein appeared to be a trimer af)fdimers resulting in a hexameric native structure.
The a- and p-subunits have a molecular weight of 29 kDa andckR@ respectively. The
protein can store up to circa 100 molybdenum oigsten atoms per hexamer [46] as
polynuclear tungsten- or molybdenum oxide aggregaléhese polyoxotungstates and
polyoxomolybdates are separated from each othdrnirwihe protein complex in different
cavity pockets [48]. Interestingly, the formatiohtloe cluster differs for each type of pocket
[48]. The a-subunit also harbors an ATP binding site, howeter binding mode of ATP
and its role in the formation or breakdown of tiester is still a subject of study [48]. It
should be noticed that so far no tungsten enzyrsebban purified fromd\. vinelandiiso it

is possible that the binding of tungstate has nyiological function.

A sequence comparison by BLAST [49] studies agaimston-redundant database reveals
that the o- and B-subunit of the Mo/WSto protein are related to anifg of uridine
monophosphate kinases (UMKSs) [46]. For most Mo/WS8tmologues it is not clear
whether the gene product encodes a Mo/WSto or a UNlivever, there are some other
nitrogen-fixing bacteria for which the gene seqwehomology with Mo/WSto is so high
that the gene most likely encodes a Mo/WSto protearhaps this is an indication that the
Mo/WSto protein is somehow linked to the biosynibesf the FeMo-cofactor of
nitrogenases.

In addition to these two types of well charactatizengstate and molybdate storage
proteins, a recent paper reports on a tungstatidgn protein isolated from
Acidithiobacillus ferrooxidanstrain AP19-3 [50]. This protein has yet to berekterized

in detail: the amino acid sequence is not knowa,ftiim in which the tungsten is bound is
unclear, and the protein has only been shown td tingstate after incubation in 1.0 mM
sodium tungstate at pH 3.
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A very different type of storage protein relateduagsten and molybdenum metabolism is
the molybdenum cofactor carrier protein (MCP). Th& kDa protein, which forms stable
tetramers in solution, has been purified from theeg algaC. reinhardtii [51,52]. In this
protein the metal is storedlfiter it has been incorporated in the pterin cofacter as a
molybdenum cofactor (Moco) or a tungsten cofacWic@) (figure 2A). Synthesis of this
cofactor is discussed in section 8 of this revibalpw. Recently, the crystal structure of the
apo-MCP was solved [53]. Based on the conservefdcresidues, charge distribution,
shape,in silico docking studies, structural comparisons, and itileation of an anion
binding site, a prominent surface depression wapgsed as a Moco-binding site [53].
Recombinant MCP containing tungsten or molybdenulapendent on the medium
composition, has been isolated from Encoli host. InC. reinhardtii only molybdenum-
dependent enzymes have been described so far,stinggthat the binding of Wco to MCP
has no physiological function.

However, BLAST studies against genome database=akdkat there are homologues of
MCP in genomes that also contain homologues ofsi@mgcontaining enzymes, indicating
that MCP could also have a physiological role iorisg Wcoin vivo. The genome OA.
fulgidusfor example contains a gene that shares 56% sityiland 40% identity with the
C. reinhardtiiMCP. TheA. fulgidusgenome also contains genes encoding several\ymitati
tungsten-containing aldehyde oxidoreductases amdgdne of the recently crystallized
putative tungstate and molybdate selective transp(see section 5).

In summary, two distinct molybdate and tungstateagfe systems have thus far been
identified: the molbindins and the Mo/WSto proteirtdowever they are only expressed in a
small fraction of the organisms known to use oneboth of the two metals. For well
established molybdenum, respectively, tungstensusige E. coliandP. furiosus it is still

not clear whether, and if so how, the metals ayeedtin the cell. Possibly, these cells have
other proteins that function as a storage systeme. €n hypothesize that other proteins like
ferritin might also play a role in tungstate or gimlate storage. There is experimental
evidence that ferritin can incorporate vanadate enolybdate [54] and tungstate (M.N.
Hasan, personal communication) as phosphate areddguthe iron mineral cor@ vitro.
However, any physiological relevance of this propdras not been supported by vivo
data.

Cellular regulation of tungstate metabolism

In the framework of this review, cellular regulaticoncerns all the functions that cells
carry out to maintain metal homeostasis. In thes adfstungstate metabolism this includes
regulation of the tungstate uptake, the storaged, the expression of both the cofactor
synthesis proteins and the enzymes that contaitutigsten cofactor. Again, more data are
available on the regulatory role of molybdate, esdly in E. coli, and therefore we will
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start to review those data and extrapolate thesafmgstate. We will only consider metal
induced regulations. Many molybdenum and tungstentaining enzymes are under
metabolic control (product feedback); however thesgilatory networks are not considered
here.

It has been known for a long time that the integ®lular concentration of molybdenum in
E. coliis maintained within a narrow range (041®) even when its external concentration
varies widely [55,56]. Grunden et al [57] showedatthhis was mainly the result of a
regulation of the transcription of tmeodABCoperon which encodes the ABC transporter.
A protein named ModE was found to be responsilleéhfie molybdate dependent repression
of themodABCoperon, because modEdeficient mutant strains this regulation was absen
[57]. The dimeric protein ModE binds tungstate arlybdate with the same affinity <=

0.8 uM) [58], and the crystal structure of both compkexes been solved as well as the
structure of the apo-protein [59]. The oxoaniorafigs bind between the subunits at the
dimerization interface, and an oxoanion-size seliégtis determined primarily by the size
of the ligand-binding pocket as was previously ¢oded for the ModA and molbindin
proteins [34,35,40-42]. Comparisons with the sticetof the apo-protein have revealed a
molybdate/tungstate dependent conformational regerment [59] which most likely
creates a surface that has a high affinity forDNA in the promoter region of thmodABC
operon [58]. These data indicate that the regulafmotein ModE does not seem to
discriminate between tungstate and molybdate.

Only some organisms carryraodE homologous gene in their genome, which makes the
ModE dependent regulation not universal among nd#ylom and tungsten using
organisms. BLAST studies against genome database=alrthat, for example, archaeal
genomes do not contamodEhomologues. Perhaps, these organisms have othdatery
systems for the uptake of molybdate and tungstaiehnstill have to be identified.

Besides the regulation of the transcription of ¢femes encoding the ABC transportér,
coli ModE also regulates the transcription of sevethkogenes, namelydmsA which
encodes the molybdenum containing subunit of theyrme DMSO reductase [60hyc
which encodes a hydrogenase [6d4rG, the molybdenum containing subunit of nitrate
reductase [61], and threoaoperon [62], which encodes proteins involved ia filnst step of
the molybdenum and tungsten cofactor synthesisi¢se8).

The positive influence of ModE in the presence alyhdate on the transcription of the
moaoperon was detected in molybdenum cofactor deficgéains only (these cells have a
defect in the cofactor synthesis and therefore ativea cofactor is synthesized). Based on
this observation it has been concluded that cofactependent repression of the
transcription of thenoagenes (in the presence of molybdate) is dominaet the ModE-
molybdate activation [63]n vivo data showed a similar positive effect of tungstatehe
transcription of thenoaoperon. Surprisingly, this effect was independsrihe presence of
ModE or of the ability of cells to make the cofact@herefore, it has been suggested that
the presence of tungsten results in the formatioa oon-functional tungsten-containing
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form of the cofactor, which is not able to cause ¢bfactor-dependent repression observed
in the presence of molybdate [63].

Of specific interest is a group of organisms thgpress isoenzymes with molybdenum
versus tungsten in the cofactor. An exampl®ighermoautotrophicumvhich expresses a
tungsten-containing formylmethanofuran dehydrogen&vDH) (operonfwdHFGDACB
and a molybdenum-containing FMDH (operémdECB [64]. The subunits FwdB and
FmdB were identified as harboring the redox actimegsten, respectively, molybdenum
site. The largest subunit (FwdA) probably catalyséise formation of N-
carboxymethanofuran from G@nd methanofuran [65]. Interestingly, the operonooeling

the molybdenum-containing enzyme is lacking theegencoding subunit A. Analysis
revealed that subunit A in the Mo-containing FMDBIthe same molecular mass and the
same N-terminal amino acid sequence as subunittAeo¥V-containing enzyme. Therefore
it was concluded that they are identical and enddnlethe genéwdAin thefwd operon. It
was shown that the operon for the W-containing ereyis constitutively transcribed,
whereas the transcription of the Mo-operon appéarbe induced by the presence of
molybdate, independent of the presence or absehdangstate [66]. However, later
experiments showed a different effect of the tumigstoncentration on the expression of the
Mo containing FMDH. These experiments concerned alssmall DNA binding protein
(Tfx) that was identified to specifically bind toRNA sequence downstream of thad
operon. This protein was proposed to be a trarnsmngl regulator of the gene-encoding
part of the Mo-containing FMDH [67]. Northern blanalysis (detection of mRNA)
revealed that the transcription of this regulataswepressed during growth in the presence
of tungstate rather than induced by molybdate. Tés8silt is not consistent with the previous
findings which indicated that the Mo-operon is sambed in the presence of molybdate,
independent of the tungstate concentration [67].

Altogether the suggestion perspires that sevectbifa may play a role in the molybdate and
tungstate dependent regulation and homeostasisnany questions remain to be addressed
regarding their mechanisms.

Biosynthesis of the cofactor

Tungsten and molybdenum associated with enzymeasjran a similar cofactor, which
consists of one or two tricyclic pterin moietiesially referred to as ‘molybdopterin’ (MPT)
(figures 2 and 8) [68]. The nomenclature is confgdbecause MPT seems to refer only to
molybdenum, and, therefore the alternative namealabetding pterin (MPT) was
introduced [5]. For both types of cofactors (Moecm &Vco) the metal is coordinated by the
two dithiolene sulfurs of the pterin. In the cadetungsten there are always two pterin
moieties resulting in a tungsten center coordinatedbur dithiolene sulfurs in the tungsto-
bispterin cofactor (figures 2 and 8).
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The pathway of Moco biosynthesis has been extelysstadied in prokaryotes( col) as
well as eukaryotesA( thaliang Homo sapiensand appears to be highly conserved (figure
8) [69]. The pathway of Wco biosynthesis is thoughbe similar to the pathway of Moco
biosynthesis, at least up to the step of the mieisrtion. The main ground for this
assumption is that homologues of almost all gehas have an assigned function in the
Moco biosynthetic pathway are also present in #r@gies of organisms that use tungsten.
The first model of Moco synthesis was basedcoroli data[68]. Four operons have been
identified to be involved in the Moco biosynthesisthis organismmoaABCDE, mobAB,
moeAB and mogAThese operons encode ten proteins of which eighé fzen assigned
function in the biosynthesis of Moco (figure 8).eThames of the proteins follow the rules
of the standard nomenclature (figure 5) and havepamicular meaning except that Mo
refers to molybdenum.
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Figure 8. Schematic overview of the tungsten cofactor bidsgsis; modified figure from [4].
Abbreviations of the intermediates are written oldbon the left side of their structures, and the
enzymes that catalyze the steps are depicted amgtiteside of the arrows. Note that the bracketed
MPT structure is a hypothetical intermediate. Thetahcoordinating the dithiolene ligands in MPT
is indicated by an X as this atom is not knowntHa crystal structure of plant Cnx1G this metal
was found to be a copper ion [133].
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In E. coli the biosynthesis of Moco begins with the conversibiguanosine triphosphate
(GTP) to a pterin intermediate called precursorrZcyclic pyranopterin monophosphate
(cPMP), catalyzed by two proteins: MoaA and MoaO][7The expression of these two
proteins is regulated by ModE, described in secffo[62]. Subsequently, metallopterin
(MPT) is synthesized from cPMP by MPT synthase cWlionsists of the MoaD and MoaE
proteins [4]. The next step involves the ligatidriree metal atom to the dithiolene sulfurs of
one or two MPT moieties. The proteins MoeA and Mqgay a role in this step, and very
recently also MoaB was found to be involved in thiigge of the cofactor synthesis [71].
The proteins MogA and MoaB catalyze the activabdrMPT by adenylylation with Mg-
ATP [72,73]. The trimeric MogA proteins are commpifbund in bacteria and eukaryotes
whereas the hexameric MoaB proteins are mostlydannarchaea and in some bacteria
[71]. Subsequently, MoeA is thought to bind theradg@ated MPT (MPT-AMP), and in the
presence of molybdate and/or tungstate the MPT-AN&mplex is hydrolyzed,
molybdenum or tungsten is incorporated throughibigpdb the dithioleno sulfurs, and AMP
is released. This proposed role for MoeAHnN coli is based on the activity of its plant
homologue: Cnx1E (Cnx:d@actor for_nitrate reductase andawthine dehydrogenase) from
A. thaliana[74], which catalyses the hydrolysis of MPT-AMPtire presence of molybdate.
When molybdate was replaced with tungstate, thedhysis catalyzed by Cnx1E was much
less efficient [74], and this result suggests ax1E, and homologues, may play a role in
selectively incorporating either tungsten or molgtdm in MPT.

Interestingly, many bacterial genomes and all aahgenomes sequenced so far, contain
two differentmoeAgenes which share approximately 40% sequenceitylelbtis tempting

to speculate that perhaps one of the MoeA protensselective for molybdenum
incorporation and the other for tungsten incorporatThe presence of these two MoeA'’s
can then explain how organisms are able to regalatk express two enzymes, one with
Moco and the other with Wco in the active center &xample Pyrobaculum aerophilum
expresses a W-containing AOR and a Mo-containitigite reductase [19,75]. However,
vivo andin vitro experiments are required to corroborate this Hygsis of selectivity by
two different insertion catalysts.

As a final maturation step (only in bacteria anchaea), guanosine monophosphate (GMP)
or cytosine monophosphate (CMP) can be attacheasftoester condensation from GTP
and CTP) to the MPT, forming a so called molybdaptguanine/cytosine dinucleotide
(MGD/MCD) cofactor. This reaction is catalyzed byobA and MobB [76]. For some
enzymes another maturation step is required: theplocm of two Wco's or two
molybdenum- or tungsten-containing MGDs leadingthe formation of the bis-pterin
cofactor. The formation mechanism of this so calkesipterin cofactor still needs to be
established.
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Tungsten enzymes

The first indication of a biological relevance ohgsten was obtained more than 30 years
ago: Andreessen and co-authors showed that thetlyrofv different Clostridia was
positively influenced by the addition of tungstabethe growth media [77]. It took another
decade before formate dehydrogenase could be guirfiom one of these acetogenic
Clostridia as a naturally occurring tungsten containing ereyn8]. In the years to follow,
many tungstoenzymes have been purified and chaiede[19,79]. The majority was
believed that tungsten enzymes mainly occur ingleegremophilic organisms. A relatively
high concentration of tungstate compared to moliddacertain extreme environments like
hydrothermal vents and hot-spring waters would supihis hypothesis. Furthermore, most
isolated tungsten containing enzymes were very exygensitive, and therefore it was also
believed that they could only occur in anaerobes.

However, in the following years tungsten containiigzymes were also purified from
(mesophilic) bacteria [44,80-83] and homologousegeare even found in the genomes of
aerophilic organisms, suggesting that tungstoengyane present in a much wider range of
microorganisms. There have been no reports yehgnumgsten enzyme in eukaryotes.
Tungsten and molybdenum enzymes have been classifdifferent families according to:
(1) sequence homology, (2) composition of the dofad.e. with or without nucleotide
attachment, (3) the coordination of the metal bg ontwo pterins, and (4) axial ligands like
oxygen, sulfide or cysteine (figure 9).

The tungsten-containing enzymes can be divided wo tfamilies: the aldehyde
oxidoreductases (AORs) that contain a non-modifigaysto-bispterin cofactor, and the
formate dehydrogenases which have a guanine mospphate attached to each pterin
moiety (figure 8).

family-1 family-2 family-3 family-4
oxidase oxidase reductase
. Formate Aldehyde
W-enzymes dehydrogenase oxidoreductase

Figure 9. Schematic overview of the four families of molybden- and tungsten-containing
enzymes with the names of example enzymes.
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Aldehyde oxidoreductases

The enzymes in the AOR family catalyze the oxidatad aldehydes to carboxylic acids,
and they use ferredoxin as redox partner proteireyTare generally oxygen sensitive and
typically have broad substrate specificities witirt@al overlap between enzymes from the
same species. They all consist of mono-, di-, trateers of the catalytic subunit that
contains the bis-pterin cofactor and an electrangferring [4Fe-4S] cluster. BLAST
studies reveal that the genome of many organisnt®des multiple, different AOR
enzymes [32]. The tungstoenzymesRoffuriosushave been intensively studied over the
past two decades, and its complete AOR family hesnlpurified and characterized (in
some detail): aldehyde ferredoxin oxidoreductas®@RA[79], glyceraldehyde-3-phosphate
ferredoxin oxidoreductase (GAPOR) [84], formaldedydrredoxin oxidoreductase (FOR)
[85], tungsten-containing oxidoreductase numberr f§WOR4) [86], and tungsten-
containing oxidoreductase number five (WORS5) [8XDR and WOR5 have a broad
substrate specificity; AOR appears to be most adiivaldehydes derived from amino acids
[79] whereas WORS has a high affinity for severdddituted and non-substituted aliphatic
and aromatic aldehydes with variable chain lendthble 1) [87]. FOR has the highest
activity on small C1-C3 aldehydes and semi- andldehydes [85]. In contrast to these
broad substrate specificiies, GAPOR is only knowm convert the substrate
glyceraldehyde-3-phosphate (GAP). It functions Iycglysis where it converts GAP to 3-
phosphoglycerate, and it replaces the couple gydenyde-3 phosphate dehydrogenase
plus phosphoglycerate kinase in an unusual EmdeyeMef pathway of glycolysis [84].
The fourth tungsten-containing enzyme, WOR4, cauity be purified fromP. furiosus
grown in the presence of B6]. No activity has been identified yet for tleiezyme.

The physiological function of this AOR family of mymes is still not clear with the
exception of GAPOR [84]. However, micro-array amsayin which levels of mRNA are
determined under different growth conditions intkch possible physiological functions
(table 2). In a first reported experimdnt furiosuswas grown on peptides or on maltose
[88]. Growth on peptides increased the mRNA levadlF=FOR and WORA4 significantly,
whereas GAPOR mRNA levels increased, as expectethglgrowth on maltose, which is
converted by glycolysis [88]. Furthermore, the iwalion temperature of the cells was
dropped from their near-optimal growth temperatfre5 °C to 72 °C in order to elicit three
different responses: an early shock response 2lhtours at 72 °C) , a late shock response
(5 hours at 72 °C), and an adapted response (@oguafter many generations at 72 °C)
[89]. WOR5 mRNA levels were significantly upregaddtin the case of the early and late
shock, whereas AOR mRNA levels decreased. For daptad cells, in particular, WOR4
appeared to be upregulated [89]. The results cfethmeicro-array experiments are perhaps
not conclusive, but they do indicate that FOR an@R¥ might play a role in peptide
fermentation, and that WOR4 and WORS5 are possiWplved in some kind of stress
response, e.g., following a cold shock.
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Table 1. An example of broad substrate specificity of Wtaiming AORs. Oxidation of various
aldehydes at 6€C by P. furiosusWORS5 with methylviologen as electron acceptor [87]

Substrate uSture Vax (U/MQ) Ky (MM) KealKm(s*™™M™)
Hexanal
\/\/\/o 15.6£ 1.8 0.18+ 0.02 80000
Hydratropaldehyde —
©_<7 9.3+ 0.7 0.12+ 0.04 71500
2-Methylvaleraldehyde
R 12.7£1.3 0.27+ 0.03 43400
4
2-Ethylhexanal
, 8.3x15 0.17+ 0.02 45100
/
3-Phenylbutyraldehyde ya
©_<_/ 8.0+ 0.6 0.42+0.12 17600
2-Methylbutyraldehyde
P 7.7+04 0.43+0.09 16500
Isobutyraldehyde
Y 11.8£ 0.9 0.79+ 0.03 13800
2-Naphthaldehyd
P yo&l OO 7.7+0.8 1.3+ 0.1 5500
/O
Cinnamaldehyde /
@_/_/ 7.4+1.6 1.6+ 0.1 4600
2-Methoxybenzaldehyc o—
y 15.1+ 0.6 4.8+ 0.6 2900
Acetaldehyde
0.34+0.05 1.50.2 210
N
Formaldehyde
—0 85+1.0 45+ 12 170
Glutaraldehyde
14+0.1 9.4+ 0.2 140
NN
Crotonaldehyde 0 65 6 -
o 1.1+0.1 46+
AN
Glyceraldehyde-3-phosphate Io
zm/\‘) 0.0 - 0
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Table 2. The effect of different growth conditions on theRNA levels of tungsten containing
aldehyde oxidoreductaseskn furiosug88,89]

C-source Cold shock 72°C

Peptides Maltose 1-5 hours Adapted
AOR (PF0346) 2 - P -
FOR (PF1203) 1€ - - -
GAPOR (PF0464) - 1 - -
WOR4 (PF1961) 0 - - 1
WORS5 (PF1480) - - 0 1

a) - no significant difference
b) | significant down-regulation
c) 1 significant up-regulation

Formate dehydrogenases

The enzymes in the FDH family catalyze the oxidatd formate to carbon dioxide. They
all have the same tungsto-bispterin-MGD cofactorcoammon and they often contain
additional [4Fe-4S] or [2Fe-2S] clusters. For mafsthese enzymes the physiological redox
partner is still unknown. The crystal structuresfamir FDH proteins have been reported:
one tungsten-containing enzyme froMesulfovibrio gigas [90], two molybdenum-
containing FDHSs fronk. coli[91,92], and recently, also a 286resolution structure for the
NADH-dependent FDH froniPseudomonas sp. 1@tas deposited (2GO1). TH2 gigas
W-containing FDH is a heterodimeric enzyme and @mst a [4Fe-4S] cluster and a
tungsto-bispterin-MGD cofactor in the large suby®@]. Functional implications of the W-
FDH structure will be discussed below.

A special case is acetylene hydratase fieatobacter acetylenicusMechanistically, this
enzyme does not fit into either class of tungstezymes because it apparently catalyzes a
non-redox reaction: the hydration of acetylene det@dehyde [93]. The structure of this
enzyme has recently been solved and encompassagsid-bispterin-MGD cofactor and a
[4Fe-4S] cluster [94]. The sequence and the ovetalicture are similar to the enzymes
belonging to the FDH family.

Relationships with molybdenum-containing enzymes
The Moco-containing enzymes can be classified thtee separate families based on the
coordination of the molybdenum [69,95]. In the #elfoxidase family (SOs), the

molybdenum is covalently bound to a highly consdregsteine residue. This cysteine is
replaced by a non-protein sulfur atom in the famifyxanthine oxidoreductases (XOs). The
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DMSO oxidoreductases (DMSOrs) contain a bis-pteafactor modified with a nucleotide
attachment, forming molybdo-bispterin-MGD.

Interestingly, no naturally occurring tungsten eneg have been isolated that belong to the
SO or XO family; conversely, also no molybdenumteaning members of the AOR family
are known to date. A very recent report describespurification of active, molybdenum-
containingMethanococcus maripaludi@APOR recombinantly expressed En coli [96].
However, the physiological metal of the wild typezgme has not been determined. The
genome ofM. maripaludis putatively encodes a molybdenum- and a tungstetagong
formylmethanofuran dehydrogenase and thereforeotganism is likely able to process
both metals into pterin cofactors. So fanly the families of the DMSOrs (molybdenum)
and FDHs (tungsten) share significant sequencdsasitgiand in addition, enzymes of both
families contain the bis-MGD cofactor.

Exchange experiments

Many attempts have been made to substitute molybdesith tungsten and vice versa in
the cofactor of the various enzymes. These expetsnghow that not all enzymes can be
synthesized with either metal. An overview of thempts is given below.

The first substitution experiments were performedats that were fed with tungstate or
molybdate and for which subsequently the metalaandf the sulfite oxidase and xanthine
oxidase was determined. It was found that both Imetzuld be incorporated into the pterin
cofactor of the enzymes, but the tungsten-contginzymes were completely inactive
[97]. In some enzymes of the DMSO reductase fanfiy, example in the case @&.
capsulatusDMSO reductase, expressedkn coli [14], and inE. coli trimethylamineN-
oxide (TMAO) reductase [98], replacing the molybdenwith tungsten afforded active
enzyme. However, the activity profiles changed camag to the profile of the
molybdenum-containing enzyme, presumably due toldker reduction potential of the
tungsten center [98]. Tungsten-containing DMSO ctakke was found to be more active in
reducing the DMSO but could not catalyze the reveesction, the oxidation of DMS [14].
The tungsten-containing TMAO reductase appeardtht@ a broader substrate specificity
compared to the molybdenum enzyme because it wasable to reduce sulfoxides [98].

Not all enzymes of the DMSO reductase family ccagdsynthesized with either tungsten or
molybdenum to form a functional enzyme complex: active tungsten substituted
(prokaryotic) nitrate reductase has been obtaidg¢tmpts have been made with nitrate
reductase fronR. capsulatusandE. coli, but both lead only to the formation of inactive
apoenzyme [99,100].

These are all examples of naturally occurring magrium enzymes that were substituted
with tungsten. The other way around appears tefe dasy, as there is only one example of
a naturally occurring tungsten enzyni, acetylenicusacetylene hydratase, in which the
metal could be successfully substituted with mo#sgn, leading to the formation of active
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enzyme [101]. The molybdenum-containing enzyme l@h60% of the activity compared
to the wild type tungsten enzyme [101].

Metal exchange experiments were also performed whth tungsten-containing AOR
enzymes fronP. furiosus Adams and coworkers reported tRatfuriosuscells selectively
used the trace amounts of tungsten present in #dwiamnand that they did not incorporate
any molybdenum into the cofactor of these AORs [102n the contrary, similar
experiments performed in our laboratory, with a Afdld excess of molybdate over
tungstate in the growth media, resulted in a sigaitt molybdenum incorporation in two
AOR enzymes: FOR (5% Mo, 2% W, 93% apo) and WORB4 Mo, 2% W, 75% apo)
(our unpublished results). EPR spectra confirmedriborporation of molybdenum into the
pterin cofactor. The aldehyde oxidation activities these proteins correlated with the
tungsten content, indicating that the molybdenunmtaoing AOR subunits are not
catalytically active. Apparently, the AOR enzymédPo furiosusare preferably synthesized
with tungsten, despite the ability of the tungsteansporter (WtpABC ) to take up
molybdate from the medium [32,102].

An interesting category is formed by the isoenzyrfdiferent genes encoding different
enzymes, one with tungsten the other with molybdemu the cofactor, which perform a
similar reaction), for example, the above mentiofeethylmethanofuran dehydrogenases in
M. thermoautotrophicunf64]. Depending on the oxoanion that is availalleéhe growth
medium the organism expresses one or both isoermyiftee metal dependent regulation of
gene expression should be a subject of future relsgarticularly in these organisms.

In summary, the activity (rate and specificity)tbé enzyme is very much dependent on the
metal present in the cofactor. Tungsten enzymegemerally faster in reducing substrates,
however, in some cases they are unable to oxidizepounds, where the molybdenum
counterpart can do the oxidation must faster, ands turn, might be unable (or less able)
to catalyze the reduction. This is a result of ltheer reduction potential of the W w"'
redox couple compared to the reduction potentizhefMd”/ Mo"' couple.

Selectivity

It is clear that the metal incorporation of W vex$dio in the cofactor of an enzyme does not
only depend on the ability of the cells to take tap metal from the medium, as most
organisms express either a ModA, TupA or WtpA hagak with high affinity for both
oxoanions. Furthermore, selective incorporatiolsd not likely to be dependent on the
ability of cells to insert only one of the two mistanto the MPT cofactor, as we know that
E. coli can make both Wco and Moco (e.g. TMAOr and recoantiR. capsulatuMSOr
[99,100])[14]) but can not incorporate a Wco in efizymes (e.g. nitrate reductase [103]).
There is also no clear relationship between théityalid incorporate the metals in the
cofactor of an enzyme and the specific kind of ctfapresent in the wild type enzyme. For
example, the bis-MGD in TMAO reductase can contamolybdenum or tungsten
[99,100,103], whereas the bis-MGD cofactor in prgkéc nitrate reductase exclusively
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contains molybdenum [99,100,103]. Perhaps the paration of the metal in the cofactor is
mainly dependent on the structure of the apo-enzypossibly in combination with the
occurrence of chaperone proteins that are spdoifieach organism and for each enzyme.
So far, two chaperones have been characterizeH. icoli that play a role in Moco
incorporation in apo-molybdoenzymes: NarJ for thaturation of a nitrate reductase
[104,105] and TorD for the maturation of TMAO rethse [106,107]. Recently, protein
interaction assays revealed that NarJ and NarGodonger interact with enzymes from the
Moco biosynthesis pathway, MogA, MoeA and MobA, wHe coli strains are grown on
tungstate instead of molybdate [105]. This is cstesit with the above mentioned results
that attempts to synthesize tungsten containimgteireductase i&. coli afforded only the
isolation of apoenzyme. The enigmatic functionirfgcbaperones in the metal-insertion
process calls for increased research efforts ircdingéing years.

Tungsten model chemistry

Synthetic model chemistry has helped biochemistgniterstand spectroscopic, structural,
and mechanistic data of the molybdenum and tungstegmes. In general, the resolution
of protein crystal structures is not high enouglidétermine the metal coordination by the
cofactor and additional ligands in great detailefdfore, synthetic models can aid to define
accurate bond lengths and bond angles of the matdlfferent coordination geometries.
Due to the chemical similarity of Mo and W, neadyl W compounds have Mo
counterparts. Recently the synthetic cofactor anse of Mo and W enzymes have been
thoroughly reviewed by Enemark and Holm [108]. Resk efforts into the total synthesis
of the molybdopterin cofactor have been reviewed @9,110].
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Figure 10. The molybdenum cofactor and derivatives: Molybdangofactor (Moco) (A),
Urothione (B), FormA (C).
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A Moco degradation product, urothione, and a Moawivdtive, FormA, have been
synthesizedde-novo (figure 10) [111,112]. To date no one has beer &bl synthesize
Moco. Recently, engineere. coli strains have been developed that accumulate cyclic
pyranopterin monophosphate (cPMP), a precursor @éd The compound cPMP can be
applied as therapeutic for patients with geneticcdiosynthesis deficiency [69,113].
Moco deficiency is a rare genetic disease causamgre physical and mental retardation and
death in early childhood [114], giving an addedn#igance to research efforts into
synthetic or enzymatic approaches to produce Modoc®MP.

One of the problems with synthesizing mononucleaonwlybdenum and tungsten
complexes is the usually irreversibleoxo “dimerization” reaction by which M6O and
Mo"'0, react to form M&,05. Therefore, ligands have been used that steripadlyent this
reaction. Since all tungsten enzymes contain eitieMPT or bis-MGD cofactors, their
synthetic models are much less prone towards draigon than synthetic models of mono-
MPT cofactors. W-dithiolene compounds with differefunctional groups have been
synthesized (figure 11) [115]. For all W-complexssucturally similar molybdenum
counterparts have also been synthesized.
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Figure 11. Examples of biologically relevant synthetic mod@g"' O(O,CH)(SC.Me,)J]* (A),
[W"YO(0.CR)(SC.Mez) ] (B), [W"'0x(S:CMez)s]* (C), [WO(S,CMez),] " (D) [108].

Redox chemistry

The redox chemistry of tungsten model compoundsbiess extensively studied. Several
factors that affect the tungsten reduction poténtiave been identified and characterized.
In general, the reduction potentials of tungstemmlexes are lower than those of analogous
molybdenum coordination complexes. This effectug to larger relativistic effects in the

heavy element W which cause increased shieldingehucleus by the innermost orbitals
and thus expansion and destabilization of the hitads making them less stable than the
4d-orbitals of Mo. As a consequence, bond ionigtgnhanced and higher oxidation states
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are stabilized in the case of W [116]. The diffa@m reduction potential decreases as the
bond covalency increases.

The effects of ligands on reduction potential amd edectron transfer kinetics of Mo
coordination complexes have been measured for congsowith different numbers of
sulfur and oxygen ligands [117]. In general, replgcoxygen with sulfur increases the
reduction potential of the M8’ couple and increases the electron transfer rate.
Furthermore, an aromatic framework of the ligandshier increases the reduction potential,
as compared to aliphatic frameworks. These obsengftare in line with the postulated
function of the molybdopterin cofactor in modula&tithe reduction potentials of the metal
center. Furthermore, the observations appear toobsistent with the fact that tungsten-
containing enzymes always have a bis-MPT cofaetah four dithiolene sulfurs. A mono-
MPT coordination of tungsten would simply give theetal center too low reduction
potentials for biologically relevant functions.

The coordination geometry also influences the redo@otentials, as has been measured
for oxy Mo centers. In case of a mixed sulfur/oxmdination, thecis-oxo complex
exhibits a 200 mV lower reduction potential thatians counterpart [118].

Schulke has reported on the effects of temperaturte reduction potential of tungsten and
molybdenum compounds (93). Tungsten compoundststally similar to molybdenum
counterparts were found to exhibit a different terapure dependence of the reduction
potentials, leading to an inverse of the Mo/W reauc potential difference at high
temperature (i.e. Mo lower that W) [119]. The authmwever, only observed this behavior
for MO(fdt),, and not for other W/Mo bis-dithiolene compoundike reduction potential
difference between MoO(fdtand WO(fdt) was only 30 mV at ambient temperature, while
the error in the measurements appears to be at36amV. We would venture that the
difference in temperature dependence that was fédand/o versus W, is probably not
significant. The fact that MoO(fdtland WO(fdt) have very close reduction potentials for
the MY/MY couple is interesting in its own right. It suggeshat a conformational
difference in the ligands coordinating the metaeaels out the normally found reduction-
potential difference of at least 200 mV. Unfortiedgt the crystal structures of the
MoO(fdt), and WO(fdt) were not obtained.

Solvent effects on the reduction potentials of oglyimdenum complexes with dendritic
thiolate ligands are determined by the dielectiomstant of the solvent and the donor
number [120]. This qualitatively explains why afdient local protein environment can
lead to dramatically different reduction potentiafsbiological molybdenum and tungsten
centers.

Related to the redox potential is the electronsi@nkinetics. Biological Mo and W centers
have to transfer electrons to or from other redexters, such as iron-sulfur clusters.
Apparently, the electron transfer kinetics is fadte coordination compounds with sulfur
ligands, than for the ones with more oxo-ligands7]1 Furthermore, the metal-dithiolene
fold-angle has been found to be important for etecttransfer. The fold-angle of the
dithiolene metallacycle along the S-S vector vangth the number of d-electrons of the
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metal. In general, the fold angles are large foarl small for 8iconfigurations. Large fold
angles are a consequence of the stabilizing irtterabetween the metal in-plane and the
sulfur-rt orbitals. This effect is important for electroarisfer reactions for the regeneration
of the Mo/W active site during catalysis. Additidlgaencapsulation of the metal by bulky
ligands, mimicking the buried metal center insidgratein, has been found to decrease the
electron transfer kinetics of the metal center [120

Mechanism of oxo transfer

Dithiolenes are well known to be non-innocent ligani.e. able to do undergo redox
reactions themselves. An important question thatri@ been answered is to what extent
the pterin dithiolenes participate in the redoxcteas catalyzed by W (and Mo) enzymes.
To date little evidence has been obtained for soeblvement of the pterin dithiolenes,
except for the observation of pterin-localized cat8 in Mo-containing aldehyde
dehydrogenases [121] and in W-containing AORs (mpublished observation). Recently
reported crystal structures of the Mo containinggate reductase A (NarGHI) fro. coli
[122] and ethylbenzene dehydrogenase fAmomatoleum aromaticufi23] show that the
bis-MGD cofactor can have an open pyran-ring stmgcfor one of the two pterin moieties.
The functional significance of these open-ring dites is not known. Only the closed
pterin in both enzymes forms a feasible electrangfer conduit from the Mo center to the
iron-sulfur clusters. Although the precise funcsoof the pterin cofactor have not been
completely resolved the consensus at present ighbgclosed) pterin cofactor serves as a
conduit for electron transfer and a modulator & teduction potentials of the metal, and
does not directly participate in the catalytic mesgkm [123].

Since synthetic W model compounds have Mo analqguéas been possible to compare
their oxo-transfer capabilities and to look for amletpecific differences. Only a small
number of analogue functional model systems has lsmthesized compared to the
number of structural analogues. Using these funatianalogues a kinetic metal effect has
been observed: Oxo transfer from substrate to nitdl — MY'0) is faster with tungsten,
while from metal to substrate (f0 - M") it is faster with molybdenum [124]. Thus,
enzymes that physiologically should catalyze tleiction of a substrate (DMSO reductase,
TMAO reductase) are faster with W than with Mo. #Emes that preferably oxidize a
substrate (like FMDH) are expected to be fasteln Wib than W.

A recent DFT study of molybdenum- and tungsten-aimiig model complexes of Mo-
dependent nitrate reductases reported differentdbel reaction energies of the different
steps during the catalytic mechanism [125]. W-caxes were found to have a lower
activation energy for oxygen atom transfer (OATY aamore negative reaction energy for
the nitrate reduction half reaction. These caloahs would suggest that nature has chosen
an energetically unfavorable metal, since no twmgshas been found in any nitrate
reductase. A possible explanation of this parachx be the ease of reducing Wover
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W"' during the second half reaction which regenerales metal center. However no
calculations on this second half reaction wereees].

In summary, the metal-based differences betweemn@/ Mo that affect kinetics are: the
metal-oxygen bond dissociation energies and thactexh potentials. Comparison of the
catalytic properties of the W enzymes and theitttsgtic model compounds helps to define
which factors give the enzymes their high turnaeges. In general, enzymes react orders of
magnitudes faster than their synthetic model comgsu

Reaction mechanisms

Despite the considerable body of knowledge frontlsstic model chemistry and structural
and sequence information from biochemistry, it il slifficult to resolve the reaction
mechanisms of tungstoenzymes. In order to provénetie mechanism, it is essential to
determine the reaction intermediates and kinetrarpaters during a single turnover. Very
recently we have reported the first pre-steadyeskatetic data of a tungstoenzyme, FOR
[16]. Most mechanisms presented below still awajpegimental substantiation, and are
based on structural, spectroscopic, and inorgamécnical knowledge. The structures of
four naturally occurring W enzymes have been dépdsin the Protein Data Banle.
furiosusAOR (1aor) [25],P. furiosusFOR (1b25) [126],D. gigasFDH (1h0h) [90], andP.
acetylenicusAH (2e7z) [94]. In all four cases the exact copation by oxo- and/or sulfide
ligands, other than the dithiolene sulfurs and $bkenocysteine (in the case of FDH) is
under debate. Detailed structural characterizatiothe first coordination sphere of the W
center in defined oxidation states is still lacking

Aldehyde oxidoreductases

The crystal structures @?. furiosusAOR [25] and FOR [126] indicate several important
conserved amino acid residues in the active sgmme Of these Glu308 (FOR numbering)
has been proposed to be involved in the activatibra water molecule to attack the
carbonyl group of the aldehyde bound to the tumgstnter. A hydride of the carbonyl
carbon is then thought to be transferred to thelgend of the tungsten center (figure 12).
A hydrogen bond from Tyr416 to the carbonyl oxyg#om of the substrate may serve to
activate the substrate for nucleophilic attack.afyn Thr240 may facilitate proton transfer
as part of the coupled electron proton transféhatactive site. Future mutagenesis studies
may prove or disprove the proposed roles of thasé@ acid residues. The W(V)
intermediate of this reaction should be detecthlyld&EPR. It would be very interesting to
measure this intermediate during a single turnover, by freeze-quench methods.

Recent stopped-flow experiments on the AOR-familgnmber FOR fromP. furiosus
showed that an activation process from the fulljdimed form of the enzyme (W
[4Fe4ST" to the 2 electron reduced form of the enzymé&’(\MFe-4Sf") has to take place
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before the enzyme reaches a fully active states &biivation can be achieved by reducing
the enzyme with the substrate formaldehyde in tigeiace of an electron acceptor. During
subsequent turnovers in the presence of redox graferredoxin, the enzyme shuttles
between a 1-electron (N [4Fe-4S}" or W'; [4Fe-4Sf") and a 3-electron reduced state
(W"; [4Fe-4St") compared to fully oxidized, resting enzyme [16].
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Figure 12. Proposed mechanism of W-AOR [126]. Glu308 (FOR berimg) activates a water
molecule to attack the carbonyl group of the aldehipound to the tungsten center. A hydride of
the carbonyl carbon is then transferred to the ligand of the tungsten center. A hydrogen bond
from Tyr416 to the carbonyl oxygen atom of the $t#ie activates the substrate for nucleophilic
attack. Finally, Thr240 facilitates proton transéexr part of the coupled electron proton transfer at
the active site.

Formate dehydrogenases

The crystal structure of the tungsten-containingnimte dehydrogenase frobh gigashas
been determined to 1.8 A resolution [90]. A positivcharged substrate channel, a putative
proton channel, and a hydrophobic £€hannel have been proposed in this structure.
Electron transfer can take place from the pterimetgovia four [4Fe-4S] clusters, each circa
10 A apart, offering an electron transfer condeitthe physiological redox partner, a
monoheme cytochrome.

A recent re-evaluation of the crystal structurehe molybdenum-containing FDH-H from
E. coli, together with the structure of the tungsten enzyswggests the following
mechanism (figure 13) [127]. Formate binds to thgsten center, displacing the
selenocysteine ligand (SeCys158). The free selet@icyate is stabilized by a nearby
conserved arginine residue (Arg407). Subsequetitéy alpha proton of the bound formate
is transferred to a nearby conserved histidineduesi(His159). During this step GGs
released and the tungsten center is reduced fromoVIV. Alternatively, the free
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selenocysteinate may assist by forming a seleniarbexylated intermediate as has been
postulated previously [128]. As the final step t@lectrons are sequentially transferred from
the tungsten center via the [4Fe-4S] cluster texdarnal redox partner protein, completing
the catalytic cycle. This final step involves anREBetectable W(V) intermediate. The
mechanism of FDH, however, is still a subject diate [129].

In the absence of a crystal structure of a formyfraeofuran dehydrogenase (FMDH), any
proposed reaction mechanism remains highly specelaeMDH catalyzes the reversible
reductive carboxylation of methanofuran with £@®@ N-formylmethanofuran. A three-
dimensional structure of the enzyme would helpxplan how both substrates can get into
close proximity and may indicate the involvemenitadtlitional amino acid residues in the
active site pocket.

Biochemical analysis and amino acid sequence casgrashow that tungsten-containing
FDMH contains a bis-MGD cofactor with an additiong}steine sulfur ligand to the
tungsten center, and puts this enzyme into the DIvE8lDctase family [130,131].
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Figure 13. Proposed mechanism of W-FDH [127]. Formate bindbh¢é tungsten center, displacing
the selenocysteine ligand (SeCys158). The seletwiogse is stabilized by a nearby conserved
arginine residue (Arg407). Subsequently, the alpiodion of the bound formate is transferred to a
nearby conserved histidine residue (His159). Dutimg step CQ@ is released and the tungsten
center is reduced from VI to IV. Alternatively, tfieee selenocysteinate may assist by forming a
selenium-carboxylated intermediate. Finally, tweo#lons are sequentially transferred from the
tungsten center via the [4Fe-4S] cluster to anreateedox partner protein.

Acetylene hydratase

Acetylene hydratase is a unique tungsten-contaieimgyme since it does not appear to
catalyze a redox reaction. The structure has betsrdined at 1.26 A resolution [132], and
provides important clues on the catalytic mecharasim the roles of the W center and the
[4Fe-4S] cluster (figure 14). The reactive speaesither a hydroxo or a coordinated water
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molecule. The hydroxo-ligand would act as a nudepwith a vinyl-anion product that is
able to deprotonate Aspl3. Interestingly, the ereymeds to be activated by reduction of
the W center from W(VI) to W(IV). The [4Fe-4S] ctes is thought to facilitate this
activation step. The coordinated water moleculelccaain positive charge under the
influence of the proximal Aspl3. Subsequently, ¢hectrophilic water can react with the
acetylene triple bond in a Markovnikov-type eleptitic addition reaction. The tungsten
center is regenerated by the binding of water éoWhcenter and deprotonation by Aspl13.
Theoretical calculations suggests that the W(IMjvacsite favors coordination of water
over hydroxo, supporting the electrophilic additrmechanism [132].

CH
=5 HO—C==CH,
H E H HO/ASP13
cys- H—0o Cys~
s
~
s/W\'\V
S 4 \s
S S s 8>

Figure 14. Proposed mechanism of W-Acetylene hydratase [1B2¢ reduced [4Fe-4S] cluster
activates a coordinated water molecule, which gpiositive charge under the influence of the
proximal Asp13. Subsequently, the electrophilicavatan react with the acetylene triple bond in a
Markovnikov-type electrophilic addition reactionhd tungsten center is regenerated by the binding
of water to the tungsten and deprotonation by As@ligrnatively, a hydroxo ligand would act as a
nucleophile instead of a water molecule producingiryl-anion intermediate that is able to
deprotonate Asp13.
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Conclusions

In this review various aspects of the bioinorgachemistry of the element tungsten have
been considered. An overview was given of speatqaisctools to study the metal either
incorporated in proteins or as model coordinatiompound, followed by a description of
relevant physiological processes, notably, the kgpnd storage of the metal by cells and
the incorporation into an organic cofactor in ortietune its redox properties required for
biological activity. The two families of tungsteosttaining enzymes were discussed: the
aldehyde oxidoreductases containing a non-modifiedysto-bispterin cofactor, and the
formate dehydrogenases which have a guanine mospphte attached to each pterin.
Understanding their mechanisms of action on a nutdeclevel is a field of ongoing
research, for which the use of spectroscopic tegles and the availability of synthetic
mononuclear oxomolybdenum and tungsten complexexfénigh importance. Repeatedly,
reference was made to the literature on molybdemunich is generally more developed
both for biological and for model systems.

In the introductory part two questions were raitederve as Leitmotif for this review. The
first question is: why do organisms use tungsteht& time a full answer can not yet be
given, although it has been shown that on an enigresel the presence of tungsten offers
an advantage for the reduction of substrates veidtively low reduction potentials. Also,
organisms that live in an environment with a relaiy high tungsten over molybdenum
concentration ratio and that have learned to ekph@ tungsten, may have an advantage
over the ones that are not able to do so, or famvkungsten might even be xenobiotic [5-
7].

The second question: *how do organisms discrimibateveen tungsten and molybdenum?’
also remains to be answered in full detail. Howgitdras become clear that the selection is
not only made at the level of the transport pratdiecause these are all able to bind both
oxoanions with affinities in the micromolar rangelower. A main act of selection must
take place in the pathway of the cofactor synthasid/or through specific enzymes that
might only enable the incorporation of a specifietatcontaining type of cofactor. In the
coming years more experiments need to be designeégerformed in order to solve the
details of the selectivity process(es).

Finally, many issues are still to be addressedha tungsten-biology fields of storage,
regulation, and enzyme kinetics. Protein crystalctires of intermediates or intermediate
analogues can help to solve reaction mechanismtheoftungstoenzymes. In addition,
application of advanced spectroscopic techniqueghi@ontribute to a deeper insight into
structure and mechanism. For these and other pespdbe synthesis of biomimetic
tungsten complexes has an added importance.
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Chapter 2

Abstract

A novel tungstate and molybdate binding protein Haesen discovered from the
hyperthermophilic archaed?yrococcus furiosuslhis tungstate transport protein A (WtpA)
is part of a new ABC transporter system selectoretdingstate and molybdate. WtpA has
very low sequence similarity with earlier charaited transport proteins ModA for
molybdate and TupA for tungstate. Its structuraleges present in the genome of numerous
archaea and some bacteria. The identification isfribw tungstate and molybdate binding
protein, clarifies the mechanism of tungstate awtiybdate transport in organisms that lack
the known uptake systems associated with the ModATaipA proteins, like many archaea.
The periplasmic protein of this ABC transporter pAt{PF0080), was cloned and expressed
in Escherichia coli Using isothermal titration calorimetry (ITC), WApwas observed to
bind tungstate (K of 17 = 7 pM) and molybdate @of 11 + 5 nM) with a stoichiometry of
1.0 mole oxoanion per mole of protein. These lowMlues indicate that WtpA has a
higher affinity for tungstate compared to ModA amdpA, and a similar affinity for
molybdate compared to ModA. A displacement titnatod molybdate-saturated WtpA with
tungstate, showed that the tungstate effectivgdlaoed the molybdate in the binding site of
the protein.
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Tungsten transport protein A (WtpA)

Introduction

Molybdenum and tungsten have similar ionic radd ahemical properties. Tungsten is the
heaviest atom and the only third transition rowredat that exhibits biological activity in
enzymes. Molybdenum is the only second transitiow metal that exhibits biological
activity when it is present in a cofactor of a nleenzyme. Both metals are present mainly
in enzymes that catalyse oxygen atom transfer icect In these enzymes they are
coordinated by the two dithiolene sulfur atoms @terin molecule, called a molybdopterin
cofactor (MPT) [1]. In the case of tungsten, theahe always coordinated by two pterin
moieties, forming a so called bis-pterin cofactdfc) [2,3]. Molybdenum is an essential
trace metal for many forms of life whereas tungssefound mostly in archaea and in some
bacteria. The Moco-containing enzymes can be divid® three families depending on the
coordination chemistry of the Mo ligand: the salfioxidases (SOs), the xanthine
oxidoreductases (XORs), also including the aldehyxidases, and the dimethyl-sulfoxide
(DMSO) reductases, which are only found in prok&ego[4,5]. The Wco-containing
enzymes only consist of the aldehyde oxidoredustd®®Rs), formate dehydrogenases
(FDHs), and an acetylene hydratase [3]. Based guesee comparison the FDHs and
acetylene hydratase are part of the molybdenunmagong DMSO reductase family.

The transport of molybdate has been well charasdrin particular folescherichia coli
which expresses a high affinity ABC transporter fioolybdate encoded by the ModABC
genes [6]. The periplasmic molybdate binding protgiodA binds specifically molybdate
and tungstate and not sulfate or other anions@6ystal structures of thE. coli and the
Azotobacter vinelandiModA indicate that the specificity for molybdatadatungstate is
mostly determined by the size of the binding pockée Cambridge Structural Database [7]
gives 1.75 +/- 0.04 A and 1.76 +/- 0.02 A for malgbe and tungstate respectively and 1.47
+/- 0.02 A for sulfate. The ModA proteins cannosaiminate between molybdate and
tungstate. The first tungsten specific ABC tranggomwas identified inEubacterium
acidaminophilum[8]. The periplasmic tungsten uptake protein (Tup#gs cloned and
expressed irE. coliand was shown to bind only tungstate with a higinigf. A crystal
structure of TupA is not yet available, and it © ©lear what the structural basis is of the
specificity for tungstate over molybdate. Recently, high affinity vanadate transporter,
which was highly selective for vanadate compareduagstate, was identified in the
cyanobacteriuninabaena variabilis ATCC 2941iased on the sequence similarity with the
TupA protein fromE. acidaminophilun{58% sequence similarity) [9]A. variabilis ATCC
29413 expresses an alternative V-dependent nitrogenaséhéofixation of nitrogen and
therefore it requires vanadate [9]. The specyfioit this transporter for vanadate indicates
that high sequence similarities are not conclukiveéhe selectivity of the transporter.

Our goal was to study tungstate transport in aramiggn that is strictly dependent on
tungstate, the hyperthermophilic archaeByrococcus furiosusThis organism grows
optimally at 100 °C under strict anaerobic condgig10]. In the last decade five tungsten
containing aldehyde oxidoreductase enzymes werdigglrand characterized frorn®.
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furiosus Aldehyde oxidoreductase (AOR) [11], formaldehywledoreductase (FOR) [12]
and tungsten containing oxidoreductase 5 (WORD5)| [4/8B have a broad substrate
specificity for aldehydes varying from shorter ¢is®giand C4 to C6 semialdehydes (FOR) to
longer, aromatic and aliphatic backbones (AOR, WDRBese broad substrate specificities
do not immediately imply a clear physiological ftioo for these proteins; micro array
experiments indicate that they might play a rolpeptide fermentation or in stress response
[14,15]. In contrast, glyceraldehyde-3-phosphatdareductase (GAPOR) is known only to
convert the substrate glyceraldehyde-3-phospha#dP{G16]. It is the only W-containing
aldehyde oxidoreductase with an assigned funchamely, in the Embden Meyerhof-type
of glycolysis where it converts GAP to 3-phosphaghate, replacing glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and phosphoglgcekatase (PGK). Tungsten
oxidoreductase 4 (WOR4) was purified fréfuriosusgrown in the presence of elemental
sulfur (S)[17]. No substrate has been identified yet for WOBesides these five tungsten
containing enzymes of the AOR family, the genom® ofuriosusalso encodes two genes
for putative tungsten or molybdenum containing fatendehydrogenases (FDHSs) [18].
Cultivation experiments indicated thRt furiosts has a highly specific tungstate uptake
mechanism. When molybdate was added to the grovetianin a 1000-fold excess, the
cells were able to selectively scavenge the tratésngstate from the media and used it for
the incorporation in the cofactor of the AOR enzgifi9].

The genome ofP. furiosus does not carry @upA homologue, however a putative
sulfate/thiosulfate/molybdate transporter is présbkat has 30% sequence similarity with
the ModA protein fromE. coli (PFO080/PF0081/PF0082)) (18% sequence identityg Th
other components of this putative transporter, Wegpl WtpC, have a high sequence
similarity to ModB/TupB (53% and 50% similarity) @nModC/TupC (51%/56%),
respectively. Besides this putative sulfate/thitzgamolybdate transporter, the only ABC
transporter encoded in the genome with some siityilé28%) to ModA is annotated as a
putative phosphate transporter (PF1003/PF1006/PH#RBQ008). However the sequence
identity is much lower, only 11%.

Since no molybdenum enzymes have been identifiedrgm P. furiosus we hypothesized
that the operon that contains the PF0080, PFOO8P&0082 genes encodes for a tungstate
selective ABC transporter. An mRNA fragment codiogthe PF0080 gene has previously
been detected in micro array experiments [15],ciatiing that the protein is expressed
VIVO.

In this paper we describe the cloning, expressiwh leinding characteristics of this new
tungstate transport protein (WtpA).

Materials and Methods

Materials - All chemicals used were of the highest quality &lde. Prepacked strep-tag
columns were used as recommended by the supia).(l
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Cloning of the WtpA gene - The WtpA gene (PF0080) was amplified by PCR ustig
polymerase (Invitrogen), sense (WtpA_F_Bsal) antisamse (WtpA_R_Bsal) primers
(Thermohybaid) 5-ATGGTACGTCTCAAATGCGAGAGGG-3’ and 5'-
ATGGTACGTCTCAGCGCTCTTTTCAAT-3 and chromosomal DNitom P. furiosusas

a template. Extraction of the chromosomal DNA waserfggmed with
phenol/chloroform/isoamylalcohol [20]. The PCR pwotiwas treated witliaqpolymerase
(Amersham Bioscience) for 10 minutes at°f2to obtain single 3'adenine overhangs for
sub-cloning into the pCR2.1-TOPQ® vector (Invitrogen). This TOPO-construct was
transformed into competekt coli TOP10 cells (Invitrogen) and plasmid was isoldted

an overnight culture. Both primers contain a Bsedtriction site and they were used to
clone thewtpAgene into the Bsal site of the pASK-IBA2 expressiector (IBA), resulting

in a WtpA fusion protein with an N-terminal Om@A coli signal peptide and a C-terminal
strep-tag. This construct was transformed into caent E. coli BL21- CodonPlus®-
(DE3)-RIL cells (Stratagene) and sequenced forinoation.

Protein expression and purification -E. coli BL21(DE3) cells that contained the plasmid
encoding the WtpA fusion protein were grown on LE:dium containing 10Qug/mi
ampicilin. Protein synthesis was induced with 20®f an anhydrotetracyclin solution (2
mg/ml in dimethyl-sulfoxide) per litre culture, wihehe absorbance of the culture reached
0.5 at 600 nm. Cells were induced for 4 hours &@G@nd harvested by centrifugation. The
cells were washed with 100 mM Tris-HCI, pH 8.0, avere broken in the same buffer (1 g
of cells per 5 ml buffer) with a cell disruptor s (Constant systems). Cell-free extract
was obtained by centrifugation for 20 minutes ab@B x g at £C. As a first purification
step the supernatant was heated for 30 minute8 &€ 6Precipitated protein was removed
by centrifugation and the remaining cell-free ectravas applied to a 1 ml strep-tactin
column (IBA) equilibrated with buffer W (100 mM BAHCI, pH 8.0, 150 mM NaCl, 1 mM
EDTA). The column was washed with 5 ml buffer W &hd protein was eluted in 3 ml
buffer W containing 2.5 mM desthiobiotin.

Gel-shift assay -The gel shift assay developed by Rech et al. [244 used to qualitatively
observe the binding of different oxoanions to thetgn. Samples of 1Ql containing 25
MM of purified WtpA in 10 mM Tris-HCI pH 8.0, weren¢ubated in 50 mM potassium
acetate (pH 5.0) and 10 mM of one of the oxoaniomdfate, phosphate, chlorate,
molybdate, and tungstate for 30 minutes on ice. @@swere analysed on a high density
(20%) native polyacrylamide gel on a Phast Syst&ff Healthcare). The electrophoresis
was performed at a voltage of 150 V, &Cifor approximately 4 hours.

Size exclusion chromatography Size exclusion chromatography was performed using a
analytical HR10/30 Superdex-200 column (GE Healicaquilibrated with 20 mM Tris-
HCI pH 8.0, 150 mM NaCl. WtpA (3aM) was incubated with different concentrations of
tungstate and/or molybdate in a total volume of iDfbr 30 minutes at room temperature.
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The protein was separated from unbound oxoaniom avitow rate of 0.5 ml/min. Fractions
were collected and the molybdenum and tungsteneobnwas determined by catalytic
adsorptive stripping voltammetry [22].

Radioactive labelled tungstate experiments **W (half-life 23.8 h) was produced by
irradiation of 10 mg NAVO, in a thermal neutron flux of 4 x 10m? s* for 10 hours. The
specific activity was 8 x 6 Bq "W per mole W. The target material was dissolved.th
ml 20 mM Tris-HCI pH 8.0.

0.5 uM WtpA was incubated with varying concentration$ (g — 20uM) of radioactive
labelled sodium tungstate for 5 minutes in 20 mN$-HCI pH 8.0 at room temperature in a
total volume of 25Qul. Dowex AG-1X8 (100-200 mesh, Gbrm, Fluka), 50 mg, was
added as a slurry (1 vol. water/vol. resin) to reenainbound tungstate from the protein
solution. The Dowex was allowed to settle for 5 mé@s and thé®'W in 200 pl of the
supernatant was determined in a Wallac (Turku, afid) 1480 Automatic 3” gamma
counter. The amount 6¥W in the Dowex and the residual supernatant wasddsermined
in this gamma counter.

Isothermal titration calorimetry (ITC) - Prior to all ITC experiments WtpA was
extensively dialyzed against large volumes of ITi@fér (10 mM Tris-HCI, 50 mM NacCl,
pH 8.0) at 4° C. Tungstate and molybdate stocktewis (1 M) were prepared in,B and
diluted to 0.1 — 0.4 mM final concentration usid@lbuffer. Tungstate and molybdate were
titrated as ligand into the sample cell (1.42 ndiptaining 7-15 uM WtpA. Tungstate and
molybdate were injected in 2-4 pl injections toatea final molar ratio of ligand to WtpA
ranging from 2:1 to 4:1 at the end of the experim&tank injections of titrant into the
buffer were performed to estimate the heat of g@¢c mixing and dilution, which was
similar to the heat release that was seen at tthi@®each titration after reaching saturation.
At least three experiments were performed with stmig and molybdate, and two
displacement titrations with tungstate were donéngusmolybdate saturated WitpA
(containing 1.5 fold molar excess of molybdate). @dperiments were performed at 25° C
using a VP-ITC Microcalorimeter (Microcal, Northhptan, USA). For every injection the
binding enthalpy was calculated by integrationh&f peak area using the ORIGIN software.
The heat change after each injection is relatdteacalorimetric enthalpy of bindinH.,
and is also dependent on the stoichiometry of tlipAMnion complex. The association
constant K, and additional binding parameters (binding staaotetry, enthalpy and
entropy) were obtained through curve fitting witfRIGIN. Baseline subtraction was
performed manually by averaging the last 5-10 tpes after reaching saturation and
subtracting from thé&H_,,.

Protein assays.Protein concentration was determined using thenbi@ninic acid assay
method with bovine serum albumin as the standamledlilar weight and degree of purity
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was determined with SDS-polyacrylamide gel eledtmpsis on a Phast System (GE
Healthcare) in 8-25% gradient SDS-PAGE gels.

Results

Cloning and purification of WtpA

The N-terminal amino-acid sequence of WtpA (PFOG&ajts with a putative lipobox of a
lipoprotein signal peptide. The consensus sequéarca lipobox in bacteria is [I/L/G/A]-
[A/G/S]-C [23] and in the case of WtpA it is AGCfigure 1). Furthermore, significant
homology was found with leader peptides from otheriplasmic components of anion
ABC transporters in archaea with the putative md<ik-X .,-GC (GC is part of lipobox
sequence, figure 1) [23]. The cysteine is alwaysseoved in this motif. In bacteria it has
been shown that this residue is lipid modified ptmcleavage by type 1l signal peptidases
[23].

These lipoproteins have not yet been identifiecdrichaea. Some archaeal solute-binding
proteins have been characterized that also coataypical lipobox motif (SGC), e.g. the
maltotriose binding protein d®. furiosus[24]. However these proteins were N-terminally
blocked and therefore the presence of the lipidetyotould not be confirmed. The leader
peptides are split at the N-terminal side of thsteye in the case of bacteria; the cleavage
site in archaea is unknown. In bacteria the mat@protein remains anchored in the
cytoplasmic membrane after cleavage.

For the TupA gene dE. acidaminophilurma similar leader sequence was found [8]. When
the TupA protein was expressedHn coli containing its native leader peptide, 90% of the
recombinant protein was found associated with gteptasmic membrane d&. coli and
only a small fraction of soluble protein was ob&inTherefore the WtpA (PF0080) protein
from P. furiosuswas cloned without its native leader sequencetimopASK-IBA2 vector.
This vector contains an N-termin&l coli leader sequence, encoding for the OmpA leader
peptide that causes the protein to be exportecsathe cytoplasmic membrane. The WtpA
gene was cloned into the pASK-IBA2 vector and espeel as a C—terminal strep-tag fusion
protein. Purification resulted in a yield of appiroately 5 mg WtpA per litre of inducel.

coli culture. The protein remained stable and solubkingd the purification step in which
the E. coli cell-free extract was heated for 30 minutes at®0The heat stability of WtpA
was tested more thoroughly on the purified protdihe 280 nm absorption remained
constant for at least 6 hours after incubationhef protein at 80 °C, and there was no
precipitation observed (data not shown).

Purified WitpA showed multiple bands of apparent ecalar weights between 35-45 kDa
(data not shown) on native polyacrylamide gel etgatioresis, which was also observed for
the TupA protein fronk. acidaminophilunj8]. These different forms of WtpA are obtained
because they are processed differently by the kggratidases oE. coli. The major band
was observed around 40 kDa, which is in agreemdéhtttve gene PFO080 encoding for a
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37 kDa protein (without the leader sequence), ssigggethat the WtpA protein occurs as a
monomer in its native form.
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Figure 1. Amino acid sequence alignment of periplasmic bigdproteins:E. coli ModA, E.
acidaminophilumrlupA, P. furiosusWtpA and the 11 WtpA homologues. The sequence @alegri
was performed with all the protein sequences trerevalso used to create the phylogenetic tree
(figure 4). The bold residues (shaded grey) inNtzglA protein are involved in the binding of the
molybdate, based on the resolved crystal struc{@®26]. The bold residues in the WtpA protein
indicate the lipobox consensus sequence and the mostulated to play a role in binding of the
oxoanion are printed in white (shaded grey). Thgdrges printed in white (shaded black) in the
TupA and WtpA sequences are conserved amongsthibeiologues.
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Qualitative binding experiments

WtpA (35 uM) was incubated with 5QuM tungstate or molybdate and the protein was
subsequently separated from the unbound salt vizih exclusion chromatography. The
presence of the oxoanions did not change the alyiofile of the monomeric protein. The
metal content of the protein fraction and the lowlenular weight fraction (unbound
oxoanion) was determined by catalytic adsorptivipging voltammetry [22]. It was found
that molybdate and tungstate co-eluted with thetegmmo(figure 2) and the excess of
oxoanion eluted in the low molecular weight frantidhe molar ratio of tungstate and/or
molybdate and protein was determined to be less ¢me in all experiments. This can be
explained by a loss of bound oxoanion during thmeticourse of the experiment of
approximately 30 minutes. Still 20% of the tungstat molybdate was bound to the protein
at the end of the chromatography run, which indisan off-rate in the order of I(er
second.

To qualitatively examine the preference for eithergstate or molybdate, the protein was
incubated with a mixture of the two oxoanions. lireaperiments both metals were detected
in the protein fraction. However the amount of boduangstate was significantly higher,
even in the presence of an excess of molybdatagltie incubation (figure 2). These data
demonstrate that WtpA is able to bind tungstate amdybdate, with a preference for
tungstate, without changing the oligomeric statéhefprotein.
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Figure 2. (A) Size exclusion chromatography of WtpA (@8!, 100l sample volume, 0.5

ml/min). (B,C,D,E) Percentage of total metal, tuags (black) or molybdate (grey), detected in the
protein fraction after incubation of 30 minutes@m temperature with: 50M sodium tungstate
(B), a mixture of 4uM sodium tungstate and 98 sodium molybdate (2-fold excess of
molybdate) (C), a mixture of 44M sodium tungstate and 22®1 sodium molybdate (5-fold

excess of molybdate) (D), 3M sodium molybdate (E).
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Chapter 2

To test the affinity for other oxoanions, a ligashelendent protein gel-shift assay was
performed with reference to the migration ratehef tncomplexed protein in native
polyacrylamide gels [21]. The protein was incubatatth a 400-fold molar excess of
sulfate, phosphate, chlorate, molybdate and tutegsBmly the tungstate incubated samples
showed a slight but significant mobility shift coarpd to the non-incubated protein and to
the samples incubated with the other anions (dattalrown). A similar gel-shift assay has
been used before to estimate the dissociation @on@{,) for tungstate to be 0ysM for

the E. acidaminophilunTupA [8] (table 1). In the present case, the sesitof this gel-

shift mobility assay was not sufficient to determulissociation constants Bf furiosus

WitpA for tungstate or molybdate.

Table 1.Dissociation constants X for the binding of tungstate and molybdate taglasmic
binding proteins.

Proteir Tungstate Molybdate Methoc

ModA E. coli[27] 20+ ¢ 20+ ¢ Radioactive Dowex asy
TupA E. acidaminophilum 500 not determined  Gel shift assay

WItpA P. furiosus 0.017 11+ 5 ITC

Ligand dependent spectral changes have also beehtaiestimate values for the apparent
Kp for the binding of molybdate or tungstate to pexgohic binding proteins. In the case of
the ModA protein, binding of tungstate or molybd&i@s been shown to cause a slight
change in the spectrum in the far UV wavelengthmea also the intrinsic fluorescence
spectrum of ModA changes upon molybdate bindingq2]L However, forP. furiosus
WItpA these spectral differences were not signifieamugh to make a valid estimation for
the Kp (data not shown).

An isotopic binding method provided the most actaurky value of 20 +/- 8 nM for
molybdate binding of ModA (table 1) [27]. Therefpeesimilar experiment was carried out
for determining the Kof P. furiosusWtpA for tungstate. However, the determined ligand
to-protein stoichiometry was much lower than unityis indicates that this experimental
setup is not reliable, as it is likely to resultarserious overestimation of the magnitude of
Kp. Most likely, the Dowex resin was able to stripuhd tungstate from the protein.

In summary, the above mentioned assays which wkresad in previous reports to
determine the K for periplasmic binding proteins, were not sensiti@nd/or accurate
enough to determine thepdn the case of WtpA. However they qualitatively fion the
ability of the WtpA protein to bind tungstate.

Isothermal titration calorimetry

ITC of WtpA showed that the protein endothermic#ligds tungstate and molybdate with a
stoichiometry of one mole oxoanion per mole of emt as deduced from the heat
consumption upon addition of tungstate or molybdatiéne protein solution (figure 3). The
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obtained binding curve for molybdate was used terd@ne the I value to be 11 + 5 nM.
The extremely high affinity of the protein for tustgte resulted in a very steep binding
curve, and this precluded an accurate fit to ddatenthe Iy value of the protein for
tungstate. It was not possible to significantly rdase both the protein concentration or the
amount of titrated tungstate to obtain more datatpdn the steep region in view of the
signal to noise ratio. However an upper limit foe tkp of 1 nM was estimated from the

data.
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Figure 3. ITC of 10 uM WtpA titrated with injections of 0.§1M tungstate (A), and 1M

molybdate (B). (C) Displacement titration of 1M WtpA incubated with 15uM molybdate, with
injections of 1uM tungstate. Data were fitted (continuous lineigufe B and C) with the ORIGIN
software. The raw ITC data are shown in the righpbs.
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Binding of molybdate resulted in a greater heatsoomption AH, = 9.9 £ 0.5 kcal/mole of
injectant) compared to the heat consumption upenbihding of tungstateAH.; = 5.3 £
0.2 kcal/mole of injectant). These numbers wereutated by taking the average heat
consumption of the first data points of the curveere all the ligand was directly bound to
the protein.

A displacement titration of the molybdate-saturapedtein with tungstate showed a heat
release, which corresponds to the difference it helease between the two oxoanions
(AHcq = -4.1 = 0.4 kcal/mole of injectant) (figure 3C). $hshows clearly that the protein
favors the binding of tungstate, even when the ibopaite is occupied by a molybdate
molecule. TheapparentKp for tungstate when the protein is saturated withybuate was
determined to be 15 + 4 nM (figure 3C). The Kalue of a displacement titration in
combination with the K value for the inhibiting ligand in the absence ttbsg binding
ligand, can be used to calculate the actugl f&r the strong binding ligand with the
following competition equation: X,= Ka/(1 + Kg[B]) [28] where K, is the binding
constant for the strong binding ligand (tungstaedl Kz for the competitively inhibiting
ligand (molybdate). The apparent binding constagethds on the concentration of free
molybdate [B], which changes during the experimbatween 5uM and 15uM. An
average value of 1AM was used in the equation to calculate poK17 + 7 pM of WtpA
for tungstate (K) [28], which is the lowest K value determined for any tungstate or
molybdate periplasmic binding protein. The disptaeat titration and the extremely low
Kp value for tungstate indicate the latter to beghgsiological substrate for WtpA.

Sequence alignments

WtpA (PF0080) -The highest similarities with the PF0080 gene wérand with
hypothetical proteins fromThermococcus kodakarensis KODYP_182428) (87%),
Pyrococcus abyssi GENP_125843) (87%) anByrococcus horikoshii OTENP_142154)
(90%). They are all included in operons encodintafive ABC transporters and represent
the periplasmic binding protein. WtpA has only wesakilarity with the ModA protein of
E. coli (17.6% identity, 30% similarity) and the TupA peot of E. acidaminophilum
(15.6% identity, 30.7% similar) (figure 1,4) ancetbfore it forms a new class of tungstate
and molybdate binding proteins (figure 4). A BLAS@&arch of the WtpA sequence against
the non-redundant database (NCBI) resulted indaatification of 11 homologues (P-value
< 10%) (figure 1, 4). These homologues of fefuriosusWtpA protein and the five closest
homologues, each of tHe coli ModA protein, theE. acidaminophilunTupA protein, and
the two A. vinelandiiModAl1 and ModA2 proteins were used to make thenafignt in
figure 1.
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Figure 4. Unrooted phylogenetic tree of molybdate and turiggtariplasmic binding proteins. The
alignment was made with the 11 homologues (P-valt§2%) of theP. furiosusWtpA protein and
the five closest homologues, each of tecoli ModA protein, theE. acidaminophilumTupA
protein, and the tw@\. vinelandiiModAl and ModA2 proteins. ModA homologueSalmonella
typhimurium LT2 (accession numberAE008732.]1 identity 86%, similarity 91%),Erwinia
carotovora subsp. atroseptica SCRI1043X950851.1 69%, 80%)Yersinia frederiksenii ATCC
33641 (NZ_AALE01000012.1 70%, 80%),Photorhabdus luminescens subsp. laumondii TTO1
(BX571864.1 61%, 75%),Shewanella baltica OS155!Z AAIO01000008.150%, 71%). TupA
homologues: Syntrophomonas wolfei str. GoettingefNZ AAJG01000003.1 51%, 67%),
Thermoanaerobacter ethanolicus ATCC 3322@NZ AAKQO01000001.1 50%, 70%),
Carboxydothermus hydrogenoformans Z-29QCP000141.1 50%, 65%), Syntrophobacter
fumaroxidans MPOBNZ_ AAJF01000122.148%, 66%),Moorella thermoacetica ATCC 39073
(NC _007644.146%, 64%). WtpA homologueFhermococcus kodakarensis KODP4P006878.1
75%, 87%),Pyrococcus abyssi GHZ\J248283.174%, 87%)Pyrococcus horikoshii shinkaj OT3
(BA0O00001.2 73%, 90%), Methanococcus jannaschii DSM266Q.77117.1 49%, 69%),
Archaeoglobus fulgidus DSM4304C _000917.1 46%, 67%),Methanococcus maripaludis S2
(BX957223.1 46%, 63%), Methanosarcina acetivorans C2A (AE010299.1 43%, 63%),
Syntrophus aciditrophicus SBNC_007759.1 39%, 60%), Desulfotalea psychrophila LSv54
(CR522870.1 40%, 56%), Pelobacter carbinolicus DSM 238QCP000142.1 36%, 55%),
Haloarcula marismortui ATCC 43042.Y596297.1 29%, 47%).
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The crystal structure of the ModA proteinef coliand the ModA2 protein oA. vinelandii
have been solved to high resolution [25,26]. Thaeidees that bind molybdate through
hydrogen bonds in the ModA proteins are S12, S325AV152 and Y170 i&. coliModA
(figure 1) and T9, N10, S37, Y118 and V147AnvinelandiiModA2. Unfortunately, there
is no crystal structure of TupA available yet ahdrefore it is not known which residues
play a role in the binding of tungstate in this tpim. A structural homology model was
made for WtpA based on the amino acid sequenceadmamologue of a known structure
[29]. The protein 1AMF E. coli ModA) was selected by the program from the PDB
database as parental structure to which the Wtpdctsire could be modelled with an e-
value of 10"*°. This indicates a significant structural similgriand therefore we use the
obtained structure to hypothesize which residueghimplay a role in the binding of
tungstate or molybdate. Three of the five aminast¢hat bind molybdate i&. coli ModA
have identical residues at identical positionshi@a modelled structure of WtpA. The S42,
S75 and Y164 residues in the WtpA protein are myst homologously to the S12, S39
and Y170 residues in ModA. Furthermore, these vesichre completely conserved among
all WtpA homologues and this is an additional irdiien that they might play a role in the
binding of the molybdate or tungstate (figure 1heTodA residues A125 and V152 that
bind the molybdate through their backbone NH gretipw no obvious similar residues in
the WtpA model. A crystal structure of the WtpA w@io is required for the confirmation of
these residues being involved in binding of theamon. Crystallisation studies with WtpA
are currently in progress in our laboratory.

The sequence similarity of the other componentthefnovel tungstate ABC transporter,
between WtpB and ModB/TupB (53% and 50% similanigspectively) and between WtpC
and ModC/TupC (51% and 56%, respectively) are mhbadher than the similarities
between the A components. WtpB and WtpC both etddbhighest similarity with the
permease and ATP-ase components from the puta®@ thansporters if. kodakarensis
KOD1 (87%/90%),P. abyssi GE587%/86%) andP. horikoshii OT3(89%/90%) whose
binding protein component also exhibited the higlsawilarity with the periplasmic WtpA
component.

WitpB (PF0081) -Analysis of the WtpB sequence by using the Goldntamgelman and
Steitz (GES) hydrophobicity scale [30], identifitat presence of 5 transmembrane helices.
This indicates that WtpB is located in the membrahiee conserved C-terminal region
EAA-X2-G-X9-I-X-LP, which is generally present inepnease components of ABC
transporters, was identified to be VARTLG-X9-I/VLR in the case of the WtpB proteins.
This conserved sequence is thought to be the ra@cmyrsite for the C component of the
transporter [31].

WtpC (PF0082) -Sequence analysis of the WtpC component of thestatey transporter

identifies the presence of characteristic motitst e responsible for binding nucleotides
[32]. These so-called Walker A (GPSGAGKT) and Walkemotifs (LDEPF) and a Q-loop
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(LSGGEQQ) are conserved in WtpC as in ModC and Tuhg et al. have postulated a
role in nucleotide binding for a conserved histanmesidue, which is also present in ModC,
TupC and WtpC [33]. Sequence analysis of the Wtpdiem in the InterPro database for
domains and functional sites [34], identifies anP&Se domain (IPR003593/SM00382).
Therefore WtpC is proposed to be the ATPase path®fABC transporter. Besides the
ATPase domain, also a transport associated oligeotide/ oligosaccharide binding
domain, TOBE-domain (IPR005116/PF03459) [35] andnalybdate/tungstate binding
domain, MOP-domain (IPR008995/SSF50331) are rezegniThese two domains are also
found inE. coliModC immediately after the ATPase domain. Prob#idyTOBE and MOP
domains are involved in the recognition of the rbdigte and tungstate.

Additional BLAST searches confirm that this newsslaf tungstate transporters clarifies
the uptake mechanism of many organisms that exgteggsten-containing enzymes, or
encode putative tungsten containing enzymes omgéheme. To corroborate this proposal,
a group of organisms that most likely use tungstattheir metabolism was obtained by
performing a BLAST search [36] of the sequence bé P. furiosus aldehyde
oxidoreductase (AOR) against the non-redundantbdat& (NCBI). AOR is the only
enzyme known thus far that can only use tungsteh raot molybdenum. This search
resulted in 33 organisms that have a gene encoin@ putative tungsten containing
aldehyde oxidoreductase (P <*fpand therefore most likely require a tungstateakiet
mechanism. Subsequently, BLAST searches of theesegs oE. acidaminophilunTupA,

E. coli ModA andP. furiosusWtpA were performed against these genomes (P %) 10
(table 2). The discovery of WipA as a new clasgunfgstate transporters identifies the
tungstate uptake system of a significant numbeardfiaea, and some bacteria (see below),
that do not express homologues of theacidaminophilumTupA or theE. coli ModA.
Some of the archaea and bacteria have homologuesgen more than one transporter
system. There are no WtpA, TupA or ModA homologémsnd in eukaryotic organisms
even though they do express molybdenum enzymes.
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Table 2. Organisms containing a putative member of the tigmgeontaining aldehyde: ferredoxin
oxidoreductase family encoded in the genome (P"?)lo

Organism Anaerobic  TupA ModA WIipA
homologue homologue homologue
Archaea
Pyrococcus furiosus Yes - - +
Pyrococcus abyssi Yes - - +
Pyrococcus horikoshii Yes - - +
Thermococcus kodakarensis Yes - - +
Thermoplasma volcanium Facultative - - +
Thermoplasma acidophilum  Facultative - - +
Archaeoglubus fulgidus Yes - - +
Methanosarcina acetivorans  Yes - + +
Methanosarcina mazei Yes + + -
Methanocaldococcus Yes - - +
jannaschii
Methanococcus maripaludis  Yes - + +
Haloarcula marismortui No + - +
Pyrobaculum aerophilum Facultative + - -
Aeropyrum pernix No - - -
Termoproteus tenax Yes
Termococcus litoralfs Yes
Bacteria
Eubacterium acidamoniphilum Yes +
Cloistridium acetobutylicum  Yes - + -
Geobacter sulfurreducens Yes + + -
Geobacter metallireducens Yes + + -
Desulfuromonas acetoxidans Yes + + -
Desulfovibrio vulgaris Yes + + -
Desulfovibrio desulfuricans Yes + - -
Desulfotalea psychrophila Yes + - +
Wolinella succinogenes No + + -
Magnetospirillum Facultative + + -
magnetotacticum
Rhodospirillum rubrum Facultative - - -
Azoarcus sp. EbN1 Facultative + 1 -
Rubrivivax gelatinosus Facultative + + -
Shigella flexneri Facultative - + -
Escherichia coli Facultative - + -
Thermus thermophilus HB8  Facultative + - -
Thermus thermophilus HB27 No + - -
Symbiobacterium No + + -

thermophilum

! These homologues have P-values higher than thehibie of 10> however they still exhibit
significant homology with the protein in the copesding column (between f@and 10).
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2TheE. acidaminophilum, T. tenax and T. litorajgenomes have not been completely sequenced
yet or are not freely accessible. However theykamvn to contain W containing AORs [37], [38],
[39].

Discussion

The discovery of the tungstate specific ABC tramsggofrom P. furiosus WtpABC,
uncovers a new class of tungstate and molybdatespaaters given the low sequence
similarity between WtpA and the earlier characediperiplasmic binding proteins ModA
and TupA, which are part of the ABC transportersdBC [21] and TupABC [8]. BLAST
searches of WtpA against the non-redundant data@éS8l) indicate that WtpA is an
archaeal tungstate transporter, whereas TupA (amdologue VupA) and ModA occur
predominantly in bacteria. Homologues of thipA gene are found in the genomes of only
three bacteria;Syntrophus aciditrophicus, Desulfotalea psychrigphand Pelobacter
carbinolicus.D. psychrophilaencodes a tungsten-containing AOR homologue (i2klbut
for the other two bacteria it is not known if thage tungsten in their metabolism. They
might also use the WtpABC transporter for the ueta molybdate. The bacterium,
Rhodospirillum rubrumis identified with BLAST to contain a tungsten-taining AOR
homologue; however there is no putative ModA, TupAWtpA protein present in its
genome. This might indicate that there are stitleottungstate and/or molybdate uptake
systems that not have been identified yet. Howewh the discovery of the WtpABC
transporter, together with the earlier characterix#dABC and TupABC, the tungstate
and molybdate uptake system of most bacteria asfthaa can be identified.

The discovery of the very high affinity WtpABC tigporter explains the earlier observed
ability of P. furiosuscells to scavenge traces of tungstate from growtdian [19].
However, it does not explain the highly selectirearporation of tungstate in the cofactor
of the AOR enzymes in the presence of a 1000-falckes of molybdate in the growth
medium (chapter 5) [19] because the WtpABC trartgpoalso has a high affinity for
molybdate. As a consequence, this indicates thstemde of an additional intracellular
mechanism that determines the selective incormmraif tungstate in the pterin cofactor of
these AOR enzymes.
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Abstract

Molybdenum (Mo) and tungsten (W) enzymes catalymportant redox reactions in the
global carbon, nitrogen, and sulfur cycles. Excaptnitrogenases both metals are
exclusively associated with a unique metal-bindmerin (MPT) that is synthesized by a
conserved multistep biosynthetic pathway, which semdth the insertion and thereby
biological activation of the respective element.iM/lthe biosynthesis of Mo-cofactors has
been intensively studied in various systems, thmgdmesis of W-containing enzymes,
mostly found in archaea, is poorly understood. Heve describe the function of the
Pyrococcus furiosusloaB protein that is homologous to bacterial (sashMogA) and
eukaryotic proteins (such as Cnx1) involved in fimal steps of Mo-cofactor synthesis.
MoaB reconstituted the function of the homologdtscherichia coliMogA protein and
catalyzes the adenylylation of MPT in a flgand ATP-dependent way. At room
temperature reaction velocity was similar to thiathe previously described plant Cnx1G
domain but it were increased up to 20-fold at 80M&tal and nucleotide specificity for
MPT adenylylation is well conserved between W- aib-cofactor synthesis.
Thermostability of MoaB is believed to rely on lexameric structure while homologous
mesophilic MogA-related proteins form trimers. Caripon ofP. furiosusMoaB toE. coli
MoaB and MogA revealed that only MogA is able ttatgre MPT adenylylation whil&.
coli MoaB is inactive. In summary, MogA, Cnx1G, and MBoproteins exhibit the same
adenylyl transfer activity essential for metal s in W- or Mo-cofactor maturation.
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Introduction

Tungsten and molybdenum are transition metals wéty similar properties. They both
have an essential role in biology as they are pteisecofactors of enzymes that mainly
catalyze oxygen atom transfer reactions. Mo-enzyanesibiquitous in all forms of life [1],
whereas W-containing enzymes have only been idedtih prokaryotes (predominantly
archaea) so far [2]. Both metals are bound to #mestype of cofactor, which consists of
one or two tricyclic pyranopterin moieties origilyatlescribed as molybdopterin [3] but
now called metal-binding pterin (MPT) [4]. The mistare coordinated by the dithiolene
sulfurs in the pyranoring of MPT. In case of tumgstthere are always two pterin moieties
present resulting in the four sulfur-coordinatedgsten bis-pterin cofactor (Wco) [5].
Mo-cofactor (Moco)-containing enzymes can be cfassinto three separate families based
on the coordination of the molybdenum [6]. Dimethgllfoxide oxidoreductases
(DMSORSs) contain a bis-pterin cofactor modifiedriycleotide monophosphates covalently
attached to the terminal phosphate of each MPT cutde The DMSOR-type cofactors of
Mo-enzymes are directly related to one of the tamifies of Wco-containing enzymes,
which comprises formate dehydrogenases (FDHs) faon@yrococcus furiosu$7] and
other archaea. The other class of Wco-dependentrersm comprises unique enzymes that
form the family of W-containing aldehyde oxidorethges. Five of these enzymes have
been identified from the hyperthermophilic archae®wrococcus furiosus aldehyde
oxidoreductase [8], formaldehyde oxidoreductase, [9lyceraldehyde-3-phosphate
oxidoreductase [10], tungsten-containing oxidor¢galse 4 [11] and tungsten-containing
oxidoreductase 5 [12] that all share a bis-pterroWithout nucleotide modification.

The biosynthetic pathway of MPT cofactors has begtensively studied for Moco in
bacteria as well as in higher eukaryotes and appwabe highly conserved [4]. In brief,
GTP is converted in an S-adenosyl methionine-deg@nceaction to cyclic pyranopterin
monophosphate. In the second step two sulfur atomsransferred by the heterotetrameric
MPT synthase, which consists of two large and tmalssubunits. Only recently, details on
the third, metal insertion step have been obtaimnedhe characterization of plant Cnx1
protein that combines functions of two homologoasterial proteins (MoeA and MogA) in
a single two-domain protein (E and G). Cnx1G biBT with high affinity [13] and
catalyzes an adenylyl transfer to the MPT phosplya&ling MPT-AMP [14,15]. The
product of Cnx1G is subsequently transferred in @ybdate-dependent manner to the
adjacent Cnx1E domain where MPT-AMP is hydrolyzedHe presence of Zhor M¢?*
and Moco is released [16].

While eukaryotic mono-pterin cofactor maturation®gx1 is well-studied, the mechanism
for the synthesis of bis-pterin cofactors of the BOR type is less understood. As Cnx1G
reconstitute€. coli MogA function [17] one can assume that a similaroistry involving
formation of MPT-AMP is performed in bacteria. laldition, the Cnx1E homologous
MoeA protein has been demonstrated to function amiisertion [18] but the lack of Cnx1E
reconstitution inmoeA mutants indicates significant differences in thetah insertion
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mechanism between bacteria and eukaryotes [19h&mumore, attachment of nucleotides is
required to complete the synthesis of bis-pteriangue Mo-cofactors ife. coli [20]. In E.
coli, out of the ten products of four operonso@ABCDE, mobAB, moeAB and mpghyht
proteins were found to be essential for the bidsysis of Moco. For two proteins, MoaB
and MobB, a functional requirement in this pathvigynproven as none of the available
nitrate reductase-deficient mutants were associaitdtheir loci [3].

In contrast to that of Moco, synthesis of Wco has lbeen studied so far. However, it is
likely that the basic mechanisms of Wco and Moautlsgsis are similar as almost all genes
that have an assigned function in the Moco biosstithpathway are also present in the
genome of organisms that use tungsten in theirboétm. Main differences should occur
in the metal insertion step as here a specificriiscation between Mo and W is required.
For example, recent work on the assembly of theddjpendent nitrate reductasekncoli
showed that cofactor insertion into apo-nitrateutdse is lost in the presence of tungsten,
indicating that a W-substituted nitrate reductasesdnot exist irE. coli [21]. However, the
molybdenum irE. coli trimethylamineN-oxide (TMAO) reductase, could be replaced with
tungsten resulting in an active form of the enzyj22]. TMAO reductase and nitrate
reductase both contain a bis-MGD cofactor and tbezehe type of cofactor is apparently
not determining the metal specificity. The seleetimetal incorporation is also not strictly
dependent on the transporter system as molybdatdAMand tungstate transporters (TupA
and WtpA) are known to bind both oxoanions, beithwdifferent affinities. For example,
the recently identified tungstate transporter fi@nfuriosusselectively binds tungstate with
a 1000-fold higher affinity over molybdate [23].

MogA and MoeA are known to be important f&t coli Mo insertion, however irP.
furiosus and other archaea only the MogA-homologous MoaBtems are found. In
addition, two different MoeA orthologs a presenttirese genomes. We have chosen the
hyperthermophilic archaedn. furiosus which is strictly dependent on tungstate and grow
optimally at 100 °C under anaerobic conditions [224 model organism to study Wco
biosynthesis. Here we report that furiosusMoaB as well a&. coli MogA catalyze MPT
adenylylation, a finding that demonstrates the ersal existence of MPT-AMP in the
biosynthesis of both tungsten as well as molybdeoofactors.

Materials and Methods

Plasmids, bacterial strains -The following E. coli mutant strains were used: RK5206
(mogA)[RK4353 chlG206::Mu ctsogA and RK4353 [27] that were cultured at 30 °C.

Cloning of P. furiosus and E. coli moaB and mogA genes ThemoaBgenes, PFO0372(
furiosug and b0782K. col)) were amplified by PCR using Pfx polymerase (lrogen) and
chromosomal DNA fron#. furiosusor E. coliDH5a as a template, respectively. Extraction
of the chromosomal DNA was performed with phenddadform/isoamylalcohol. PCR
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products were treated with Tag polymerase (AmersBayacience) for 10 min at 72 to
obtain single 3’adenine overhangs for sub-cloningp ithe pCR2.1-TOPQ® vector
(Invitrogen). TOPO-constructs were transformed im@mmpetentE. coli TOP10 cells
(Invitrogen), plasmids were isolated and after seging positive fragments were cloned
into the Ndel and BamH1 sites of the pET15b (Nom@ageesulting in MoaB fusion
proteins with an N-terminal his-tag. These condtrweere transformed into competdat
coli BL21- CodonPlus®-(DE3)-RIPL cells (Stratagerie).colimogAwas PCR-cloned into
the Ndel/Xhol sites of pET22b plasmid (Novagen) &nashsformed into BL21 (DE3) cells
(Stratagene). Site directed mutagenesis was pegfbimy PCR on the expression plasmid
pPET15b-PfMoaB using the QuickChange® Site-Diredtkdagenesis kit (Stratagene).

Determination of nitrate reductase activity in E. coli - The ADE3 lysogenization
procedure (Novagen) was used to integrate the deneT7 polymerase into the
chromosome of the RK5206nogA strain. The resulting strain RK5206(DE3) was
transformed with the corresponding pET15b cons$rumintaining PfMoaB variants or
EcMoaB. The cells were cultured as described amdtaireductase activity was determined
spectrophotometrically using reduced benzyl viotoge electron donor [28].

Protein production and purification of PfMoaB and homologous E. coli proteins E.
coli BL21(DE3) cells containing pET15b-PfMoaB or pETibEbMoaB were grown
aerobically in Luria-broth medium containing 100/mgampicillin. Protein synthesis was
induced with a final concentration of 0.5 mM IPT@hen the absorbance of the culture
reached 0.5 at 600 nm. Cells were induced for 5 80a°C, harvested by centrifugation,
washed with buffer A (20 mM Tris-HCI, pH 8.0, 10 mmidazole, 500 mM NaCl and 10%
glycerol) and lysed in the same buffer (1 g ofsg@ér 5 ml buffer) using a cell disruptor
system (Constant systems). Cell-free extract waaimdd by centrifugation for 20 min at
15.000 x g at 4 °C. In the case of the PfMoaB,singernatant was heated for 30 min at 70
°C as a first purification step. Precipitated pmoteras removed by centrifugation and the
supernatant was applied to a Ni-sepharose 6 fast fesin (GE healthcare) equilibrated
with buffer A, washed with the same buffer and editvith buffer B (20 mM Tris-HCI, pH
8.0, 500 mM Imidazole, 500 mM NaCl and 10% glycerBrotein-containing samples were
dialyzed against buffer C (20 mM Tris, pH 8.0, 260M NaCl and 10% glycerol),
concentrated and applied to a Superdex-200 HR2d@60mn equilibrated with buffer C.
Fractions eluting under the main peak were poatedcentrated (10 mg/ml) and stored at -
80 °C. Overproduction of EcMogA was performed inriatbroth medium supplemented
with 0.2 mM IPTG at 37 °C under aerobic conditioRsotein extracts were prepared as
described above using 20 mM Tris/HCI, pH 7.6, 500 MaCl, 5 mM imidazole buffer and
applied to a Ni" affinity column (HiTrap, GE Healthcare) equilibedtwith the same buffer.
After washing the column, the EcMogA was elutedw200 mM imidazole and protein
containing fractions were pooled, dialyzed aga&tmM Tris/HCI, pH 7.6, 0.1 M NaCl
buffer, frozen in liquid nitrogen and stored at <& until used.
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In vitro synthesis and analysis of MPT and MPT-AMP- MPT was synthesized in vitro
using purified cyclic pyranopterin monophosphateN®) [29], as well as purifie. coli
MPT synthase [30] oE. coli MoaE andE. coli thiocarboxylated MoaD that were purified
and assembled into active MPT synthase as deschiéfede [30]. Standard in vitro MPT
synthesis was performed in MPT buffer (100 mM Tps$] 7.2) containing: 1000 pmol
cPMP, 250 pmol MoaB, 20 pmol MoaE and 100 pmol Maa@2n assay volume of 140 pL
per point of measurement and incubated at room eestyre for 30 min to saturate MPT
synthesis. Subsequently, the mixture was incubfate® min at the temperature required for
the adenylylation, which was 65 °C under standaohdiions for PfMoaB. The
adenylylation reaction was initiated upon additminnucleotide and divalent cations. At
different time points, samples (140 pL) were taki@ectly from the reaction mixture and
the reaction was stopped by the addition of 17.50f1lL% b, 2% KI, 1 M HCI. MPT and
MPT-AMP were determined by HPLC formA (i.e. MPT ind oxidized product) analysis
as described [15] with the variation that 200 plsé€pharose columns (GE healthcare) were
used to purify formA and formA-AMP prior HPLC analy.

Results

Expression and purification of MoaB variants

PfMoaB shows high homology at the primary sequelesel to EcMoaB, MogA and
Cnx1G (figure 1A). Superimposition of Cnx1G-MPT-AMBmMplex structure [14] with the
available crystal structures &f coli MogA [31] andE. coli MoaB [25,26] demonstrates a
high degree of structural conservation surroundineghypothetical active sites of all three
proteins (figure 1B). The sequence alignment of Btoand MogA-homologous proteins
confirms the conservation of residues that haven lsf®wn to be important for substrate
(MPT) binding and catalysis (adenylyl transfer)@mx1G. Therefore, we have replaced
three hypothetical active residues in PfMoaB ineorid generate variants that are proposed
to be affected in their MPT-binding site (S112A)ycteotide-binding site (D32A) and
catalysis (D56A) (figure 1A, black arrows). Adjateto D56, D57 seems to be less
conserved (figure 1A) as some proteins includihgcoli MogA contain a glutamate. In
order to generate a protein more similar to thevadite ofE. coliMogA we also generated
the PfMoaB variant D57E. Wild type PfMoaB, its \aris, and EcMoaB and MogA were
recombinantly expressed . coli as N-terminally His-tagged proteins and purified t
homogeneity (see Materials and Methods). For aibwés average yields of 10-15 mg per
liter culture were obtained.

78



The function of MoaB proteins

. .o.10 . . . .20 . . . . *40..v50.. A B
@c|Pf 1:MGVEEHKKEAPKTFKFEZINVE. . .. DKGAKGEREDKSGPLIIEELSKLG E..: 47 A
§S Af 1: .MVLMHEKD. . VSYE//LY! I TSRYERHGEVRGVEKIPEDDASGKLLVENFN. .: 50 7
< | Pa 1:MAHEEHRRQGPSTARFY&s E|ITSRYREKMSGGSPRDESGDLAVEMAREAGHE. .: 53 4
@5 Ve  1:...MGHAESKFQAANEZNEE .DTRTEENDTSGRYLAEQLQEAGHT. .: 43 o
gm Pa 1: MSHKAETAFVPLNp# R 'S5 . .DTRTLETDTSGQLFVDRLTEAGHN. .: 44 \ Y
Q\Ec 1: -MSQVSTEFIPTRIZUSAWE]. . .. . .. NRRGEEDDTSGHYLRDSAQEAGHH. . : 43 \ o ¥
< |EC 1:i.......... MNTLRESA L. . .. . DRASSGVYQDKGIPALEEWLTSALTTEF: 40 . =
é” Hi 3 R . .MTALL IGL_VBHS ....DRASAGVYQDQGIPELQAWLEQALVDPF: 41 71{\ /"k
Td 1:........ MNHDSVR{SGO 4. - - - ' DRASSGIYEDQGLPALQTWLGEVLANRV: 42 {N}
I [ - : 55 7& \E
* * (L=
.80 .90 o g 200 s i \\33\\ f)
mc|Pf 48: HVYYK' PDPKIEELIR_’FEI KSG AD-'_'_FTITR I'.I'I'.EIKP_"E'xE: 101 \‘\ N
S |af 51:ASQYF! po mumm LEAIVR. . AD/CLI g b L NPRVE IEAVES #FT (K: 103 N
2 ®|Pa 54:VVGRD] PD YVIRRR LEL)/SRDDLD LydeleddeLTKTRNVTIEAVRE 'FJ(E: 108 % / M \
0. |Vc 44:LADKQ ¥YKIRAV SQH DETIQANMLIpeleldeF TSR NSTPEALKPAF:{E: 98 W\\
§8 Pa 45:LAARV) mnul..xx:mau p.'rw EDSVQUAYLI| FTGRINSTPEAVACIALQ: 935 =1 J WJ/,
Q]Ec 44:VVDKA} ‘-JNRKAIF.AQ SAWBQSDDVQ LILTEGQAP“LL?HFH E: 98 S 2 Z |
< Ec 41:ELETR) AOAITEQTIACEL)/DEMSCH AYLTyelelddePARRIN VTP =AT LA GARE: 95 ”vf\ ‘/‘sz 1
S |H 42:HLETR p QPIIEQT‘KELuDEQGCH LTpfdOREP AKREVIPAT LAACLIE: 96 XY Y
2 Td 43:EFVTR! PD QERIEJ\VI IELADGERCS' TGGT PAPR VTP“TLA“AHNV: 97 A
L e e L | ] ——F—k%*-:110
...120+.130...140...150...160..
%.(C) Pf IOZ:ESE EM@YEEHGYJ\T LTRRTRGIIRGQERIVWFS SVNAVATGLZI: 155
St Af 104:HE YQEUGYSAHLSRJ\TAGLVN DEA[/FCLEJESSKAVSLAACT : 154 30
® | Pa IOB:EE VQETGAMFLTRRTAGVING. .. .KAUFLLIIESPNAV ITGMKI: 159 = C
%5 Ve QB:HE FEEMGTSTHQSRAVAGFANH. . . . T{R{FA )Je|STGAC I TGWTK: 149 [}
g8|Pa100:yp LADHGTSTHOSRALAGLSNG. . . . TIA|CCLITES TNACLITAWEG: 150 B 254
Q]Ec QB:FE FEE/MGTST/QSRAVAGVANK. . . . T/ {FA STKI\CqTAﬁHN: 149 s
< Ec 96: P LHF“PTAI SRQVGVIRKQA. .. .. IBALN QPKEI‘ ETL|4G:145 o JJ:—
é’ Hi 97 :1lP LHF“PTAI SRQVGVIRKES. .. .. LNLyJelOPKAT) ETI.I 1146 € 20 4
Td 98:}lp LRYHPTAI SRQVGVTRGAS. .. .. IMILNLJEOPKAT ETLI .:146 -
b R I e R T kk__ﬁll___ﬁ_k___t_-lss c
E 15 4 "
<170 . . . 180 . . . A% . . .. 2000 . . . 220 . . . °
Mo |Pf 156:KSEVFHILKEARE . . . . ..ot i ittt it i e s ie e ie e ee e ennnnne. 1169 £
So|af 155:FKGSLKHILSAKGMS. . ... ..............................:170 2 104
SmPalso: LOQEISHLLYLIK. . .. ... v v ins i s v nnnnnsossnssasasasi172 >
%‘5 Ve 150: {IKQQLDASH{PCNFMPHLTV e A ¢ §
2 Pa 151: vaqnnnnﬂﬁpcurvanKQupcssnG. .. 2179 £
<|Ec 150: IAPQLDARTjPCNFHPHLKK................v.......v.v.v.tl'.'o © 5
< Ec 145:HKDAEGNVVV:GIFASVPYCIQLLEGPYVETAPEVVMFRPKSARRDVSE 1195 '
2 |H 147:KDKEGNVLV]] GIE‘SAVPYCLQLINGLYIDTKPEIIESFRPKSARRENLEK 197 =z ”I“‘
S lvdias:.. .. .00 L GVFAAVPYCVDLIGGPYLEAREGTVAVFRPKSALRPEA. . 1184 0 . . . :
166 %o oo oo oL L LD 1216
28 %% 333K S
g N o) o O ® v v =
Sp:=:8883
r 3 4 4 &

mogA (RK5206)

Figure 1. Sequence and structural comparison of MoaB, Mogd @nx1G. (A) Multiple sequence
alignment ofP. furiosusMoaB (PF0372)Archaeoglobus fulgiduMoaB (AF0265),Pyrobaculum
aerophilumMoaB (PAE0969)Vibrio choleraeMoaB (VC1025),Pseudomonas aeruginossoaB
(PA3029), E. coli MoaB (b0782),E. coli MogA (b0009), Haemophilus influenzagviogA
(NTHIO454), andThiobacillus denitrificansviogA (Tbd2143) listed in the order of appeararide
alignment was generated with ClustalW, consensupiesee calculation and shadings were
performed using a threshold of 75% for conservesitivees. Completely conserved residues show
an exclamation mark (!) in the consensus line ardoainted in white letters (shaded dark). Highly
conserved residues (white letters) and low conseresidues (black letters) are shaded in gray.
Residues subjected to mutagenesis are marked viitaci arrow while residue positions that are
specifically altered in EcMoaB are highlighted wittgray arrow. Residues forming contacts in the
EcMoaB trimer are overlayed with an orange box. 8uctural comparison of Cnx1G (S583A
variant, shown in gray) with bound MPT-AMP (LUUYNAE. coli proteins MogA (1DI6, blue)
and MoaB (1MKZ, orange). Corresponding residues Wexe mutated in PfMoaB are highlighted
in the structure of EcMogA as well as EcMoaB. Thguie was generated with COOT
(www.ysbl.york.ac.uk/~emsley/coot) and rendered hwiPOVRAY (www.povray.org). (C)
Functional reconstitution of nitrate reductase\atstin E. colimogAmutants upon production &

coli MogA and MoaB as well as wild type and mutant PBovariants. Th&. coli RK4353 strain
was used as positive control, and RK520®¢A strains transformed with the empty vector was
taken as negative control.
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Reconstitution of E. coli Moco biosynthesis

In view of the conservation at the primary sequelesel between PfMoaB and MogA
proteins, we investigated whether &a coli mogA (RK5206) mutant could be
complemented by PfMoaB, EcMoaB or by positive coinE. coli MogA. Production of
wild type PfMoaB inmogAdeficient cells restored Moco synthesis, which wamitored
by the reconstitution of nitrate reductase actiyftgure 1C). In contrast, EcMoaB did not
show any complementation, while ECMogA restoredvagtto the level of the wild type.
This observation showed that (i) PfMoaB can repldlogA in bacterial Moco biosynthesis
and that (ii) the thermophilic PfMoaB is also albtefunction at 30 °C, which was the
growth temperature of the. colimogAmutant. The variant D56A expected to be impaired
in catalysis [17], showed a complete loss of fumgtias nitrate reductase activity was
similar to cells transformed with control plasmigygre 1C). Variants with changes in the
hypothetical substrate binding site for MPT (S112AY the nucleotide binding site (D32A)
retained their activity or showed only a partiakkygluced activity, respectively. The PfMoaB
D57E variant mimicking the active site structureMdgA also restored nitrate reductase
activity completely.

MPT binding

Successful reconstitution of Moco synthesis HEa coli demonstrated that PfMoaB
participates in a similar reaction as catalyzedMygA in bacterial Moco biosynthesis.
Therefore we investigated the ability of PfMoaBbiod MPT, the starting molecule for the
adenylyl transfer reaction.

First, size exclusion chromatography of PfMoaB wagormed. Wild type PfMoaB (figure
2A) as well as all variants (data not shown) elwied molecular weight of circa 120 kDa.
As monomeric PfMoaB has a theoretical mass of D& we conclude that it forms
hexamers as main oligomeric form. A smaller peaiteel before the main PfMoaB peak,
which was found to contain also PfMoaB protein tioaned higher ordered oligomers (ca.
300 kDa). No significant absorption at 375 nm wasersved, which was consistent with
MPT determinations (data not shown) that showedaipurification of MPT with PfMoaB
upon overproduction i&. coli.

Next, MPT was synthesized in vitro using purifiedP™synthase [30] and excess purified
cPMP [29] and co-incubated with PfMoaB. We usedn®dhMPT synthase and 10 nmol
cPMP to synthesize MPT, which was subsequentlyhcabated under anaerobic conditions
with 30 nmol PfMoaB. The reaction mixture was sepsdt by size exclusion
chromatography and no change in the oligomerie statPfMoaB was detectable (figure
2B). However, upon coincubation with the MPT sys#haeaction a strong absorption at
375 nm was detectable under the hexameric as welinder the high molecular weight
peak of PfMoaB. The hexameric PfMoaB peak was ctdtk and concentrated to 314 uM.
HPLC FormA analysis revealed that 11 pM MPT (165@}f) was bound to the PfMoaB
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hexamer while only trace amounts of MPT retainedMi?T synthase (data not shown).
Substoichiometric saturation with MPT was due ®éRcess of PfMoaB.

B
—— 280 nm
80 —375nm 18

60 MoaB {6
hexamer

30 45 60 75 90 30 45 60 75 90
Vol. (ml)
Vol. (ml)

Figure 2. Transfer of MPT to purified PfMoaB. (A) Size exdms chromatogram of purified
PfMoaB (10 nmol) indicating its hexameric struct{Bg Size exclusion chromatogram of PfMoaB
(30 nmol) and MPT synthase (2 nmol) showing effitigansfer of MPT from MPT synthase to
PfMoaB.

P. furiosus MoaB catalyzes MPT adenylylation

Having shown MPT binding to PfMoaB we investigaiéxl ability to catalyze a similar
nucleotidyl transfer reaction as previously dessibfor plant Cnx1G [15]. For all
subsequent functional studies of PfMoaB we usedfipdrE. coli MoaE protein (large
subunit of MPT synthase) and thiocarboxylated Magatein (small subunit of MPT
synthase) that were in vitro assembled to fornyfalitive MPT synthase converting cPMP
into MPT in vitro [30]. MPT synthesis was performadthe presence of excess cPMP
(2,000 pmol) and 250 pmol PfMoaB for 60 min to eesguantitative MPT synthesis and
transfer to PfMoaB.

First, we investigated the ability of PfMoaB to algze MPT adenylylation under similar
conditions as previously used for plant Cnx1G [I8je reaction was initiated with 1 mM
ATP and 10 mM MgGl MPT-AMP formation and MPT consumption were moretb by
HPLC formA and formA-AMP analysis (figure 3). At om temperature we found an
almost complete conversion of MPT (50 pmol) into TARMP (70 pmol) within 120 min
(figure 3A). The increase in MPT-AMP in comparidorthe starting amount of MPT is due
to ongoing MPT synthesis by the MPT synthase. Télecity of MPT adenylylation at
room temperature was comparable to previous resitlhisCnx1G, where most of the MPT-
AMP was synthesized within the first 60 min of tteaction (in the absence of inorganic
pyrophosphatase) [15]. Prolonged incubation (abd&) min) caused progressive
degradation of MPT-AMP (figure 3A).
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As PfMoaB derives from a hyperthermophilic organisee also studied the temperature
dependence of MPT adenylylation. It is importanbhéde that Moco and MPT are extremely
unstable even when they are bound to differentgsukic) Mo-dependent enzymes: they
can be rapidly released and oxidized by heat demtain [13]. The initial MPT synthesis
reaction including binding of MPT to PfMoaB was foemed at room temperature.
Subsequently the reaction mixtures were heateldetintlicated temperatures, and incubated
for 2 min before adenylylation was started by thddisgon of Mg-ATP. A strong
acceleration in MPT-AMP synthesis was observed wiitreasing temperatures with a
maximum at 80 °C (figure 3B). In the range of 5B@°C quantitative conversion of MPT
into MPT-AMP was indicated by saturation of MPT-AMd&tmation and depletion of MPT
(data not shown), while at 25 °C the reaction watscompleted within the investigated time
frame. Additionally, with prolonged reaction timePMI-AMP levels rapidly decreased at
higher temperature, probably due to degradationthef compound or degradation of
PfMoaB and/or both. Subsequent experiments wer®npeed at 65 °C because PfMoaB
remained stable at that temperature and the vglotihe reaction enables accurate kinetic
determinations.
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Figure 3. Adenylylation of MPT by PfMoaB. MPT was in vitsynthesized by using purifiefl.
coli MoaE and thiocarboxylated MoaD proteins and pedifcPMP. After 60 min MPT synthesis
adenylylation was started by adding 1 mM ATP andmi@ MgCk. MPT and MPT-AMP were
determined by HPLC formA and formA-AMP analysis. )(MPT adenylylation at room
temperature by monitoring MPT depletion and MPT-AdPmation. (B) Temperature-dependent
MPT-adenylylation kinetics (MPT-AMP synthesis). (@)itial reaction velocities at different
temperatures.

Finally, we analyzed MPT-AMP formation (taken frdhe initial velocity) as a function of
reaction temperature (figure 3C), which followetypical activity profile of a thermo-stable
enzyme. A maximal synthesis of 12 pmol MPT-AMP pen was found at 80 °C, which is
more than 20 times higher than the corresponditaritg of PfMoaB at room temperature.

Next we determined the kinetic parameters of PfMaaiing MPT and Mg-ATP as
substrates (figure 4AB). We recorded MPT adenyilgtavelocities for four different ATP

concentrations (30-1000 puM) resulting in g Kalue of 220 uM ATP and a maximal
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velocity of 18.6 pmol MPT-AMP/min. In comparison @nx1G [15], the K, and V. are
respectively 4 and 20 times higher for PfMoaB.
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Figure 4. Nucleotide- and metal-dependent PfMoaB activiy). ATP-dependent adenylylation of
MPT at 65 °C and (B) reciprocal plot of the obtaimeaction velocities. (C) PfMoaB-catalyzed
formation of MPT-nucleotidylylates with differentadleotides (1 mM) in the presence of 10 mM
MgCl, at 65 °C. (D) Cation-dependent adenylylation of MR the presence of 1 mM ATP at 65
°C at 1 and 10 mM of the respective cation.

Substrate specificity of PfMoaB

In view of the unusual growth conditions f furiosus we tested alternative substrates and
co-substrates that might be used for nucleotidtiyta of MPT. For example, some
hyperthermophilic enzymes are known to use ADP wasstsate in contrast to their
mesophilic homologues that operate with ATP, ansl hthought to be related to a higher
thermostability of ADP [32]. However, no other netide was found to exhibit significant
activity in the formation of nucleotidylylated MRigure 4C). Apparently, adenyl transfer
to MPT represents an evolutionary conserved meshammportant for the maturation of
both molybdenum and tungsten cofactors. Regartiegpecificity of PfMoaB for different
divalent cations as co-substrates,’Mand Mrf* exhibited comparable activity with Mh
being even more active at lower concentrationsi(@giD).
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Characterization of PfMoaB variants

Next, we investigated the functional propertiesref PfMoaB variants previously studied
by functional reconstitution dE. colimogAmutants. Variants with no (D56A) or strongly
reduced (D32A) activity irE. coli were also inactive in MPT-AMP synthesis (figure)5A
However, D57E, which was expected to be as actsrevitddtype PfMoaB (figure 1C)
showed somewhat less activity under the experirheotaditions while variant S112A with
hypothetically impaired MPT binding was even mocé\e than wild type PfMoaB (figure
5A) indicating that this residues does not contebsignificantly to MPT binding in
PfMoaB.
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Figure 5. Functional characterization of PfMoaB variants &doli MogA and MoaB. (A) MPT
adenylylation by PfMoaB variants under standardddmns with 1 mM ATP and 10 mM Mgght
65 °C (B) MPT adenylylation by PfMoaBE;. coli MogA and E. coli MoaB under standard
conditions at 37 °C.

Comparison of PfMoaB to its bacterial homologue&. coli MogA and MoaB

The fact that PfMoaB as well as Cnx1G reconstitEescoli mogA mutants strongly
suggests that MogA catalyzes the same reactionned @ and PfMoaB. Therefore we
expressed and purifie@. coli MogA and subjected it to standard adenylyl transfe
experiments (figure 5B). MogA was able to catalyd®T adenylylation even more
efficiently than PfMoaB at 37 °C. These results foam unequivocally that all protein
members of the MoaB/MogA/Cnx1G family catalyze geme MPT activation reaction
essential for metal transfer into different ptezofactors.

A final experiment addressed the functional praperofE. coli MoaB (EcMoaB) in vitro.
The fact thaimogAmutants are Moco deficient suggests that EcMoaliha&ble to replace
MogA function inE. coli, which was further strengthened by the inabilityf@MoaB to
complementmogA mutants even after over-expression (figure 1C)order to prove this
proposal we purified EcMoaB as His-tagged protend aubjected it to MPT-AMP
synthesis experiments (figure 5B). The resultsriledemonstrated thd. coli MoaB is not
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able to perform an adenyl transferase reactioni@dB) although it is able to bind MPT in
vitro (data not shown). Our results show for thstftime that thde. coli representative of
the family of MoaB proteins has no catalytic funatin Mo-cofactor biosynthesis although
it is expressed in thmoaoperon encoding four other proteins involved ictbaal Moco
biosynthesis.

Discussion

Mo- and W-containing enzymes share the same pbarsed scaffold chelating the reactive
metals to ene-dithiolate groups. The basic physleamical properties of these metals are
very similar and it is therefore likely that a comm) probably highly conserved mechanism
has evolved to transform both transition metale mbcatalyst [33]. At the same time very
restrictive reactions should enable a clear disoation between these related metals as
they are both bio-available and known to often espnt antagonists for each other. While
Mo-containing enzymes are found in all kingdomsliédé, W-dependent enzymes are
restricted to prokaryotes and are mostly foundrahaea [5].

Analyses of archaeal genomes identified a competeof genes homologous to genes
encoding proteins involved in the biosynthesis aidd. Therefore, a general conservation
in the biosynthesis of the MPT pterin backbone I@esn proposed [33]. However, little is
known about how organisms discriminate between bu#pum and tungsten. Recent
studies regarding tungstate uptakdinfuriosusshowed high substrate specificity of WtpA
[23], the periplasmic oxoanion-binding protein diethigh-affinity ABC-type tungstate
uptake system for which recently a crystal struethas been determined from a related
organism [34]. In order to uncover common and mgpaicific processes in Moco and Wco
biosynthesis we investigated the function Bf furiosus MoaB, a protein of hitherto
unknown function but with clear homology to the C@xdomain [35]. As Cnx1G was the
first and so far only protein for which a novel MRienylylation function has been
described [14,15] it was crucial to know if thissetion is common for Moco biosynthesis
and if similar or even identical mechanisms areartgnt for Wco biosynthesis.

We have shown here th&. furiosus MoaB and E. coli MogA catalyze the same
adenylylation reaction as plant Cnx1G in order ttivate the MPT for metal insertion.
Therefore, MPT-AMP synthesis is not only crucial éukaryotic Moco biosynthesis, but it
represents a common and well-conserved reactiemm@diate essential for the synthesis of
Mo- and W-cofactor in all kingdoms of life. As astdt, MogA and MoaB proteins can be
classified as pterin adenyl transferases simil&@nwlG (figure 6).

Interestingly, E. coli MoaB was found to be inactive in MPT adenylylatiowhen
comparing EcMoaB to different MogA and MoaB protem few but very specific changes
of otherwise conserved residues (N53, G84, A87)olserved (figure 1A, gray arrows).
Similar to E. coli MoaB such changes are also found in other ortlsolibgit are co-
expressed with a (hypothetically) active MogA proten the same organism such as in
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Salmonella entericacholeraesuis Klebsiella pneumonige or Erwinia carotovora
atroseptica

In conclusion, EcMoaB is not directly involved i coli Moco synthesis but it might have
other yet unknown functions related to this pathweyr example the ability to bind MPT
(data not shown) might point to a regulatory ralesensing the pterin and/or Mo-cofactor
status of the cell. A key regulatory site in baeteMoco synthesis is th&. coli moa-
operon, which is controlled by molybdate as welbgdevels of active cofactor [36].
Genomic inspections showed that the functionalfciive sequence @. coli MoaB forms
the exception and that most other MoaBs are exgdotbe active adenyl transferases like
PfMoaB. These adenyl transferases are most aburadaohgst archaea, as no archaeal
genome sequenced so far contains a gene for a MogAologue. AsE. coli MogA and
other homologous proteins such as plant [19] anldai@®ydomonas Cnx1G [37] as well as
gephyrin G domain form trimers in solution [38],eoan conclude that these proteins
represent an unique family of trimeric adenyl teaases. Regarding MoaB, structural
information is limiting, as only EcMoaB has beertedmined so far. Therefore, PfMoaB
represents the second characterized hexameric Ma#Bin and more studies are needed to
confirm that MoaB proteins are in general hexamddowever, inspection of the trimer
interface in EcMoaB reveals that at least threer§%y Arg58, Pro92) out of the five
residues that mediate contacts between the two Moaters are conserved in MoaB-
homologous proteins (figure 1A). It is even morgariant that in MogA like proteins these
residues are replaced by residues with either ofgpasharge or different character
(EcMogA Ala52, Glu55, Ala90). The non-existenceaothaeal trimeric adenyl transferases
combined with the abundance of MoaB proteins irhagal (hyper)thermophiles leads to
the hypothesis that thermostability of PfMoaB relie part on its hexameric structure. As
the hexamer interface does not interfere with theva site of MoaB proteins, future
experiments should allow detailed structure-functstudies to uncover the molecular basis
of thermal stability. Furthermore, the trimericdahexameric adenyl transferases might
contribute differently downstream in the pathwagtsas in bis-pterin formation or metal
insertion (figure 6).

Based on our results MPT-AMP represents the lasihoon intermediate of Moco and Wco
biosynthesis, and selective metal incorporationukhdherefore rely on the oxyanion-
dependent hydrolysis of MPT-AMP, as described fanpCnx1E domain [16]. Therefore,
Cnx1E-homolgous MoeA proteins from bacteria or aezh should also hydrolyze MPT-
AMP in a molybdate- and/or tungstate-dependent mianthe fact that eukaryotic Cnx1E
cannot replace the function &. coli MoeA [1] suggests different mechanisms in metal
insertion, possibly due to the formation of bis-atgiterin cofactors in prokaryotes
(including W-cofactors). The finding that iR. furiosusand in many other archaeal
genomes two different MoeA (PfMoeAl and PfMoeA2)tpins are expressed might either
contribute to metal selectivity or to the formatiohthe two different tungsten cofactors
known so far (figure 6). Uncovering these mechasismd how they differ between Moco
and Wco synthesis is a main challenge for the éutur
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Figure 6. Model for the last steps in tungsten cofactor yoisesis ofP. furiosus Shown are the
steps following MPT synthesis . furiosusleading to the formation of W- bispterin-cofacts
found in enzymes of the aldehyde oxidoreductase RA@mily and W- bispterin-containing
guanine dincleotide cofactor found in formate debgenase (FDH). First, MPT is adenylylated by
the action of the hexameric MoaB, a function whgkdentical to the trimeric MogA protein found
in E. coli. Next, the metal is inserted by MoeAl or MoeAZoth. Finally, guanylylation has to be
catalyzed by the MobA protein. In MPT and MPT-AM@tlb dithiolene ligands are indicated by an
R as the ligand is not known so far.
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Abstract

The biosynthesis of the molybdopterin cofactor bagen studied intensively in various
organisms. The majority of these reports are fotuse molybdenum cofactor (Moco)
synthesis. A recent study on the functionPgftococcus furiosudoaB protein has shown
that adenylylated MPT is the last common intermiedia Moco and Wco biosynthesis
(Bevers, L.E. et al, Biochemistry 47, 2008, 949¥45981e main difference in the synthesis
of both cofactors is expected to be found in tlep sif metal insertion. This step has been
studied already in plants, where Cnx1E catalysesntiblybdate-dependent hydrolysis of
MPT-AMP upon the insertion of molybdenum into thetallopterin (Llamas et al., 2006,
JBC 281, 18343-50). Interestingly, many bacterrad archaeal genomes, including e
furiosus genome, harbor two copies of these Cnx1E-homoleggenes referred to as
MoeAs. In this study, the two Cnx1E-homologous geme P. furiosus,MoeAl and
MoeA2, were cloned, and the proteins were purified.vivo reconstitution studies of
nitrate- and trimethylaminBl-oxide reductase activity in a@&. coli moeAmutant showed
that the MoeA2 protein was able to complement tiieamt strain up to 30% of the activity
of the wild type, however, only at high molybdatencentrations. High cPMP levels (an
intermediate in Moco/Wco synthesis) were detectethis MoeA2-complemented strain,
which indicates only a partial complementation. lBbtoeA proteins were able to catalyze
the hydrolysis of MPT-AMHAN vitro in the presence of tungstate or molybdate. Based o
these results, a model is proposed for the funatiooeAl and MoeA2 in tungsten- and
molybdenum-cofactor synthesis.
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Introduction

Tungsten and molybdenum are both associated withinees in a similar type of cofactor
consisting of one or two tricyclic pterin moietiegferred to as molybdenum cofactor
(Moco) or tungsten cofactor (Wco) [1,2]. The biothgsis of these molybdo- and tungsto-
pterin cofactors has been extensively studied okamyotes and eukaryotes (Chapter 1,
figure 8) and appears to be conserved amongstrgtlems of life at least until the step of
metal insertion. In the first three steps of thesignthesis inEscherichia coli GTP is
converted into cyclic pyranopterin monophosphateMP) by the enzymes MoaA and
MoaC [3]. Subsequently, cPMP is sulfurated by M&yhthase (MoaE and MoaD) [1] and
the resulting MPT is adenylyated by the trimericdAoprotein (chapter 3) [4]. In archaea
and some bacteria, the adenylylation of the MPTatalyzed by the homologous MoaB
protein (chapter 3) [4]. The existence of this adigated biosynthetic intermediate was
firstly identified in the crystal structure of plaArabidopsis thalianaCnx1G protein (plant
homologue of MogA/MoaB). The protein was co-crylstall with its product: adenylylated
molybdopterin. An additional surprising observatiaas the identification of a bound
copper atom between the two sulfurs of the pterimety [5]. The role of this copper atom
is still under investigation, but it might be invel in protecting the dithiolene sulfurs from
oxidation and/or forming a suitable leaving groop $ubsequent molybdenum or tungsten
insertion. These investigations also include then@ration of other metals that might fulfill
the same role as copper, for example, in anaeargenisms in which copper is expected to
be low or absent. Studies on the adenylylationvigtiof bacterial E. coli MogA [4],
archaeal Pyrococcus furiosusMoaB [4], plant A. thaliana Cnx1G [5], and algal
Chlamydomonas reinhardtitnx1G [6] have now confirmed unequivocally tha¢ tMPT
activation by adenylylation is essential for thédseguent step of metal insertion into the
different pterin cofactors.

This subsequent step of metal insertion is catdlyby the MoeA protein and its
homologues. The mechanism of the metal insertidalyzzed by the plant homologue
Cnx1E has been elucidated recently [7]: MPT-AMRBassferred from Cnx1G to Cnx1E in
the presence of molybdate, and subsequently, ugditian of a divalent cation like Mg,
MPT-AMP is hydrolysed and the metal is insertedwieetn the dithiolene sulfurs. The
authors proposed the formation of a transient dgitgd molybdate intermediate, because
the depletion of MPT-AMP was observed to be 1.9l fialster than the rate of release of
AMP, indicating an intermediate step. Interestinghe transfer of MPT-AMP from Cnx1G
to Cnx1E also occurred in the presence of tungshaieever, this complex showed only
very low hydrolysis activity [7]. This last resuftdicates that Cnx1E and its homologues
could play a role in metal specificity.

Recently, Magalon and coworkers have shown that nietal specificity can also be
dependent on the type of apoenzyme and its chagerdihey have detected interactions
between nitrate reductase subunit NarH and MogAeMand MobA,in vivo, in E. coli
cells grown on molybdate [8]. In tungstate-suppleted cells these interactions between
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NarH and the proteins of the biosynthesis pathwagevabsent, which explains why nitrate
reductase could not been synthesized with a tungsiataining bis-MGD cofactor [9]. It
should be noted that the interactions between MdgAeA and MobA did not change
during the tungstate supplementation [10], indigathat the cofactor synthesis itself is not
inhibited. E. coli has already been shown to be able to syntheseeautigsten-bisMGD
containing trimethylamin&-oxide (TMAO) reductase [11] implying that, for thmetrate
reductase, the metal selective incorporation ieatied by the apo-enzyme and its
chaperones [8] more likely than by the metal seledtydrolysis of MoeA.

Mutant strains also gave more insight in the fuoral roles of the MoeA proteim vivo.
For example, themoeA deficient mutant of Rhodobacter capsulatu$l?2] could be
complemented by high levels of molybdate with respe the synthesis of Moco-containing
xanthine dehydrogenase. On the contrary, enzymeites of MGD-containing enzymes
like DMSO reductase or nitrate reductase couldbsotestored. A similar observation was
done in anin vitro assay where molybdenum was ligated into MPT in ghesence of
MoeA, and the formation of active Moco was monitbrey restoration of apo-sulfite
oxidase (SO) activity [13]. In absence of MoeA thstored SO activity was low, however,
this could be increased by addition of high conadituns of molybdate [13]. These results
altogether suggest to assign two functions to Ma@Acatalysis of the metal insertion into
MPT at low concentrations of molybdate or tungstated (i) forming a surface to enable
the interaction between Moco and MobA, which is pinetein that catalyses the nucleotide
attachment leading to the formation of MGD cofastor

Interestingly, all archaeal genomes and a sigmficaumber of bacterial genomes harbor
two copies of thesenoeAencoding genes. At this moment it is unclear wlethese two
proteins have different functions. It is temptiny gpeculate that one of the MoeAs is
selective for the hydrolysis of MPT-AMP in the peese of molybdate and the other in the
presence of tungstate. An alternative hypothesislves the interaction between the MoeA
and the MobA protein, which is responsible for thesleotide attachment. One of the two
MoeAs might have a stronger interaction with Molpkopcessing the cofactor to its final
form of MGD, whereas the other MoeA protein prege¥ioco from being further modified
by not bringing it in close proximity of MobA.

Several crystal structures have been determinefé®As from different organisms: tlie
coli MoeA structure (1G8L) [14], the two MoeAs froRyrococcus horikoshiMoeAl
(1UZ5) and MoeA2 (1WU2), anB. furiosusMoeA2 (1XI8). TheP. furiosusproteins are
very homologous to the proteins Bf horikoshii MoeAl (79% identity, 89% similarity)
and MoeA2 (74%/89%). Compared to each other, Rhefusiosusproteins share 40%
identity and 58% similarity and comparedEo coli MoeA the numbers are: 35%/53% for
MoeAl and 32%/50% for MoeA2.

Previously performed mutational studies onEh&oli MoeA protein have identified several
residues that are important for the activity of #reyme. The activity of the mutants was
monitored by the ability to complement nitrate retdise activity in afE. colimoeAmutant
[15], and the ability to restore apo-sulfite oxidactivity in (i) moeA-crude cell extract or
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(i) in an assay with purified components [13]. Adlsidues that appeared crucial for he
coli MoeA activity are conserved iR. furiosusMoeAl and MoeA2: D59, T100, E188,
D228, D259, P298, and P301, respectively, sugggestimilar mechanisms and
functionalities for these bacterial and archae&tahinsertases’.

We have choseR. furiosusas a model system for tungsten cofactor synthbsisause the
organism’s growth is dependent on the presencergsten and it is known to express five
tungsten containing aldehyde oxidoreductase enzymgml studies were focused on the
adenylylation step catalyzed MoaB (chapter 3), trade are now followed-up by a study
on the step of metal insertion. In this chapter describe the cloning, expression and
purification of the two MoeAs fror®. furiosus and we report the activity of these enzymes
in differentin vivo andin vitro assays.

Materials and methods

Plasmids, bacterial strains— The following E. coli mutant strain was used: SE1578
(moeA)[mutD5 ara-14 ArgE3(Oc) galk2 hisG4(0Oc) kdgK51 lad¥iB6 mgl-51 mtl-1 rac
rfoD1 rpsL31 supE44 thi-1 thr-1 tsx-33 xy|l{&6]. E. coliMC4100 was used as wild type
strain.

Cloning of P. furiosus moeAl and moeA2 genes The moeAlgene (PF0542) and the
moeA2gene (PF1783were amplified by PCR usin®@fx polymerase (Invitrogen) and
chromosomal DNA fronP. furiosusas a template, subcloned into the ERL-TOP®
vector (Invitrogen). Plasmids were isolated an@rafiequencing positive fragments were
cloned into theNdelandBamH1sites of the pET15b (Novagen), resulting in Moe&idn
proteins with N-terminal his-tag. These construeese transformed into competdat coli
BL21- CodonPlus®-(DE3)-RIPL cells (Stratagene).

Protein expression and purification of PfMoaB and lomologousE. coli proteins — E.
coli BL21(DE3) cells containing pET15b-MoeA1/2 were groaerobically in Luria-broth
medium containing 10Qug/ml ampicillin. Protein synthesis was induced wadhfinal
concentration of 0.2 mM IPTG, when the absorbarfdde culture reached 0.5 at 600 nm.
Cells were induced for 5 h at 3Q, harvested by centrifugation, washed with bug20
mM Tris-HCI, pH 8.0, 10 mM Imidazole, 500 mM NaClica10% glycerol) and lysed in the
same buffer (1 g of cells per 5 ml buffer) usingedl disruptor system (Constant systems).
Cell-free extract was obtained by centrifugation 20 min at 15.000 x g at 4C. The
supernatant was heated for 30 min at’@0as a first purification step. Precipitated pnotei
was removed by centrifugation and the supernatas applied to a Ni-sepharose 6 fast
flow resin (GE healthcare) equilibrated with bufi&r washed with the same buffer and
eluted with buffer B (20 mM Tris-HCI, pH 8.0, 500Mrimidazole, 500 mM NaCl and 10%
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glycerol). Protein-containing samples were dialyagdinst buffer C (20 mM Tris, pH 8.0,
150 mM NaCl and 10% glycerol), concentrated ancestat -80°C.

Determination of nitrate reductase/trimethylamine-noxide activity in E. coli — The

ADE3 lysogenization procedure (Novagen) was usedintegrate the gene for T7
polymerase into the chromosome of the SE15@8eA strain. The resulting strain
SE1578(DE3) was transformed with the pET15b-MoeAd BloeA2 constructs. The cells
were grown for 7 hours under anaerobic conditionsLB-media containing 0.1%
trimethylamineN-oxide (TMAO). Nitrate reductase and TMAO reductassivity were

determined spectrophotometrically using reduceayleriologen as electron donor [17,18].

Detection of cPMP inE. coli cell free extract —the cells were grown for 7 hours under
anaerobic conditions in 50 ml LB-media containing% TMAO. The cells were freeze
dried and subsequently resuspended in 0.5 ml 100Tm#) pH 7.2. Cells were broken by
sonification, 2 times 10 seconds at an amplitude4®%, and CFE was obtained by
centrifugation. Cyclic pyranopterin monophosphat®\P) levels were determined by
HPLC as described [19].

In vitro hydrolysis of MPT-AMP — MPT was synthesizenh vitro using purified cPMP
[20], andE. coliMoaE ancE. colithiocarboxylated MoaD that were purified and adsiech
into active MPT synthase as described before Rdhsequent MPT adenylylation to obtain
MPT-AMP by P. furiosusMoaB was performed as described in [4]. Standarditro
hydrolysis was performed in buffer (100 mM Tris, gk2) containing: 250 pmol MoaB-
MPT-AMP and 500 or 5000 pmol molybdate/tungstat@nnassay volume of 140 uL per
point of measurement. Subsequently, the mixture weasibated for 2 min at the
temperature required for the hydrolysis, which \8&s’C under standard conditions. The
hydrolysis reaction was initiated upon additiorb060 pmol MoeAl or MoeA2. At different
time points, samples (140 pL) were taken directlynf the reaction mixture and the
reaction was stopped by the addition of 17.5 pulL%fl,, 2% KI, 1 M HCI. MPT and MPT-
AMP were determined by HPLC analysis of formA (iMPT iodine oxidized product)
analysis as described [19] with the variation tB&80 pL Q-sepharose columns (GE
healthcare) were used to purify formA and formA-Aior HPLC analysis.

Results

Expression and purification of the MoeAs

The moeAland moeA2genes were cloned into the pET15b vector and szprkas N—
terminal his-tag fusion protein. Purification reedl in a yield of approximately 20 mg
MoeAl or MoeA2 per liter of induceH. coli culture. The purified proteins were analyzed
by size exclusion chromatography and both proteinted at a molecular weight of 90 kDa
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indicating a dimeric native conformation (data sbbwn) as seen for th€. coli MoeA
[14].

I'n vivo reconstitution of E. coli moeA mutants by P. furiosus MoeAs

Initially, the activity of the protein was testey lbs ability to restore nitrate reductase- and
TMAO reductase-activity in anoeA mutant under different molybdate and tungstate
concentrations (figure 1). Interestingly, the ma$aaxpressing the MoeA2 protein were
partly complemented for their TMAO- and nitrate wethse activity. The complementation
increased when the concentration of molybdate e gtowth medium increased. On the
contrary, MoeAl was not able to restore TMAO- draie reductase activity. It should be
noted that these cells were grown without any t@traupplementation to induce the
expression of nitrate reductase.

Previous studies have shown that wild typecoli (strain MC4100) is able to produce
active, tungsten-containing TMAO reductase [11].our experiments, TMAO reductase
activity was indeed detected in tungsten-suppleetergells of the wild type strain,
however, this activity was very low. The additiohtongstate clearly inhibited the TMAO
reductase activity that was detectable in non-srpphted wild type cells. None of the
furiosus MoeA proteins could reconstitute TMAO reductaseividg in the tungsten-
supplemented cells.

In summary, these data show that furiosusMoeA2 is able to complement the coli
moeAmutant, especially at high molybdate concentration

50 - H TMAO reductase
1 Nitrate reductase
= 40 1
‘©
°
o
o 30 A
£
=)
2
= 20 A
3]
<
10 A
O T T T -_I T T T T
W + - + + +
Mo - + + + +

pET15b MC4100 MoeAl MoeA2

Figure 1. Functional reconstitution of TMAO reductase anttate reductase activity i&. coli
moeA mutants upon expression d?. furiosus MoeAl and MoeA2 proteins, and under
supplementation of 1 mM tungstate (+), 1 mM molyted@), or without supplementation (-). The
E. coli MC4100 strain (wild type) was used as positivetmmnand SE1581nfoeA)transformed
with the empty vector (pET15b) was taken as negatontrol.
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Levels of cPMP in reconstitutedE. coli moeA mutants

The levels of the Moco-biosynthesis intermediat®lEPAn the complemented mutant cells
were measured (figure 2) in order to determine hatvextent thé. furiosusMoeA proteins
were able to complement, as previous studies haseritbed an upregulated cPMP
synthesis in cells containing low levels of actoagactor [22].

In non-supplemented and molybdate-supplemented typ@ cells, no cPMP could be
detected. However, significant levels of cPMP werend in the wild type strain grown on
tungstate. All thenoeAcell lysates contained high levels of cPMP indeleen of their type
of supplementation and complementation (only theraye cPMP concentration in these
cell lines is depicted in figure 2). Indeed, lessivee cofactor was formed in the tungsten
supplemented wild type cells as their TMAO and atér reductase activity decreased
compared to the non-supplemented cells (figureHigh cellular cPMP levels in the non-
complemented mutants, could also be explained duthé absence of active cofactor.
However on the contrary, similar high levels of dPMere detected in the mutant strain
complemented by. furiosusMoeA2, which was expected to contain active cafacthis
finding indicates thaP. furiosusMoeA2 is able to complement the activityfcoli MoeA
only partially.
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Figure 2. Levels of cPMP detected in cell lysates of MC41@dld type) under different
supplementation conditions, and in cell lysatesnoEASE1578 expressing. furiosusMoeAl or
MoeA2, or transformed with the empty vector avedader the same, set of supplementation
conditions.
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Metal incorporation by MoeA proteins

Analyzing the activity of thesé®. furiosus MoeA proteinsin vivo in E. coli, has two
intrinsical problems: (i) a non-optimal temperat(itee growth temperature &. coliis 37
°C, whereas the optimal activity &f. furiosusproteins is 100 °C), and (ii) a different
substrate donor, as MogA transfers MPT-AMP to MadeA. coli, whereas MoaB is the
MPT-AMP donor inP. furiosus

To avoid these issues and to use a more defingdmsyshe activity of the two MoeA
proteins was also investigated iniarvitro assay using purified proteins and cPMP. In this
assay (at 60 °CR. furiosusMoaB adenylylates MPT and subsequently, upon cokation
with the MoeAs and molybdate or tungstate, the blydis of MPT-AMP was monitored
(figure 3AB). The results show that both MoeAl &ndeA2 were able to hydrolyze MPT-
AMP in the presence of tungstate and molybdatea 40-fold excess of the respective
oxoanion over the MoeA protein concentration. Nifedences were observed in the rate of
hydrolysis between the samples with tungstate dyldate. No MPT-AMP hydrolysis was
observed in the absence of MoeA protein (figure. 3&€}he absence of oxoanion, however,
also a decrease of MPT-AMP was detected, approgign20% of the decrease detected in
the presence of either tungstate or molybdate (uattahown). This observation might point
to the presence of trace amounts of molybdate roggstiate in the MoeA preparations. This
background activity in the absence of added oxgamias also observed in measurements
with plant Cnx1E [7] andE. coliMoeA (unpublished results G. Schwarz).

In order to study metal specific hydrolysis of MRMP, the ratio between the oxoanion
and the protein should be approximately unity. Ehesgperiments were executed; however,
the rate of hydrolysis was of the same order-ofmitage as the background decrease of
MPT-AMP (data not shown). Therefore, at this time,conclusions can be made regarding
the metal-specific hydrolysis for the two MoeA miois.
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Figure 3. In vitro hydrolysis of MPT-AMP byP. furiosusMoeAl (A), MoeA2 (B), no protein (C),
incubated with a 10-fold excess of tungstate. Simmsults were obtained with molybdate (data not
shown).
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Conclusion and discussion

Initial studies on tungsten cofactor synthesis Rn furiosus were focused on the
adenylylation of MPT by MoaB (chapter 3). Prelimipaesults on the subsequent step of
MPT-AMP hydrolysis and metal insertion catalyzedNdgeA proteins are described in this
chapter. Like all sequenced archaeal and many fecteenomes, th®. furiosusgenome
harbors two copies of MoeA-encoding genes. Theltefwm this study clearly show that
both P. furiosus MoeA proteins are able to catalyze the hydrolysis MPT-AMP,
previously synthesized by MoaB vitro. Complementary to these data, future experiments
are required to confirm the formation of active Maar Wco by including, for example,
apo-enzymes as acceptor sites for the producedtootay using a defineith vitro assay.
Furthermore, the reconstitution assay of TMAO- aitthte-reductase activity in thHe coli
moeA mutant showed that thB. furiosus MoeA2 protein is able to complement the
mutation in a molybdate-dependent manner. On tméraxy, no reconstitution of TMAO-
or nitrate reductase activity was observed in @{jsressing the MoeALl protein.

The complementation bl. furiosusMoeAz2 indicates that this protein catalyzes a lsimi
reaction a€. coli MoeA, however, a high, non-physiological molybdetecentration was
required. In addition, high intracellular cPMP lssgvere detected in cells complemented
by P. furiosusMoeA2, suggesting a remaining impaired Moco sysitheBoth observations
imply that there are differences between the mashaof MPT-AMP hydrolysis catalyzed
by P. furiosusMoeA andE. coli MoeA.

From the literature it is known that the MoeA piotess somehow involved in the regulation
of the themoaAoperon, which encodes the proteins that catalysesynthesis of cPMP
[23]. The protein itself does not show binding mitff towards DNA and, therefore, a
product of the reaction catalyzed by MoeA was sfated to acts as regulator [23]. The
data obtained in the present study indicate EhauriosusMoeA2 cannot complemert.
coli MoeA'’s regulatory function, as the cellular cPM#®dls in the complemented mutant
remained high.

Previous studies have shown that high levels of ybddte can complement the
Rhodobacter capsulatusoeAmutant for the formation of non-nucleotide modifieofactor
[12]. This means that, at high molybdate conceiainat Moco can be formed independently
of the presence of any MoeA homologue. Taking ithtis account, we propose a model for
the complementation of thE. coli moeA mutant byP. furiosusMoeA2 (figure 4). It
proposes that the MPT-AMP generated by MogA is speeifically hydrolyzed in the
presence of a high molybdate concentration, ardiieareleased Moco is subsequently able
to bind toP. furiosusMoeA2. This MoeA2-Moco complex is proposed to haweaffinity

to interact withE. coli MobA, thereby bringing the Moco in close proximitg this
nucleotide attaching protein. In the case of lowlylndate concentrations, there will be no
non-specifically formed MoeA2-Moco complexes. Aseault, there will be no ‘interaction’
between MoeA2-Moco and MobA, which is required farcleotide attachment [12] and,
therefore, no reconstitution of the nitrate- or TMAreductase activity will be detected.
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Metal incorporation by MoeA proteins

Previous studies have shown tlatcoli MobA has no affinity to bind Moco, and it was
proposed to only bind Moco in the presence of MQEA.

Reasons for the absence of complete reconstitbyyatheP. furiosusproteins might be the
non-physiological trimeric substrate donor MogAg thon-physiological temperature, or
any other physiological condition that is differem&. colicompared td°. furiosus

MogA
MPT-AMP

High MoO >

* M*MP
MoeAl

MoeA?2

de

Mg-GTPi Q MobA

EMGD

?

Moco

‘1' Bis-MGD

Figure 4. Proposed model for the complementatiofco€oli moeAmutant withP. furiosusMoeAl
and MoeA2 proteins; upon addition of high molybda#®co is non-specifically synthesized and
binds to MoeA2, which changes conformation and étome susceptible to interact with MobA.
Subsequently the nucleotide is attached and niteate TMAO-reductase activity can be measured.
MoeAl is not able to bind free Moco and/or will nobtain a high affinity for MobA. The
mechanism of bis-cofactor formation is still unkmow

In line with the proposed model for the complemgataof theE. coli moeAmutant, the

main difference between MoeAl and MoeAZinfuriosusis likewise proposed to be at the
level of interaction with MobA (figure 5). In thigery speculative model, these different
interactions are proposed to serve as a mechaoisaléctively process part of the Moco
and/or Wco for the synthesis of MGD in the folloggimanner: Moco and/or Wco bound to
MoeAl will end up as a MPT or a bis-MPT type ofaxtbr (AORs) and Moco and/or Wco
bound to MoeA2 will be modified with a nucleotiddaehment in order to obtain a MGD
type of cofactor (FDHs) (figure 4). The issue retyag the metal specificity remains to be
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elucidated. In order to analyze the metal-depentgdtolysis, it is important to improve
the establisheth vitro set-up and to decrease the observed backgroundlysd (figure
3).

MoaB
MPT-AMP

Moo42-/wo42-l
MoeAl MoeA?2
PT-AMP

@/\ PT-AMP
042. /WO42' @) 2'/WO42‘

Mg ‘LQAMP Mg i(_‘AMP

R Mg-GTPl' O MobA

"~ 7 Bis-MPT

Y

0co

4%

MGD
I)

ll Bis-MGD

Figure 5. Proposed model for the physiological pathwayirfuriosus MPT-AMP is transferred
from MoaB to MoeAl and MoeA2 and Wco/Moco is formeadthe presence of low amounts of
tungstate and/or molybdate. MoeA2 subsequently shital MobA and Wco/Moco is further
processed to form MGD. The molecular mechanismsstbfactor formation is still unknown.

Furthermore, it should be noted that, so farPnduriosusenzymes have been purified yet
that contain a MGD-type of cofactor. However, thae likely to exist as the genome
contains two genes annotated as putative MGD-auntpiformate dehydrogenases, and
also two genes encoding MobA and MobB homologueteprs (PFO0618 and PF1954).
Further research is required to confirm the expoessf these MGD containing proteins.
Micro-array studies might help to validate the mddigure 5) by showing a co-regulation
in mMRNA levels of MoeAl and MPT containing proteingrsus MoeA2 and MGD
containing proteins.
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Abstract

The hyperthermophilic archaeorPyrococcus furiosus expresses five aldehyde
oxidoreductases (AORs) all containing a non-modifteingsto-bispterin cofactor. The
growth of this organism is fully dependent on thesence of tungsten in the media.
Previous attempts by Adams and coworkers to ingatpanolybdenum or vanadium in the
active site of these AOR enzymes were unsucce@dgiukund, S., Adams, M.\W.W., 1996,
J. Bact.178, 163-170). On the contrary, we desdrdre the incorporation of molybdenum
in formaldehyde oxidoreductase (FOR) and tungstenaining oxidoreductase number five
(WORY5), with efficiencies up to one quarter holefein formation. The quantity of the
metal was determined with catalytic adsorptivepging voltammetry and the nature of its
coordination was studied with EPR spectroscopyis Itoncluded thaf. furiosuscan
internalize molybdenum and insert it in a pterirfactor. Aldehyde oxidation activity
correlated with the tungsten content indicates tiiaimolybdenum analogue is inactive.
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Introduction

Tungsten and the chemically analogous molybdenenalarays associated with enzymes in
an unique metal-binding pterin (MPT) cofactor, eptcén nitrogenases [1]. Tungsten
containing enzymes can be divided in two familié® aldehyde oxidoreductases (AORS)
that contain a non-modified tungsto-bispterin ctdacand the formate dehydrogenases
(FDHs) which have a guanine monophosphate attachledth pterin moieties.

Because of the chemical similarities, many attemipévye been made to substitute
molybdenum with tungsten and vice versa in the cofaof various enzymes. These
experiments have shown that not all enzymes casybihesized with either metal and that
successful substitution does not always lead tddhmation of active enzyme. Experiments
with rat sulfite- and xanthine oxidase showed twh metals could be incorporated into the
pterin cofactor, but the tungsten-containing enzynwere completely inactive [2].
Replacing the molybdenum with tungsten in the aaflsBRhodobacter capsulatuidBMSO
reductase, heterologously expresse&seherichiacoli [3], andE. coli trimethylamineN-
oxide (TMAO) reductase [4] resulted in active eneyniHowever, the activity profiles
changed compared to the profile of the molybdenantaining enzyme, presumably due to
the lower reduction potential of the tungsten ceptp

These were examples of naturally occurring molybdenenzymes substituted with
tungsten. The other way around appears to be &35 as there is so far only one example
of a naturally occurring tungsten enzynielobacter acetylenicuacetylene hydratase, in
which the metal could be successfully substitutéti wiolybdenum [5]. The molybdenum
containing enzyme exhibits 60% of the activity camgal to the wild type tungsten enzyme
[5]. Acetylene hydratase is also exceptional begatsatalyses a non-redox reaction (the
hydration of acetylene to acetaldehyde) and thegeifodoes not fit in either of the two
classes of tungsten enzymes [6]. A very recentystieports the incorporation of
molybdenum in an active glyceraldehyde-3-phosphateEloreductase (GAPOR) from
Methanococcus maripaludibeterologously expressed 8. coli grown on molybdate
supplemented media [/1. maripaludisis a mesophilic organism, whose genome contains
genes encoding putative tungsten- and molybdenumylmethanofuran dehydrogenases
(MMP1249, respectively, MMP1249) [8]. Its GAPOR i shares high homology with
furiosus GAPOR in amino residues involved in pterin cofackonding, therefore, the
protein most likely contains the same unmodifiestfiiierin cofactor. In that case, this is the
first active enzyme of the AOR family containing Iypfmdenum. However, it is not known if
the wild- type GAPOR also contains molybdenum [7].

Tungsten metabolism in the hyperthermophilic arohayrococcus furiosusias been a
research topic in our laboratory for many yearse ghowth of this anaerobic organism is
strictly dependent on the presence of tungstemenntedia [9]. Five tungsten containing
aldehyde oxidoreductases have been purified frasnatlganism. Aldehyde oxidoreductase
(AOR) [10], formaldehyde oxidoreductase (FOR) [11dnd tungsten containing
oxidoreductase number 5 (WOR5) [12] all catalyze txidation of a wide variety of
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aldehydes whereas the previously mentioned GAPQ@RIysknown to convert the substrate
glyceraldehyde-3-phosphate [13]. WOR4 was purifsgdmonitoring column fractions of
proteins that contained tungsten and no activity been determined yet for this protein
[14]. Except for GAPOR, with its assigned role igaplysis, the physiological function of
these AORs is still unknown. In addition to theefigenes encoding AOR proteins, the
furiosusgenome encodes two putative formate dehydrogenadash might contain either
molybdenum or tungsten. So far, no physiologicaiction has been established for
molybdenum irP. furiosus

Adams and coworkers have made an attempt to sufiestitngsten with molybdenum and
vanadium in the AOR enzymes Bf furiosusby growing the organism on an excess of
molybdate or vanadate [15]. They purified enzymgsnfionitoring aldehyde oxidation
activity and they subsequently determined their anetontent. No incorporation of
molybdenum or vanadium was detected in the AOR$iwithe detection limits of the
plasma emission spectroscopy used for the metdysa®aOn the contrary, low sub-
stoichiometric amounts of tungsten were found, @andas concluded that theells had
scavenged the traces of tungstate from the mediuimei presence of a 1000-fold excess of
molybdate or vanadate, and had used only the tendet incorporation in the cofactor of
the AOR enzymes [15]. An inability &f. furiosuscells to efficiently take up the molybdate
from the medium could be a possible explanationtlier absence of molybdenum in the
active site of the enzymes. However, more receathyngsten binding protein WtpA from
the tungstate ABC transporter (WtpABC) frden furiosushas been characterized in our
laboratory and was shown to bind both oxoanion$ withigh affinity (chapter 2). The
transporter was found to be very selective for stiaig with a I§ of 17 pM [16] but was
also able to bind molybdate with apkKf 11 nM [16]. This result would exclude the
transporter system as a selective barrier in favdungstate over molybdate when present
in a 1:1000 ratioP. furiosusshould be able to take up molybdate from the muedlia the
WtpABC transporter. This was a first reason toesdpthe molybdenum-substitution
experiments inP. furiosusAOR proteins. Additionally, our laboratory devedmpa very
sensitive method to determine sub-nanomolar coretgos of molybdenum and tungsten
in protein samples [17]. This method, based onlgataadsorptive stripping voltammetry,
forms an excellent tool to measure sub-stoichiomatnounts of molybdate incorporated in
proteins, and is more sensitive than the plasmasam spectroscopy that was used in
previous work.

In this chapter we describe the actual incorponatib molybdenum in enzymes of tlie
furiosusAOR family.

Materials and methods

Growth of the organism and protein purification - P. furiosus(DSM 3638) was grown in
an 8-L fermentor at 90C, under anaerobic conditions with starch as carbmurce as
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previously described [18]. For the cells regulaghpwn on tungstate, the media contained
10 uM sodium tungstate and 90 nM of molybdate Jatier as a contaminant from the yeast
extract and from impurities in chemicals. For thelyhdate-grown cells, a pre-culture
without any tungstate was required. To remove gaddungstate present in the cells of the
inoculum, which was derived from regular tungsigtewn cells, 10 subsequent pre-
cultures were made in medium containing 10 nM sodiungstate and 10 pM sodium
molybdate. The final culture, which contained efifeely 10 nM tungstate, was used for the
inoculation of the 8-L fermentor. Completely ommti tungstate from the media does not
result in growth. After inoculation of the 8-L feemtor and 18 hrs running in batch mode,
the culture was switched to continuous mode withiigtion rate of 0.3 fi[19] resulting in a
wet weight of approximately 2 g/l .

FOR and WORS5 were purified from 175g cells (wetgi) under anaerobic conditions at
23 °C as previously described [11,12]. All buffers weepeatedly degassed and flushed
with argon and contained 1 mM cysteine to scavdrgees of Q. Cells were broken by
osmotic shock upon dilution with 5 volumes 30 mMsTHCI, pH 8 containing 1 mM
cysteine, 5 mM MgGl| 0.1 mg/L DNase | and 0.1 mg/L RNase.

Enzyme assays Enzyme activities were routinely assayed at°@) under anaerobic
conditions, with aldehyde substrate and 1 mM methbidgen as the electron acceptor in 50
mM Epps buffer, pH 8.4. As described earlier, tbikofving substrates were used (enzyme
that exhibits highest activity on the mentionedealgtle): crotonaldehyde (AOR) [10],
formaldehyde (FOR) [11], glyceraldehyde-3-phospli&&POR) [13].

Determination of cellular molybdenum and tungsten oncentration - The relative
amount of molybdenum or tungsten associated withteprs was determined by 3kDa
centricon (Millipore) filtration of the cell freex&ract (CFE) and subsequently measuring
metal concentrations in the CFE and in the filtréte catalytic adsorptive stripping
voltammetry [17]. The CFE was obtained from Bgfuriosuscells that had been washed
four times with 0.5 L 0.75 M NaCl, 20 mM Tris, pH 8

Spectroscopy EPR redox titrations were performed at room tentpeeaunder argon in 50
mM Hepes, pH 7.5 using 4 mg/ml (%31 of monomer) FOR. The following dyes were
added to a final concentration of a: N,N,N’,N’-tetramethyl-p-phenylenediamine, 2,6-
dichlorophenol indophenol, phenazine ethosulfateethygiene blue, resorufine,
indigodisulfonate, 2-hydroxy-1,4-naphtaquinone haauinone-2-sulfonate, phenosafranin,
safranin O, neutral red, benzylviologen, methylvgdn. Samples were first reductively
titrated with sodium dithionite followed by oxidedi titration with potassium ferricyanide.
After equilibration at the desired potential a R sample was anaerobically transferred to
an EPR tube and immediately frozen in liquid nisogPotentials were measured with a
platinum electrode and a Ag/AgCI reference elearaddll reported values are with respect
to the normal hydrogen electrode (NHE).
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A substrate/product (formaldehyde/formate) titnatiwas performed at room temperature
under argon in 50 mM Hepes, pH 7.5 using the saomeemtration of FOR (58M of
monomer). The protein was incubated with formaldiehyand formate at the following
ratio’s (calculated potential): 1:99 (-472 mV), (%02 mV), 1:1 (-532 mV), 9:1 (-562
mV), 99:1 -592 mV). Of each potential 0,2 ml sampies transferred into an EPR tube and
frozen in liquid nitrogen.

X-band EPR spectra were recorded on a Bruker ER Zp@ctrometer, using facilities and
data handling as detailed elsewhere [20].

Other assays -Protein concentration was determined using thet¢honinic acid assay
method with bovine serum albumin as the standané.ttingsten and molybdenum content
of proteins and cell free extract samples was detexd by catalytic adsorptive stripping
voltammetry [17]. Subunit molecular weight and aegof protein purity were determined
with SDS-polyacrylamide gel electrophoresis on alsystem (GE Healthcare) in 8-25%
SDS.

Results and discussion

Uptake of molybdate and tungstate, and cell free évact enzyme activities

Cells grown on tungstate (W cells: 10M tungstate, 90 nM molybdate), respectively,
molybdate (Mo cells:1@M molybdate, 10 nM tungstate) were harvested aradyaed for
their cellular group-6 oxoanion content. The res(igure 1) show tha®. furiosuscells are
able to take up both oxoanions to the same extent.

=
o
|

I Tungstate
| = Molybdate

[ee]

Concentration oxoanion in CFE (uM)

0 T T

w 10 uM 10 nM

Mo | 90nM L lowm
W cells Mo cells

Figure 1. Molybdate and tungstate concentrations (uM) in-fteé extract ofP. furiosuscells
grown on medium containingl0 pM tungstate and 90 mdlybdate (W cells) and 10 puM
molybdate and 10 nM tungstate (Mo cells).
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The cell-free extracts obtained from cells growneswcess of molybdate or tungstate were
both examined for their total aldehyde oxidatiotivaty using three representing substrates
(formaldehyde, crotonaldehyde, and glyceraldehyqé@sphate) in order to estimate the
levels of expression of the three most abundantchadacterized aldehyde oxidoreductases
in P. furiosus AOR, FOR, and GAPOR (figure 2).

The results are similar as those previously repoltg Adams and coworkers [15]: the
specific activities of the aldehyde oxidoreductasese two or more orders-of-magnitudes
lower in molybdate-grown cells, however, they westl detectable in the case of
formaldehyde and crotonaldehyde oxidation. Sunpgigi ho GAPOR activity could be
detected although this enzyme is required for diygs. Formaldehyde and crotonaldehyde
can serve as substrate for both FOR, AOR and W@MREh makes it difficult to estimate
expression levels of the separate enzymes on thes lod their specific activities. The
formaldehyde-oxidation activity in the cell-freeteact of the molybdate-grown cells was
relatively higher than the oxidation activity orotonaldehyde. Therefore, formaldehyde-
oxidation activity became the target for proteirrification, resulting in the isolation of
FOR and WOR5 from both cell-free extracts contgniooth metals (table 1). The
crotonaldehyde-oxidation activity co-eluted withethtargeted formaldehyde-oxidation
activity, suggesting that the initial activity omotonaldehyde measured in CFE resulted
from FOR and WORS5 and not from AOR [12].

0.35 0.0025
. \V cells 1 Mo cells
0.30 A
0.0020 A
0.25 -
g g
S £ 0.0015 A
S 020 - 5
2 2
g 0151 2 0.0010 -
< <
0.10 A A B
0.0005 -
0.05 A
0.00 - 0.0000

Fotma\dech‘\é?gna\deh\lde 3P

Forma\dech‘\é?gna\de“\lde 3P

Figure 2. Specific activity of aldehyde oxidation for sulag&s formaldehyde, crotonaldehyde and
glyceraldehyde-3-phosphate (G-3-P) in cell-freeraots of P. furiosuscells grown in media
supplemented with tungstate (A) or molybdate (B).
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Table 1. Purification table for FOR and WORS5 purified frooells grown on tungstate or
molybdate. Activity (U) represents formaldehydedation activity.

CFE Purified FOR Purified WOR5
Medium U/mg U/mg 1G Mo/subunit W/subunit U/mg Mo/subunit W/subunit
\W 0.32 27 6.4 0.48 6.5 0.011 0.13
Mo 0.0023 1.25 57 0.02 0.95 0.23 0.017

Purification and activity of molybdenum and tungsten containing WORS5 and FOR

The purification table (table 1) and the data igufe 2 show a higher formaldehyde
oxidation activity in the tungstate supplementedisce&eompared to the molybdate
supplemented cells (140-fold). Also the metal eantof the purified proteins varied
between the two different supplementations (figdixePurified FOR from tungstate-grown
cells exhibited a higher total metal incorporati@®% of the protein was purified in its
holo-form) compared to the FOR purified from molglbel grown cells (8%). The holo-FOR
isolated from the tungstate supplemerfeduriosuscontained 99% tungsten whereas FOR
purified from the molybdate supplemented cells am@d 75% molybdenum (figure 3).

0.5

B Tungsten

3 Molybdenum
0.4 1

0.3 1

0.2 4

Metal content (/subunit)

0.1 1

00 - = : . -
FOR
L

FOR WORS WORS
|

W cells Mo cells

Figure 3. Metal content per subunit FOR and WORS5 isolatesnfP. furiosuscells grown on
medium supplemented with tungstate or molybdate.

Surprisingly in the case of WORS5, the total metadorporation was higher for the cells
grown on molybdate: 24% of the total protein wasiffgd containing a metal, of which
95% was molybdenum. In the tungstate supplemereks anly 15% of the WORS5 protein
contained metal, most of it being tungsten (92%)summary, both proteins were purified
partly as apo-protein and partly as holo-proteimtaming both molybdenum and/or
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tungsten. In the case of WORS5 a relatively highetylmdenum incorporation was observed
compared to FOR.

It is commonly observed for these AOR enzymesitimatatio of metal per subunit is lower
than the expected value of unity due to loss ofdbfactor during the purification. This
makes it difficult in these experiments to distirgjubetween apo-protein originating from a
lack of molybdenum incorporation or from a lossteé metal during purification. However,
it is assumed that the rate of metal-loss fromctifactor in a certain protein is independent
of the incorporated metal. Therefore, we can complae incorporation values for tungsten
and molybdenum, under the different growing coodi, for the same protein.

By doing so, it can be concluded that, in cellswgroon high molybdate, WORS5 has a
higher tendency for molybdenum incorporation compaio FOR: in purified FOR almost
no molybdenum was found (while the tungsten supelded cells produced 49% holo-
protein) whereas 23% of the WORS subunits actuadhytained molybdenum.

Correlating the specific activities of all enzynreparations with the metal content gives an
interesting and clear picture (table 2). In botlzyenes and in all preparations the
formaldehyde oxidation activity correlated well Wwithe tungsten content even though in
some cases the amount of incorporated tungstervergdow. From these results it can be
concluded that the aldehyde oxidation is catalylzgdhe enzyme that contains a tungsto-
bispterin cofactor only, and that the molybdenumtaming ones do not contribute to the
observed activity. None of the preparations shoaeg activity for the reversed reaction;
the reduction of the corresponding formic acidaorfaldehyde (data not shown).

Table 2. Ratio of specific formaldehyde oxidation activitsatio of incorporated tungsten per
subunit, and ratio of incorporated molybdenum péyusit. The ratios were calculated from the
data obtained for FOR and WORS5 preparations fraenttingstate-supplemented cells versus those
from the molybdate-supplemented cells.

Specific activities W/ subunit Mo/sulmit
Enzyme FOR WOR5 FOR WORS5 FOR WOR5
W vs Mo 21.6 6.8 24 7.6 0.074 0.11

EPR Spectroscopy FOR

The total amount of purified WORS5 was not enougBbttaly it with EPR spectroscopy and,
therefore, EPR studies were only performed on F@parations containing molybdenum
or tungsten. The g-values for the so called [21d-potential (gx = 1.922, gy = 1.942, gz =
1.973) and the low-potential (gx = 1.837, gy = 1,89z = 1.960) forms of tungsten-
containing FOR are similar to the values reportetiterature (gx = 1.926, gy = 1.946, gz =
1.977), (gx = 1.847, gy = 1.901, gz = 1.969) resipely [21]. The observation of
characteristic hyperfine splitting caused by thespnce of thé®\W isotope (nuclear spin
I=1/2) further confirmed the incorporation of tuteys.
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In the molybdenum-containing sample, novel sigva¢ése detected at similar potentials,

therefore, they were named low and mid potentiah®of molybdenum. The low potential

molybdenum species was found only upon titratiothwine substrate formaldehyde. The
maximal signal amplitude of the low potential madgimum form was found at a potential of
approximately -450 mV, similar to the potentialtbé maximal signal of the tungsten low
potential species. The molybdenum mid-potentiacsgsewas detected in a dye mediated
redox titration between a potential of -250 mV-#8 mV (maximal signal around -150

mV). The g-values of these mid and low potentiahfe in molybdenum-containing FOR

differ significantly from the ones reported for thengsten-containing form. The overall

intensity of the spectrum is also lower becaus¢hef substoichiometric incorporation of

molybdenum, but comparison to simulated spectiapais molybdenum incorporation.

W low potential A mid potential

Mo low potential B Mo mid potential

QLJ\MJJ\N

3230 3330 3430 3530 3630 3730 3230 3330 3430 3530 3630 3730

Figure 4. EPR spectra (upper line) and simulations (lowe)liof mid (gx = 1.922, gy = 1.942, gz
=1.973) and low potential (gx = 1.837, gy = 1.8§4 = 1.960) tungsten signals in tungsten-
containing FOR (A) and mid (gx = 1.942, gy = 1.992 = 2.012) and low potential (gx = 1.855, gy
=1.971, gz = 2.012) molybdenum signals in molyhohercontaining FOR (B).

114



Replacing tungsten by molybdenum

Discussion and conclusion

We have shown that molybdenum can be incorporatéda enzymes of the AOR family
in P. furiosus The amount of incorporated molybdenum was fouadbé enzyme-
dependent: more molybdenum was incorporated in W@RE Mo/subunit) than in FOR
(0.06 Mo/subunit), and in AOR and GAPOR no incogtimn could be detected.

By increasing the molybdate concentration in thelioma by a factor of 100, the molybdate
concentration in the CFE and the molybdenum incafoan in FOR increased both by a
factor of 10. In WORS5, a 21-fold increase in thearporation of molybdenum was
observed, suggesting less selective metal incotiparéor this enzyme.

However, P. furiosusis able to scavenge trace amounts of tungstateM)LGrom the
molybdate supplemented medium, and to use it ®ispecific incorporation in the cofactor
of WOR5 and FOR. It is unclear wi:. furiosususes the available tungsten for these two
enzymes and not for AOR or GAPOR (the latter isunesgl for glycolysis; the physiological
role of the other AORs is still unknown). It woubde interesting to analyze mRNA levels of
P. furiosuscells grown on molybdate-supplemented media tofyvevhether the other
AORs are indeed not expressed or whether theiresspn levels are below the detection
limit of the activity measurement.

In summarypP. furiosuspreferably uses tungstate for the incorporatiomefal into the bis-
pterin cofactor of the AOR enzymes. Tungsten caieoeasily replaced by molybdenum,
but for some AOR enzymes it is possible to incoapmsignificant amount of molybdenum.
However, these molybdenum containing AORs do natrdmute to the observed aldehyde
oxidation activity.

All these data together suggest the existence aklactive mechanism for tungsten
incorporation in the pterin cofactor. Selective ahencorporation is thought to rely on the
metal dependent hydrolysis of adenylylated MPT éedipo the metal insertion activity of
Cnx1E (in plants) [22] or MoeA (ifE. coli) [23]. Interestingly, two different genes for
MoeA proteins are found iR. furiosusand a number of archaea and bacteria. It is tepti
to speculate that the expression of two MoeA pnstédorms the basis of metal selectivity,
however, experimental data are required to cormtidhis hypothesis (Chapter 4).
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Abstract

WORS5 is the fifth and last member of the familytahgsten containing oxidoreductases
purified from the hyperthermophilic archae®yrococcusfuriosus It is a homo-dimeric
protein (subunit: 65 kDa) that contains one [4F¢-dfBster and one tungsto-bispterin
cofactor per subunit. It has a broad substrateifsggce with a high affinity for several
substituted and non-substituted aliphatic and atemaldehydes with variable chain
lengths. The highest catalytic efficiency of WORSfound for the oxidation of hexanal
(Vmax = 15.6 U/mg, Ky = 0.18 mM at 60°C). Hexanal-incubated enzyme exhibits S = %2
EPR signals from [4Fe-45](g-values 2.08, 1.93, 1.87) and®Wg-values 1.977, 1.906,
1.855). Cyclic voltammetry of ferredoxin and WORS @an activated glassy carbon
electrode shows a catalytic wave upon additionedfanal, suggesting that ferredoxin can
be a physiological redox partner. The combinatidn VAOR5, FOR (formaldehyde
oxidoreductase) and AOR (aldehyde oxidoreductagsend an efficient catalyst for the
oxidation of a broad range of aldehyde®irfuriosus

12C



WORS5: a novel tungsten-containing aldehyde oxidactatse

Introduction

Pyrococcus furiosusis a strictly anaerobic, fermentative microorgamighat grows
optimally at 100°C. It can use either peptides or carbohydratedsasarbon and energy
source and it reduces elemental sulff) ¢6 H,S if present. The growth d¥. furiosusis
strictly dependent on the presence of tungstenHailr tungsten enzymes have previously
been purified from this organism, all of which anembers of the aldehyde oxidoreductase
(AOR) family. Complete genome analysis has reve#tedpresence of a gene encoding a
putative fifth member of this family and two genfs two more W or Mo-enzymes
assigned as putative formate dehydrogenases.

Three of the four AOR family enzymes have beenfjaatiand characterized in some detail:
aldehyde ferredoxin oxidoreductase (AOR) [2], ghat@ehyde-3-phosphate ferredoxin
oxidoreductase (GAPOR) [3] and formaldehyde ferrgdoxidoreductase (FOR) [4]. AOR
has a broad substrate specificity but appears tmds active on aldehydes derived from
amino acids [2]. FOR has the highest activity on@3laldehydes [4], and both AOR and
FOR are thought to play a role in peptide fermeomatin contrast, GAPOR is only known
to convert the substrate glyceraldehyde-3-phosp{@geP-3). It functions in glycolysis
where it converts GAP-3 to 3-phosphoglycerate @pta glyceraldehyde-3 phosphate
dehydrogenase and phosphoglycerate kinase in tiuahEmden-Meyerhof glycolysis [3].
A fourth tungsten-containing enzyme, WOR4, was mrecently purified fronP. furiosus
grown in the presence of [5]. No activity could be identified yet, but theopein may play

a role in $ reduction because it could not be purified in #sence of Sin the growth
medium. From micro-array analysis it is known ttiegt expression of WOR4 at the mRNA
level is upregulated in cold-adapted cells thatengrown for generations at 7Z. Cells
that were incubated for shorter periods at@2(1-5 hours) showed a five-fold increase in
the expression of the putative fifth tungsten cmimg enzyme WORS5 [6]. Also the
adjacent ORF PF1479, coding for a 19 kDa proteth W6 cysteine residues that could bind
multiple iron sulfur clusters, is upregulated te game order of magnitude. This suggests a
co-regulation of both proteins. The presence of fpossible iron sulfur clusters in this
protein associated with WORS5, indicates a rolelacteon transfer for the 19 kDa protein
similar to the role of ferredoxin in the reactioretalysed by the other enzymes from the
AOR family.

In the present study we describe the purificatio &haracterization of WORS5. This
enzyme was discovered in a side fraction duringgadard FOR purification. During this
purification all fractions were examined for forrdehyde and crotonaldehyde oxidation
activity, to discriminate between fractions thantaan FOR or AOR. Some fractions
showed an unexpected ratio for these two activiiesther examination has lead us to the
identification of WOR5 as a fifth aldehyde oxidouethse with very broad substrate
specificity.
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Materials and methods

Growth of the organism and protein purification - P. furiosus(DSM 3638) was grown in
an 8-L fermentor at 90C, under anaerobic conditions with starch as carbmurce as
previously described [7]. After 18 hrs running iatéh mode, the culture was switched to
continuous mode with a dilution rate of 0.3" i8] resulting in a wet weight of
approximately 2 g/l. WORS5 was purified from 100 glls (wet weight) under anaerobic
conditions at 23°C. All buffers were repeatedly degassed and flusied argon and
contained 1 mM cysteine to scavenge traces ofG2lls were broken by osmotic shock
upon dilution with 5 volumes 30 mM Tris-HCI, pH ®mtaining 1 mM cysteine, 5 mM
MgCl,, 0.1 mg/L DNase | and 0.1 mg/L RNase. Cell-fregaot was loaded on a column of
DEAE (Vc = 300 ml) fast flow sepharose, equilibcateith 20 mM Tris-HCI, pH 8. WOR5
eluted from the column between 175 and 270 mM N&@i a gradient (1400 ml) from O to
500 mM NaCl. Fractions with WORS5 activity were cdmddl and loaded onto a
hydroxyapatite column (Vc = 120 ml) equilibratediwb mM potassium phosphate buffer,
pH 7.5. WORS5 eluted from the column as 110 to 20 potassium phosphate was applied,
using a gradient from 5 to 300 mM potassium phospia 500 ml. Fractions containing
WORS5 activity were pooled and concentrated by filtration using an Amicon PM-30
membrane. The concentrated sample of WORS5 waseapfia Superdex-200 column (Vc
= 320 ml), equilibrated with 20 mM Tris-HCI, pH &nd 150 mM NaCl. Fractions
containing WOR5 were combined, concentrated andh@tto a maximal salt concentration
of 50 mM NacCl before application to a Mono-Q colungdc = 1 ml) equilibrated with 20
mM Pipes, pH 6.8. WORS5 eluted from the column at@35 mM NacCl using a gradient
(60 ml) from 70 to 200 mM NacCl.

Enzyme assays -WORS5 activity was routinely assayed at 8C, under anaerobic
conditions, with 5 mM hexanal as the substrate hmdM methylviologen as the electron
acceptor in 50 mM Epps buffer, pH 8.4. Hexanal atiekr tested aldehydes were added to
the assay mixture as a solution in 100% ethana. ddtivities of AOR, GAPOR and FOR
were determined as previously described [2-4]. $pecific activities are on the basis of
protein concentration.

Other assays -Protein concentration was determined using the¢honinic acid assay
method with bovine serum albumin as the standah@ flingsten content of the purified
WORS5 protein was determined by catalytic adsorp$itreoping voltammetry [9]. Subunit
molecular weight and degree of purity was deterchingth SDS-polyacrylamide gel
electrophoresis on a Phast System (GE Healthcar&45% SDS. Iron and acid-labile
sulfur were determined colorimetrically according10,11]. Metal analysis was carried out
by diluting the protein sample up to a volume & dnl (0.2 % HNQ) and introducing it in
an inductively coupled plasma optical emission speateter (ICP-OES) Optima 4300 DV
(Perkin Elmer, Norwalk, USA). Total element contarats determined at 280.271 nm (Mg)
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and 393.366 nm (Ca). Standard calibration curvéwden O and 1 mg/L were measured
immediately after the sample and were used fot Gakulations.

Cyclic voltammetry - Cyclic voltammograms oP. furiosusferredoxin and WOR5 were
recorded with an Autolab PSTAT10 potentiostat. Ehectrochemical experiments were
performed with a three electrode microcell using riiiethod previously described [12]. The
working electrode was a nitric acid activated gyasarbon disc. A micro platinum electrode
was used as counter electrode and the potentiameasured with reference to an Ag/AgCl
electrode. A droplet with a volume of gbcontaining 5QuM of ferredoxin in 25 mM Mops
buffer, pH 7.2 and 7 mM of neomycin was placed lo@ Wworking electrode. WOR5 was
added to a final concentration oM and hexanal was added to a final concentratiobOof
mM. The voltammograms were recorded at a scarofdt® mV/s at 60C.

Spectroscopy -X-band EPR spectra were recorded on a Bruker HFD Xpectrometer,
using facilities and data handling as detailedveltse [13]. For the reduction of enzyme
with substrate, a sample of WORS5 (12d@) was incubated with hexanal (10 mM) for up to
one hour at 60C. The UV-vis spectrum was recorded with a Hewkettkard 8452A diode
array spectrophotometer.

Results and discussion

Purification of WOR5

WORS5 was purified from cell free extractBf furiosusby monitoring the ability of column
fractions to catalyse the hexanal-dependent reglucf methylviologen. Cell free extract
contained 0.36 U/mg of hexanal oxidizing activifyable 1) and this is of the same order as
the oxidizing activity of formaldehyde (0.34 U/may)d crotonaldehyde (0.55 U/mg).

Table 1.Purification table of WORS5 frorR. furiosus

Protein (mg) Activity (U) Sp act (U/mg) Recovery (%) Purification (fold)

CFE 3394 1219 0.36 100 1

DEAE 1454 1202 0.83 99 2.3
HAP 411 811 1.97 67 5.5
SD-200 46 480 10.3 39 29
Mono-Q 5.3 83 15.6 6.8 43

FOR and AOR (not GAPOR) are also able to catalysekidation of hexanal although at a
much lower rate (Table 2). Therefore, the appaVé@®R5 activity observed in the cell free
extract is the sum of the hexanal oxidizing adegitof FOR, AOR and WORS5. The specific
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activities of FOR and AOR for the oxidation of hagadwere used in combination with the
measured activity on formaldehyde and crotonaldehtalidentify the presence of the three
enzymes in fractions eluting from the columns. Atftee first DEAE column FOR (eluting
at 100 mM NaCl) was readily separated from AOR WHdRS5, and after the HAP column
also AOR (7 mM KB and WORS5 (110 mM KiPcould be separated.

Approximately 5 mg of WOR5 was purified from 100amgt weight of frozerP. furiosus
cells. For comparison, the estimated yields of AGBRR, GAPOR and WOR4 per 100 g of
cells are 23, 12, 6, and 2.5 mg, respectively [5].

Table 2 Specific activity of AOR, FOR and WORS5 for theidation of aldehydes, determined at
80 °C and with methylviologen as electron acceptor ssladicated otherwise.

Enzyme Formaldehyde (50 mM)  Crotonaldehyde (0.2 mM) Hexanal (5 mM)

(U/mg) (U/mg) (U/mg)
AOR 9.2 (65°C) 54 3.1
FOR 24 0.59 (50 mM) 0.48
WORS5 11.4 0.93° (25 mM) 38
WORS (60°C) 4.7 0.38 (25 mM) 15.6

a) Determined by Mukund et al [2]
b) Determined by Roy et al [4]
c¢) This work

Molecular properties of WOR5

Purified WORS5 gave a single band in SDS-PAGE ebgttoresis that corresponded to a
molecular weight of 67 +/- 2 kDa (figure 1). Thepapent molecular weight as determined
by native PAGE was 135 +/- 5 kDa, suggesting thatenzyme is a homodimer (data not
shown). The presence of a single subunit was cuoefirby N-terminal sequence analysis,
which resulted in a single sequence (MYAYNGKLLDVDREKVKEYV) that matched for
100% with the N-terminus of ORF (PF148@yr5) in the genome sequenceRxffuriosus

Figure 1. SDS-PAGE of purified WOR 5, lane 1: Low moleculagight markers from top: 94, 67,
43, 30, 20,14 kDa, lane 2: purified WOR 5.
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WORS5: a novel tungsten-containing aldehyde oxidactatse

The ORFwor5 encodes a 64.9 kDa protein based on deduced anidsequence, which is

in good agreement with experimental data (67 kD&PR5 has a high sequence identity
with the other four members of the family: AOR (30%OR (34%), GAPOR (27%), and

WOR4 (31%).

Purified WORS5 contained 0.13 +/- 0.05 g-atom ofgsten, 0.7 g-atom of magnesium, 1.4
g-atom of calcium, 2.8 +/- 0.3 g-atom of acid-laksulfur and 3.0 +/- 0.1 g-atom of iron per
g-atom subunit. Based on the translated proteinesezme of WORS5 and its homology to the
other members of the family, one [4Fe-4S] clusted @ane tungsto-bispterin centre per
subunit are expected for WORS5. The experimentadiieisnined 0.13 g-atom of tungsten
per subunit is perhaps due to loss of the cofatiiong the purification.

Spectroscopy

The as-isolated WOR5 enzyme was EPR silent. Incubatith 10 mM hexanal substrate
for one hour at 60C resulted in partial reduction of the prosthetioups showing up as
W(V) and [4Fe-4ST in the EPR as shown in Fig 2. At low temperatdfeK, the spectrum
was dominated by the iron-sulfur cluster; weak dezd of the partially saturated and
overmodulated tungsten signal were also detected.

3000 3500 4000
B (Gauss)

Figure 2. EPR spectra of the tungsten centre and the wtorscluster in substrate-reduced
WORS5. The enzyme, 8 mg/ml, was incubated with 10 h&anal for 1 hour at 61C. Trace A is a

low temperature spectrum (15 K) dominated by tigeadi from the [4Fe-43] cluster; trace B is a
high temperature spectrum (50 K) from W(V) in tutagbispterin. EPR conditions: microwave
frequency, 9533 MHz; microwave power, 50 (A) and Z8) mW; modulation frequency, 100
kHz; modulation amplitude, 6.3 (A) and 3.2 (B) Gaus
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The iron-sulfur signal had approximate g-values82.0.93, 1.87, however, the spectral
shape was rather broad and exhibited small extahkspperhaps as the result of magnetic
interaction. Possible origins of dipolar interantiare coupling between two cubanes of a
protein dimer or coupling between a cubane and-sh W(IV) within a subunit. No high-
spin signals were detected suggesting that theeclugas purely S=1/2. In GAPOR [14]
and FOR (our unpublished observation), the [4FéZ4@ijister exists as a mixture of a
S=1/2 and a S=3/2 ground state, and the cuban©R Aas been found to occur essentially
only in the high spin state [15]. In oxidized WOR#A unusual signal was assigned to a
HiPIP-type of [4Fe-4ST -cluster [5].

Increasing the temperature from 15 K to 30 K reslih the virtual broadening away of the
iron-sulfur signal consistent with it being from{4Fe-4S}* cluster (not shown). A further
increased to 50 K affords a single S=1/2 signalg¥/), which was non-saturable with
microwave powers up to 200 mW. The g-values wed&7,.1.906, 1.855. A*W hyperfine
interaction (14.4% ; 1=1/2) of approximate strength] 40 Gauss in all directions is just
detectable as shoulders in figure 2B. Spin qudititagave 0.45 spins per monomer of
WORS5 for the cubane and 0.07 spins for W(V). Thealyres of the tungsten signal are
comparable to the g-values found for a tungstenasigt low redox potential in AOR
(1.989, 1.901, 1.863, [15]). These comparable geslindicate that the tungsten ion is
present in a similar coordination in the bispterafactor. The tungsten signal at low redox
potential in GAPOR has significantly lower g-valu@s948, 1.887, 1.831 [14]). In the EPR
spectrum of WOR4 no tungsten signal could be detel&].

The optical spectrum of WORS as isolated (see @d?)rshows a protein peak at 280 nm
and a broad feature with a maximuncata 390 nm, characteristic for iron-sulfur clusters
of higher nuclearity such as cubanes. A shouldevbiserved at approximately 320 nm.
Extinction coefficients ofeso=1.15 mM'cm? and €,5=6.44 mM'cm? were determined
from the UV-vis spectrum of WORS defining a puritiglex of Aggf/Asgo= 0.18.

0.8

0.6 -

Absorbance

0.4 —

0.2

0.0 T T T T T 1
300 350 400 450 500 550
Wavelength (nm)

Figure 3. UV-vis absorption spectrum d®. furiosusWORS5. The protein concentration was 8
mg/ml in 20 mM Tris, pH 8.
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WORS5: a novel tungsten-containing aldehyde oxidactatse

Catalytic properties of WOR5

The enzyme was purified by monitoring the abibfyfractions to catalyse the oxidation of
hexanal and the reduction of methylviologen. Initald to hexanal WORS5 was able to
utilize a range of aliphatic and aromatic aldehyaesubstrates summarized in Table 3. The
specific activity and kg values were obtained by measuring the activity with
methylviologen as electron acceptor at’@0at three different aldehyde concentrations (0.5,
5, 25 mM) in duplo, and fitting a Michaelis-Menteuarve. The substrates can be divided in
three classes based on, Kalues. K; < 0.5 mM was found for aldehydes where the
carbonyl is attached to an aliphatic C atom. Thgreke of substitution of this beta C atom
does not significantly influence the affinity ortizity neither does the size of the aldehyde
or the length of the side chain. The aromatic afdek with the carbonyl group directly
attached to the phenyl-ring hadyKvalues between 1 and 5 mM. Crotonaldehyde and
formaldehyde (both approximately 45 mM) were only oxidized at high concentrations.
These activities and K values reflect a clear difference in substratecifipgy between
WORS5 and the other tungsten containing aldehyddasgductases (Table 2). In its broad
substrate specificity WORS5 clearly distinguisheselit from FOR and GAPOR, and the
main difference between WORS5 and AOR is the lovivdgtand affinity of the former for
crotonaldehyde, which is one of the best substfate8OR.

Table 3. Oxidation of aldehydes by WORS5 at 8C and methylviologen as electron acceptor.
Substrate concentrations of 0.5, 5 and 25 mM wepsl uo determine Michaelis constants unless
indicated otherwise.

Substrate WYax (U/mg) Ky (mM)
Formaldehyd@ 8.5+ 1.0 45+ 12
Crotonaldehyd8 1.1+ 0.1 46+ 6
Acetaldehydé 0.34£0.05 1.5:0.2
Glutaraldehydé 1.4+ 0.1 9.4+ 0.2
2-Methoxybenzaldehyde 15.1+0.6 4.8+ 0.6
Cinnamaldehyde 7.4+ 1.6 1.6+£0.1
2-Naphthaldehyd 7.7+ 0.8 1.3+ 0.1
Hexanal 15.6+ 1.8 0.18t 0.02
Hydratropaldehydé& 9.3+ 0.7 0.12+ 0.04
3-Phenylbutyraldehyd® 8.0+ 0.6 0.42+0.12
2-Ethylhexanaf 8.3+1.5 0.17+ 0.02
Isobutyraldehyde 11.8+0.9 0.79+ 0.03

2-Methylbutyraldehyde 7.7+0.4 0.43+ 0.09
2-Methylvaleraldehyde 12.7+1.3 0.27£ 0.03
Glyceraldehyde-3-phosphat&0 -

a) Substrate concentrations of 0.05, 0.5 and 5 né&vewsed to determine Michaelis constants.
Higher concentrations caused solubility problems.
b) Substrate concentrations of 5, 25, 50 and 100vweké used to determine Michaelis constants.
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The temperature dependence of the specific actofifyOR5 for the oxidation of hexanal
was determined from 3TC to 100°C (figure 4). Up to 80 °C the activities were fittevith

an Arrhenius equation that describes reaction esea function of temperature. The
maximum specific activity was measured at°8) At temperatures higher than 80 °C the
specific activity rapidly decreased in time, prolyadue to instability of the protein.

N VARE

30 —

In(specific activity)
N

20 —

Specific activity (U/mg)

10 —

30 40 50 60 70 80 90
Temperature (°C)

been fitted to the Arrhenius equation with an adton energy E= 70+ 7 kJ/mol.

In vitro reconstitution of electron transfer chain

The cyclic voltammogram ofP. furiosusferredoxin shows a reversible electron transfer
between the ferredoxin and the activated glassporaelectrode (figure 5) as observed
earlier [14]. Addition of WORS5 or hexanal separatelid not significantly change the
voltammogram of ferredoxin. However, when hexarlab pVNOR5 was added at 6C a
catalytic wave appeared, showing that the enzyrablesto oxidize hexanal and transfer the
electrons through the ferredoxin to the electrddeese results suggest that ferredoxin can
be a physiological redox partner of WORS5 as fordheer enzymes from the AOR family.
However, the ORF PF1479 nextwwr5 on the genome encodes a protein with multiple
iron-sulfur cluster binding motifs, which could aldunction as physiological partner
protein.
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Figure 5. Cyclic voltammogram oP. furiosusferredoxin in the presence of WOR5 without (A)
and with hexanal at 68C (B). The droplet volume was 2B and contained 25 mM Mops buffer,
pH 7.2, 7 mM neomycin, 50 mM ferredoxinpy™ WORS5 and 50 mM hexanal. The potential scan
rate was 10 mV/s.

Sequence comparisons

A BLAST search [16] of the sequences of the aldehgridoreductases from. furiosus
against the genomes of two othRyrococcusspecies:Pyrococcus horikoshi[17] and
Pyrococcus abysghttp://www.genoscope.cns.fr/pab/) identifies hémgs for AOR, FOR,
GAPOR and FOR (Table 4). These four proteins aleif@omologs with sequence identities
greater than 73%. All species have a putative fiftidoreductase, but these are mutually
not very similar. InP. horikoshiithere appear to be two additional proteins, but tpenes
are adjacent on the genome and probably formaah dimer and can therefore be
considered as one protein. In Table 4, these &ftlehyde oxidoreductases are compared
with WORS5 to visualize the low homology betweenstn@nzymes and WORS. In fact this
fifth putative aldehyde oxidoreductase in bd® horikoshii and P. abyssihas more
homology withP. furiosusAOR (approximately 40% sequence identity). Frbm genome
comparison we can conclude that WORS5 is the énlfuriosusoxidoreductase that has no
true homolog in one of the oth@yrococcusspecies. There are also no true homologues
(identity greater than 40%) identified when thewsstpe of WORS is blasted against all the
genomes collected in the Expasy databbge:(/www.expasy.org/tools/blakt/

Another remarkable feature of WORS5 is the sequaridés [4Fe-4S] binding motif. The
motifs in FOR, AOR GAPOR all contain four cysteiresidues (Cxx(X)CxxxGXC) that
coordinate the [4Fe-4S] cluster. Only the lastéhaiee conserved in the sequence of WORS,
which could imply the presence of a [3Fe-4S] clustédowever, the EPR spectrum of
WORS5 exhibits a clear signal of a [4Fe-4Sjubane cluster. Instead of the first cysteine
there is an aspartate residue in the sequence dRMW@eplacement of cysteine by an
aspartate ligand was earlier observedPirfuriosusproteins namely the second cysteine of
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the [4Fe-4S] cluster of ferredoxin [18] and thesfficysteine of the [2Fe-2S] cluster in
sulfide dehydrogenase (or ferredoxin:NAPD oxidoctdse) [19].

Table 4. Homolog genes of the five oxidoreductases frBmfuriosuspresent in the genome
sequences oP. horikoshii[17] and P. abyssi (http://www.genoscope.cns.fr/pab/) expressed as
percentage of sequence identity between the decumét acid sequences of the genes.

P. furiosus P. horikoshii P. abyssi

Identity (gene) Identity (gene)
AOR 77% (PH1019) 77% (PAB0647)
FOR 88% (PH1274) 88% (PAB0798)
GAPOR 80% (PHO0457) 80% (PAB1315)
WOR4 73% (PH0028) 76% (PAB2330)
WOR5 37% (PH0891) 37% (PAB2085)

26% (PH0892)

Concluding remarks

With the purification of the fifth and presumablyst member of the tungsten containing
family of oxidoreductases fror®. furiosus a next challenge will be to elucidate their
functions and mutual relations. It is an intriguiggestion why the cell needs at least four
aldehyde oxidoreductase enzymes with relativelyatireubstrate specificities, expressed
under similar conditions.
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Abstract

The hyperthermophilic archaed?yrococcus furiosugxpresses five tungsten containing
aldehyde oxidoreductases (AORs) of which at least €atalyze the oxidation of aldehydes
(the activity of tungsten containing oxidoreductasember four (WOR4) is yet to be
determined). They are able to transfer electroos fthe substrate to the small, iron sulfur
cluster containing protein ferredoxin. The AORs amenocistronic except for tungsten-
containing oxidoreductase number five (WORS5), whighhe only member of this family
that has an adjacent gene (PF1479) encoding aivalyafour [4Fe-4S] cluster binding
protein, whose expression is fully co-regulatechwite expression of WORS5 (Weinberg et
al, 2005, J. Bact. 187, 336-348). A structural htlwmgy model of this PF1479 protein
revealed a high structural similarity with iron{sul binding subunits of periplasmic
molybdopterin containing proteins likE. coli formate dehydrogenase and periplasmic
nitrate reductase. Based on these findings, adtetemmeric structure for WOR5-PF1479
(ayB,) is proposed. ThB-subunit of this complex (PF1479) was cloned amutessed irkE.
coli as insoluble protein aggregate. EPR studies iteticdhe presence of [4Fe-4S]
cluster(s) in the aggregated, non soluble proteations. Whole cell activity assays, based
on the membrane permeability of different viologendicated a periplasmic localization of
this WOR5-PF1479 complex in contrast to a cytopladatation of the other AORs.
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Introduction

Pyrococcus furiosuss a hyperthermophilic archaeon, whose growthuily fdependent on
the presence of tungstate. It uses the tungstatedoporate tungsten into the active site of
five aldehyde oxidoreductase (AOR) enzymes, whiltbgather comprise approximately
5% of the total cellular protein content. The coetel AOR family fromP. furiosushas
been purified and characterized: aldehyde ferredogixidoreductase (AOR) [2],
glyceraldehyde-3-phosphate ferredoxin oxidoredectgd&SAPOR) [3], formaldehyde
ferredoxin oxidoreductase (FOR) [4], tungsten-cmmtg oxidoreductase number four
WOR4 [5], and most recently tungsten oxidoreductasenber five (WORS5) [6].
Characteristic for these AORs is that they haveatbraverlapping substrate specificities
(table 1) except for GAPOR (which only converts cglisaldehyde-3-phosphate [3]), and
WORA4 (for which no activity could be determined ).

Table 1. Specific activity of AOR, FOR and WORS5 for the dation of aldehydes (formaldehyde
(50mM), crotonaldehyde (0.2mM), hexanal (5mM) angceraldehyde-3-phosphate (0.4mM)) ,
determined at 80C and with methylviologen as electron acceptor.

Enzyme Formaldehyde Crotonaldehyde Hexanal Glyceraldehyde-3-Phosphate
(U/mg) (U/mg) (U/mg) (U/mg)

AOR 9.2 (65°C) 54 3.r 0

FOR 22 0.59 (50 mM)  0.48 0

WOR5 11.4 0.93°(25mM) 38 0

GAPOR 0 0 0 90

a) Determined by Mukund et al [2] c) DeterminedBwyvers et al [6]

b) Determined by Roy et al [4] d) Determined byKdod et al [7]

They all carry a non-nucleotide-modified tungstegbterin cofactor and are able to use
ferredoxin as electron acceptor vitro (not shown for WORA4)In vivo, the reduced
ferredoxin is thought to serve as an electron ddapma transmembrane hydrogenase [8]
and, in this way, contribute to the generation gbraton gradient that drives an ATP-
synthase [9].

The physiological function of these AORs is stihkmown. They are able to produce
reducing equivalent in the form of reduced ferreddkom aldehyde oxidation, but this is
not likely to be their main function, since the ambof aldehydes is not expected to be
sufficient to justify the large quantity of AORsgsent in the cell. Micro-array experiments
have shown that mRNA levels of AORs are up-, or whwegulated during growth on
peptides and maltose (WOR4, FOR and GAPOR) [10] dadng cold shock stress
experiments (WOR5, WOR4, AOR) [1]. Therefore, ispeculated that they play a role in
peptide fermentation and/or stress response.
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WORS5 distinguishes itself from the others in a sgefeature: it has an adjacent ORF
(PF1479) on the genome, which is up- and down &¢gdlin the same order of magnitude,
suggesting a co-regulation of both proteins [1liedestingly, this PF1479 gene encodes a 19
kDa protein with 16 cysteine residues which aresedaon protein sequence patterns,
predicted to bind multiple iron sulfur clusters. elTputative presence of four iron sulfur
clusters strongly indicates a role for this prot@irelectron transfer, possibly similar to the
role of the single-cubane ferredoxin in the reardicatalyzed by the other enzymes from
the AOR family, none of which have a PF1479-likgaadnt gene.

This chapter describes (i) an attempt to expredscharacterize the PF1479 gene product in
E. coli, (ii) a sequence and structural homology study6i479 and WORS5 suggesting a
heterotetrameric complex as native structure, andegperimental evidence indicating a
periplasmic cellular localization of this complex.

Materials and methods

Cloning, expression and purification of PF1479- The gene PF1479%( furiosug was
amplified by PCR usingPfx polymerase (Invitrogen) and chromosomal DNA frém
furiosus as the template. Extraction of the chromosomal DNWAs performed with
phenol/chloroform/isoamylalcohol. PCR products wedreated with Taq polymerase
(Amersham Bioscience) for 10 min at 72 to obtain single 3'adenine overhangs for sub-
cloning into the pCR2.1-TOPQ® vector (Invitrogen). The TOPO-construct was
transformed into competeft coli TOP10 cells (Invitrogen), the plasmid was isolad@d
after sequencing a positive fragment was cloned the Ndel and BamH1 sites of the
pET15b (Novagen), resulting in a PF1479 fusion girotvith an N-terminal his-tag. This
construct was transformed into competéntoliTP1000 cells for protein expression. These
TP1000 cells containing pET15b-PF1479 were growmlaeally in L-broth or T-broth
medium containing 10Qug/ml ampicillin. Protein synthesis was induced w#h IPTG
concentration ranging from 25 uM to 0.5 mM at anggDf 0.5. Cells were induced for 3,
5 or 18 hours at varying temperatures (16, 203R%r 37°C), harvested by centrifugation,
washed with buffer A (20 mM Tris-HCI, pH 8.0, 10%ycerol and 250 mM NaCl) and
lysed in the same buffer A (1 g of cells per 5 raffér) using a cell disruptor system
(Constant systems). Cell-free extract was sepafatedthe pellet (cell debris and inclusion
bodies containing aggregated enzyme) and membrayesentrifugation for 20 min at
15.000 x g at £4C. The aggregated protein was solubilised undeatdeing conditions in
buffer B (20 mM Tris, pH 10.5, 4 M urea, 25 mM ddtreitol (DTT)) and analysed with
SDS-polyacrylamide gel electrophoresis on a Phgstesh (GE Healthcare) in 8-25% SDS.
Iron content was determined colorimetrically acoogdo [11].
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Spectroscopy -X-band EPR spectra were recorded on a Bruker ERD Zjfectrometer,
using facilities and data handling as detailed vetere [12]. For the reduction of the
sample, concentrated pellet was incubated withaditte (10 mM) for 5 minutes at ZZ.

Structural prediction - Structural homology models were made for WORSE Bir1479
based on the amino-acid sequence and a homologuknaiwn structure [13].

Cultivation Pyrococcus furiosus - P. furiosus(DSM 3638) was grown in a 50 ml batch
culture, under anaerobic conditions with starchcaidon source as previously described
[14]. Cells were harvested by centrifugation (fOrriinutes at 3000 x g) and resuspended in
0.5 ml anaerobic spent medium. This cell suspensuas directly used for activity
measurements (10 pl per 1 ml assay buffer).

Aldehyde oxidation assay- Aldehyde oxidation activities were assayed at’C0Q under
anaerobic conditions, in 25 mM EPPS, pH 8.0 (brogelts) or in 0.75 M NaCl, 100 mM
EPPS, pH 8.0 (intact cells) using 3 mM benzylvi@ogor methylviologen, and,
respectively, 0.2 mM crotonaldehyde, 50 mM formbaigke, 5 mM hexanal, or 0.5 mM
GAP as substrate. The assay buffer containing ¢lils and the viologen was pre-reduced
using a 100 mM dithionite solution; subsequentgduction of the viologen was followed
by the increase of adsorption at 580 nm (BV) or 660(MV) [2-4,6].

Results

Cloning, expression and purification of thef3-subunit of WOR5

TP1000 cells transformed with pEt15b-PF1479, e)gingsthe-subunit as a 19.9 kD
histag fusion protein, were induced under differeoinditions. In all the induction
experiments a dark brown pellet of cells was olediafter centrifugation. After breaking
the cells with the cell-disruptor system, the pe{lzell debris and inclusion bodies), the
membrane fraction, and the soluble cell-free extwaare analyzed with SDS PAGE. In all
the performed experiments the recombinant fusiatepr was localized in the pellet of the
disrupted cells (figure 1). So far, tBesubunit could not be expressed as soluble pratein
E. coli. That the protein in the pellet was indeed thealgitsubunit fusion protein, was
confirmed by its ability to bind to Ni-sepharoseireafter solubilisation under denaturing
conditions (data not shown). The addition of DTTthe buffer appeared to be crucial for
solubilising the aggregated protein, which indisat®e involvement of cysteine-to-cysteine
di-sulfide bridge formation during the precipitatioThe B-subunit contains 16 cysteines
(putatively coordinating four [4Fe-4S] clusterspttbecome available for disulfide bond
formation when the protein is (partly) presenttgapo-form.
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Figure 1. SDS-gel analysis of different cellular fractioofSE. coli expressing th@-subunit. Lane
1: pellet after cell disruption, lane 2 membranémne 3: soluble cell-free extract, lane 4: Low
molecular weight marker: 94, 67, 43, 30, 20,14 kDa)

An EPR spectrum of the as isolated and reducecktpalas recorded (figure 2). The
spectrum of the as isolated pellet did not resuéiny signal, which indicated the absence of
[3Fe-4S] clusters. The spectrum of the reduced sample gasignal characteristic for a
[4Fe-4ST or a [2Fe-2S] cluster [g= 2.03, ¢ = 1.94) (figure 2). An iron and protein
determination gave a ratio of 0.1 Fe fesubunit, where 16 Fe per subunit is expected for
the native holo-protein. There is an obvious subktometric incorporation of iron and, as
a result, many cysteine residues are free to fdsulftle-bonds which are proposed to be
the cause of protein aggregation.

j 2.03
1.94

/

dx"/dB

300 320 340 360 380 400
B (mT)

Figure 2. EPR spectrum of dithionite reduced cell pelleadbw temperature spectrum (22 K)

dominated by the signal from [4Fe-4SJor [2Fe-2S] cluster(s). EPR conditions: microwave
frequency, 9160 MHz; microwave power, 20 mW; motafa frequency, 100 kHz; modulation

amplitude, 12.5 Gauss.
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Cellular localization and quaternary structure oflOR5

Sequence and structural alignments for the genes RE79 and WOR5

The highest sequence homology with the PF1479 gea® found with hypothetical
bacterial and archaeal proteins annotated as patatn sulfur binding proteins (table 2).
Interestingly, all these genes have a similar WO®iologue adjacent on the genome
(table 2). In addition, all the homologues of WOIREve a flanking gene encoding a PF1479
homologue. Interestingly, none of the other AOR® irfuriosus(or any other organisms),
has a neighboring gene encoding a four [4Fe-4S}ets binding protein.

PF1479 and its relatives are part of the superfanfilproteins containing four [4Fe-4S]
cluster binding domains: all 16 cysteine residues eonserved in all homologues.
Apparently, the proximity of these two genes ishiygconserved in bacteria and archaea.
In line with the earlier observed co-regulatory mgsion of WORS5 and PF1479 [1], these
conserved genetic properties suggest a strongomellagtween the two proteins.

Table 2. Homologues of PF1479 (< 19 in various bacteria, and archaea, and the adjaysre

encoding a WOR5 homologue.

Organism [4Fe-4S] binding domain  WORS5 homologue
Homologue

Archaea

Pyrococcus furiosus PF1479 PF1480

Thermofilum pendens TpenDRAFT_1412 TpenDRAFT_1413

Pyrococcus abyssi PAB2084 PAB2085

Pyrococcus horikoshii shink&T3 PHO0893 PHO0892

Bacteria

Moorella thermoaceticdATCC 39073 Moth_0153 Moth_0154

Polaromonas naphthalenivorans Pnap_0048 Pnap_0049

Thermosinus carboxyivorans TcarDRAFT_0817 TcarDRAFT_0818

Magnetospirillum magneticum Amb2921 amb2922

Syntrophomonas wolfsubsp. Wolfei Swol_1704 Swol_1703

Magnetospirillum magnetotacticum Magn03009863 Magn03009864

Rhodoferax ferrireducens Rfer_2851 Rfer_2850

Azoarcussp. EbN1 ebA5004 ebA5005

Furthermore, PF1479 and PF1480 (WOR5) were rgceatiognized as one operon [15],
which makes it very likely that they are expressetiecome one protein complex built up
from two different subunits. As WORS5 is known tarfo homodimers [6], the proposed
native conformation is heterotetrameref§,): the a-subunit harbors the tungsto-bispterin
cofactor (ORF PF1480) and tiesubunit binds the four [4Fe-4S] clusters (ORF Pr)4
From now on, we will refer to WORS5 as the proteirits heterotetrameric conformation.

A structural homology model for tHgsubunit was made, based on its amino acid sequence
and a homologue with a known structure [13]. Eheoli formate dehydrogenase subunit N
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(FdnH) (1KQF) [16] was chosen from the PDB datales@arental structure on which the
PF1479 structure could be modeled with an e-valud@® (figure 3A), indicating a
reasonable similarity. We were able to assign trseines involved in the binding of the
four [4Fe-4S] cluster by an overlay with the FdrtHisture and its clusters (figure 3BC). In
the structural alignment, depicted in figure 3Ab&comes clear that PF1479 is lacking the
transmembrane helix that links tBe coli formate dehydrogenase to the membrane.

C
N Ccl_c?—H c2 S8 _ 8t —(8s cro
C (‘:131 C1z7_c';1z1_\c11s Gt Cs7_(':94 - )

Figure 3. Homology modeling of PF1479. (A) Structural aligemh of PF1479 ané.coli Fdh-N
[13]. (B) Modeled structure of PF1479 with clustaaken from alignment with Fdh-N. (C)
Highlighted cysteines involved in binding of vargdFe-4S clusters.

E. coliformate dehydrogenase is a molybdopterin contgjrperiplasmic protein consisting
of three subunits: the bis-MGD containing periplasity orienteda-subunit (FdnG), the
four [4Fe-4S] cluster containing-subunit (FdnH), and the transmembrane, heme b
containingy-subunit (Fdnl) [16]. Although the sequence homglbgtween the bis-MGD
containinga-subunit of formate dehydrogenase and dhgubunit of WORS is low, they
both belong to the large family of tungsto- or nibmg-pterin containing enzymes.
Alternative proteins, chosen by the structural hlmgy program as possible parental
structures are all four [4Fe-4S] carrying subuaftghe following MGD containing proteins:
Aromatoleum aromaticurathylbenzene dehydrogenase (2IVF) [FP@lobacter acidigallici
pyrogallol-phloroglucinol transhydroxylase (1ti6_[@ontains 3 [4Fe-4S] clusters) [18],
coli nitrate reductase (1Y4z) [19], aridesulfovibrio gigastungsten containing formate
dehydrogenase (1hOh_L) [20]. All these proteinsmfdiarge complexes and, with the
exception of the pyrogallol-phloroglucinol transhgglylase, their catalytic subunits are all
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found in the periplasmic space either linked to mhembrane or as soluble protein. The
hydrophobic transmembrane helix that links FdnHh® membrane is not present in the
sequence of PF1479. There is also no other preditiembrane protein located on the
genome in close proximity of PF1480 and PF1479.addition, there is no practical
evidence that WORS is associated to the membranhea-subunit of WORS5 was purified
as a soluble protein from. furiosus[6] and the3-subunit was found in inclusion bodies as
insoluble aggregate and not associated toEBhecoli membrane fraction. Therefore, a
transmembrane, or membrane linked localizatiomnefWORS5 complex is unlikely.

On the contrary, a periplasmic localization seemsnéeresting hypothesis. First of all, it
would explain WORS5’s necessity to have its ownréeioxin like’ 3-subunit, as ferredoxin
is a cytosolic protein. And secondly, a periplasexpression of WORS5 distinguishes the
protein from the very similar AOR and FOR, whichegssome way towards answering the
guestion why the cell expresses so many enzyméssimtilar substrate specificities.

In order to get an idea of the three-dimensiorralcstire of the complex, a second structural
homology model was made for tesubunit of WORS5 (data not showm). furiosusAOR
(1AOR) [21] was selected as parental structure \aithe-value of 1€/". The tungsten-
bispterin cofactor, the [4Fe-4S]-cluster, and th@eattization are based on the alignment
with the original AOR structure [21]. The only othavailable structure of a tungsto-
bispterin enzyme i®. furiosusFOR, which has been co-crystallized with ferredgd?2].
Based on aligning the [4Fe-4S] cluster from FORhwviite [4Fe-4S] cluster from WORS5,
and the [4Fe-4S] cluster from the docked ferredoith the [4Fe-4S] cluster closest to the
N-terminal of PF1479 (Cys18, 21, 24 and 131), tloelehed structure of th@-subunit was
fitted into the modeled structure of the WORS5 dirffegure 4). Because of steric hinder the
PF1479 protein could only be oriented in one way.

Figure 4. Modeled structure of heterotetrameric WOR5-PF14&3ed on homology withP.
furiosus AOR (a-subunit),E. coli Fdh-N @-subunit) and FOR in complex with ferredoxin [22]

(docking sites estimation) [13]. The iron sulfuuster and tungsto-bispterin cofactor in the
subunit are taken from the alignment with AOR.
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Periplasmic activity assay

To verify the periplasmic localization of WORS5, assay was designed based on earlier
described experiments to determine the localizatibperiplasmic selenate reductase and
nitrate reductase (NR) [23,24].

In this assay the enzyme activities are measureth wnembrane-impermeable
methylviologen and membrane-permeable benzylviologes electron acceptor. The
principle is illustrated in figure 5. If an enzynseable to convert the aldehyde substrate and
subsequently reduce the methylviologen, the cellldaalization of the protein must be
periplasmic/outer cellular, because otherwise ther&o access for the protein to the
methylviologen. If the activity assay is performesdith benzylviologen, both the
intracellular and the extracellular proteins shdmddable to donate electrons and reduce the
viologen upon oxidation of the substrate.

BV
MV v N\
7 = ﬁz N2 W E.z

Rsh%& ﬁﬁ%\@ ?c\zzzzzz:@ Sy

hexanoic

acid +2e- . .
Periplasmic space

(666606666666 0000000 oo oesocces aeee YO YOO oo oo occccoocoococcsscsaes

\l WUV

[eoc00000000 vvvvvvvvvvvvvvvvvvvvvvvvv]vvvvv&vvvv\mvvvvvvv\mvvvvvvvvvvvvvvvvvvvvvvvvvvv

Cytoplasmic —\yopg GAPOR OR
membrane M
Weo | Weo g,) GAP gcrotonaldehyde . formaldehyde
FeS| FeS ’ 3PG + 2e crotonic acid + 2e formic acid + 2e

Figure 5. A schematic overview of a whole-cell assay, whbheealdehyde oxidoreductase activities
are measured with membrane-impermeable methyhémlogor membrane-permeable
benzylviologen as electron acceptor. The AORs apcted in the cell according to their predicted
cellular localization.

To interpret the results of this experiment, sordditeonal complexities need to be taken
into account. First of all, the substrate spediksi of the enzymes are overlapping, so it is
difficult to assign a certain activity to a speciénzyme (table 1). In addition, we know that
the in vitro determined V..« and K, differ per enzyme and per electron acceptor. For
example, the specific activity of AOR for the oxida of crotonaldehyde is higher when
benzylviologen is used as electron acceptor, wiseF€aR shows a higher formaldehyde
activity in the presence of methylviologen.
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Also the membrane permeability of the different sttdtes might differ: formaldehyde is
less hydrophobic than hexanal and might therefdfasag slower into the cell. Finally it is
important to note that there are no data avail&dniehe (relative) expression levels of the
different AORs, which make it impossible to predice relative compartmental aldehyde
oxidation activities.

With all these matters in mind, the aldehyde oxatefctivity of intact cells and broken
cells was determined for the four different aldedg/avith both benzyl and methylviologen
as electron acceptor. The results are depictedumef 6AB.

With benzylviologen as electron acceptor, all aldkh oxidation activities could be
detected in intact cells (figure 6A). This indicat¢hat the aldehyde substrates and
benzylviologen are membrane-permeable and thas$ ipassible to detect intracellular
activities of the different AORs.

With methylviologen as electron acceptor, a pesplE hexanal-oxidizing activity was
measured (figure 6A) as well as a low oxidationivégt on crotonaldehyde. No
formaldehyde or GAP oxidation activity could be etted with this membrane-
impermeable electron acceptor, indicating a cytosdbcalization for the enzymes
catalyzing these conversions (GAPOR and FOR). Haxarknown to be the most effective
substrate for WORS5 [6], therefore, the outer calidliexanal-oxidizing activity suggests a
periplasmic localization for WOR5. The detectedrasellular crotonaldehyde activity
could also be a result of the periplasmic locailmator WOR5 because this enzyme can use
crotonaldehyde as substrate as well (table 1). Mewehere the overlap in substrate
specificity complicates the interpretation of tregal crotonaldehyde is known to be the best
substrate for AOR. How can we exclude that periplaally localized AOR is converting
the crotonaldehyde and the hexanal?

The same aldehyde oxidation rates were measurggkin cells to determine the increase of
activity on the various substrates upon breakinthefcells. If a protein would be localized
in the extracellular space, breaking the cells Wt increase the activity nearly as much
as when a protein is localized inside the cellthie latter case, the step of diffusion of the
aldehyde and benzylviologen into the cell has beninated upon breaking, and therefore
the relative activity of cytosolic enzymes is exjeelcto increase.

The results of the activity experiments in broketisc(figure 6B) show that indeed all the
oxidation activities increase compared to the intzll assay when benzylviologen was
used as electron acceptor. However the increastneothexanal-oxidation activity was
significantly lower than the increase in activitym dhe other substrates (figure 6C),
corroborating the extracellular localization of W&FOn the contrary, there was a strong
increase of crotonaldehyde activity with benzylegén as electron acceptor upon breaking
the cells, which indicates that this enzymatic \aisti was originally intracellular. The
specific activity of AOR on crotonaldehyde with lagtviologen as electron acceptor is
orders of magnitude higher than the specific atgtiof WORS for the combination of these
two substrates. So taken this all together, AORoiscluded to be cytosolically localized
and to be responsible for the intracellular oxiolaif crotonaldehyde.
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Figure 6. Aldehyde oxidation activity of intact (A) and ten cells (B) determined using

membrane-impermeable methylviologen (grey) and nmarm@permeable benzylviologen (black)
as electron acceptors. Relative increase of aldelyddation activity using benzylviologen as
electron acceptor of broken cells compared to intatls (C). Enzymes represent their most
efficient aldehyde substrate: AOR (crotonaldehyd®R (formaldehyde), WOR5 (hexanal) and
GAPOR (G-3-P).

In summary, WORS5 is proposed to be localized ingéeplasm because of (i) the detected
periplasmic hexanal activity and (ii) the smallrease of this activity upon breaking of the
cells. AOR, on the contrary, is proposed to betasolic protein because of (i) the very low
periplasmic crotonaldehyde-oxidation activity an the large increase of this activity
upon breaking of the cells.

The aldehyde oxidation activities with methylviokygas electron acceptor also increased
upon cell disruption (data not shown). Howeversehdata are much more complicated to
interpret as all activities are expected to riseage of the increased availability of
methylviologen for all enzymes upon cell disruption
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Finally, we note that formaldehyde can also sers/substrate for WORS5 [6] and therefore
we would expect to detect an extracellular formhajdie-oxidation activity as well,
especially because the specific oxidation activity WORS5 for formaldehyde and
crotonaldehyde is supposed to be similar to therdened in then vitro assay on purified
enzyme [6]. However, the conditions are differenthisin vivo assay and perhaps for this
reason the formaldehyde activity of WORS is too kovbe detected.

Discussion and conclusion

Tungsten containing aldehyde oxidoreductases &easively studied enzymes in particular
with respect to their structural, spectroscopiegctbchemical and kinetic properties.
However their physiological function is still unkmo, which is intriguing because in
organisms likeP. furiosusthese enzymes represent circa 5% of the whole@n Five
different aldehyde oxidoreductases with partly taggping substrate specificities have been
purified from P. furiosus In this chapter, we have made some proposalsdikihguish
WORS5 clearly from the other AORs regarding its euaary structure and cellular
localization. Based on the observed co-regulatigith whe adjacent four [4Fe-4S] cluster
binding domain protein PF1479 [1], the alignmentgts with structural homologues and
the cellular localization assays, we propose thatgene products fromvor5 and PF1479
form a hetero tetrameric complex,f3,) that is located in the periplasmic space of &ilé c
More experiments are required to confirm this hijests, especiallyn vitro andin vivo
biochemical data on the heterodimer formation ackihg. For these experiments it would
be convenient to obtain solubfsubunit protein (PF1479) to perform vitro binding
studies with thex-subunit WORS5. However, thfg&subunit might require an interaction with
the a-subunit to enable the incorporation of the irotiisiclusters. In that case, the absence
of the tungsten containin@-subunit during the overexpressionkn coli might lead to the
formation of apo-protein, resulting in many freestgme residues which induce the
misfolding. In addition to these cysteines thatdmee available for ‘random’ disulfide bond
formation, the absence of clusters by itself i® @&spected to have an impact on the protein
structure. In a native, holo-form of the proteime tlusters are expected to play an important
role in determining its overall fold: they can cechthe N-terminus of the protein with the
C-terminus thereby stabilizing the structure (fgy®C). This has been confirmed in nitrate
reductase NarGH mutants, where a mutation of singsteines in the H subunit (C184,
C196, C227 or C223, homologous to C58, C70, C1@lCG8V in PF1479) induced the loss
of all metal centers, including the ones in thsubunit. Also the double mutant, in which
C247 and C244 were mutated into alanine or se@i21, C118 in PF1479) had lost all
metal centers [25,26]. These results suggest tmatRe-S clusters play an important
structural role in nitrate reductase. They are g¢fnvtio be built-in co-translationally in order
to obtain the correct fold (Axel Magalon personaimenunication). The clusters in tifie
subunit of WORS5 most likely play a similar struclly important role, and this, possibly in

14¢



Chapter 7

combination with the absence of tbesubunit, could explain the observed aggregation of
the apo-protein.

WORS5 was purified fronP. furiosusas a homodimerag) (chapter 6). It is quite possible
that the high number of column steps required tafypthe protein might have resulted in
the loss of th3-subunit.

Examination of the amino acid sequence of both sithof WOR5 and its homologues did
not reveal any of the known signal peptides requitg folded-protein translocation into
the periplasmic space, which could confirm thegdasmic localization. In prokaryotes, the
twin arginine translocation (Tat) system transpusteins in their folded state across the
membrane [27]. All the substrates for this Tat-sgstcontain the characteristic twin-
arginine motif. Tat components are present in theoge of several archaea, however, in
the genome of. furiosusthese genes are lacking [28,29].

So far, no translocation system for folded protdias been identified iR. furiosusand
other archaea that lack the Tat-system. These mganmight express other protein-
translocation machineries that differ in their memism, subunit composition and
recognition sequence [28-30]. There is no reas@ssome that hyperthermophilic archaea,
due to their environmental growing conditions, aret expressing complex, cofactor
containing, proteins for translocation to their ipEsmic space. For example, the
hyperthermophilic P. aerophilum expresses a periplasmic membrane bound MGD-
containing nitrate reductase (PAE2662) [31].

For many of the periplasmic molybdopterin contagnenzymes no clear function has been
described yet related to their cellular localizatid-or example, in the case Bf coli
periplasmic nitrate reductase (Nap), no transanptipromotors or conserved DNA
sequences related to the nitrogen metabolism hese found [32]. Proposed roles for Nap
are: denitrification [32] or playing a role in mimizing the cellular reducing power under
aerobic growth conditions [33]. The physiologicaler of WOR5 remains elusive and the
source of substrate aldehydes has also not beetifiele yet. Additional data on expression
levels under different growth conditions might fésu more clues on the physiological role
of WORS5 and other AOR proteins.

And finally, the natural redox partner of the pivatheterotetrameric WOR5 complex
remains to be identified.
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Chapter 8

Abstract

Formaldehyde oxidoreductase (FOR) is one of thgdiapterin iron-sulfur enzymes of the
five-membered family of aldehyde oxidoreductasestha hyperthermophilic archaeon
Pyrococcus furiosudn dye mediated equilibrium redox titrations ta@gsten in activé.
furiosusFOR is a two-electron acceptor, W(VI/IV). The imeediate, paramagnetic W(V)
state can be trapped only by reduction with sutestravith consecutive one-electron
intraprotein  electron transfer to the single [4R§%™" cluster and partial
comproportionation of the tungsten over W(IV, V,)Mihis is a stable state in the absence
of an external electron acceptor. EPR spectroscepgals a single ‘low-potential” W(V)
spectrum with g,-values 1.847, 1.898, 1.972, and a [4Fet48]bane in a spin mixture of
S=1/2 (10 %) and S=3/2 (90 %) of intermediate rhiomp (E/D=0.21, (ga= 1.91). The
development of this intermediaie vitro is slow even at elevated temperature and with a
nominal 50:1 excess of substrate over enzyme pralsiyndue to the very unfavorable
hydratation equilibrium of the formaldehyde/ methy glycol couple with K= 10°. Rapid
intermediate formation of enzyme at concentratisngable for EPR spectroscopy (200
MM) is only obtained with extremely high nominal stdate concentration (1 M
formaldehyde) which is followed by a slower phaselenaturation. The premise that the
free formaldehyde, and not the methylene glycalhésenzyme’s substrate, implies that the
Kw for formaldehyde is three orders-of-magnitude tess the previously reported value.
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Introduction

The biochemistry of group-6 elements is unusu&:hteavier congeners, Mo and W, are the
only 4d and 5d metal ions with established biolabgiole(s). They differ essentially from
all other biologically relevant transition ions lraving available, over a relatively narrow
potential range, two oxidation states that diffgrtvo units, namely +VI and +IV. This
property is also well established in non-biologicdlemistry, where Mo and W are
sometimes referred to as ‘non-metals’ to indicatg they behave somewhat like organic
redox compounds, or electron-pair acceptors/donaigher than single-electron
accepting/donating transition metal ions. This dasioperty is reflected in the biological
functioning of Mo- and W-enzymes, which, with veigw exceptions, use mononuclear
metal ion active sites to catalyze two-electrororedhemistry of organic compounds, e.g.,
RHO + HO €-> ROOH + 2[H], or of oxoanions, e.g., X0 + H,O €= XOp.." + 2[H],
with X = N, CI, S, As, Se. These reactions are aldted O-atom transfers.

Pyrococcus furiosuss a strict anaerobe, fermentative, marine hyeentlophilic archaeon,
whose growth is mandatorily dependent on the prsedf tungstate [1,2]. Complete-
genome analysis has revealed the presence ofymutdtuctural genes for five W-enzymes
of the aldehyde oxidoreductase family. Three ofséhenzymes have been purified to
apparent homogeneity and enzymatically characerizemely homodimeric aldehyde
oxidoreductase (AOR), homotetrameric formaldehydgidareductase (FOR), and
monomeric glyceraldehyde-3-phosphate oxidoreduc(&POR). A fourth putative W-
associated oxidoreductase, WOR-4, has been pulfiedo activity could be identified yet
[3]. Recently, a fifth enzyme, WOR-5, has beenfmaias a homodimer with high hexanal-
oxidizing activity (chapter 6) [4]. Crystal structs have been determined f furiosus
AOR (1AOR; [5]) and FOR (1B25; [6]) and tungsteretlge EXAFS has been investigated
for GAPOR [7] Detailed redox chemical studies, monitored witectscopy, have been
carried out forP. furiosusAOR and GAPOR, but not for FOR. However, the FGRhe
close relativeThermococcus litoralifias been scrutinized spectroelectrochemicallygBl
the protein sequence of this enzyme is 87% iddrtcthat ofP. furiosusFOR.
Molybdenum/tungsten enzymes can be classifiedfouo subgroups that differ in terms of
the structure of the active site: the sulfite oseldamily, the xanthine oxidase family, the
dimethyl sulfoxide reductase family, and the ald#hyerredoxin oxidoreductase (AOR)
family [9]. The five known tungsten containing osrg@ductases (AOR, FOR, GAPOR,
WOR4 and WORS5) fronP. furiosusbelong to the AOR family.

P. furiosusFOR is a tetrameric enzyme of 280 kDa moleculassmaith each subunit
containing one W center and one [4Fe‘#8] cluster. The tungstopterin of FOR consists
of two pterin molecules and one tungsten atom. thWeepterin molecules are further linked
to each other by a magnesium ion. The tungsten atorthe enzyme as isolated is
coordinated by the four dithiolene sulfur atoms &ydone other ligand assumed to be an
oxygen atom (1B25; [6]). FOR was purified by itslipto oxidize formaldehyde to formic
acid (B, = -530 mV at pH = 8) but it can also oxidize larg&lehydes [10].
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The determination of the redox properties of Mo &ddn enzymes is associated with a
combination of experimental problems. Almost all/Mbenzymes contain other cofactors,
notably flavins and/or iron-sulfur clusters, witalatively strong optical absorption. This
makes EPR spectroscopy the method of choice foritororg the redox properties of
Mo/W-pterin. However, only the intermediate +V oxitbn state, with S = 1/2, is readily
detectable by EPR (theoretically the +IV state dobe S = 1 but no experimental
observation had been reported). The two subseqeeiction potentials £(VI/V) and
E,'°(V/IV) are usually quite close in value, and, irctfafrequently crossed over (i.e; E

E,) compliant with the ‘non metal’ nature of the elams. This means not only that the EPR
signal is associated with an intermediate redote gige. no signal for either fully oxidized
or fully reduced enzyme) but also that the maxisighal intensity of the intermediate state
is substoichiometric (e.g, for;E E, the maximal intensity of the S = 1/2 sigraB3%).
Another series of problems stems from the relatiagility of the Mo/W active site, very
frequently leading to modification in the courseeozyme purification, e.g., due to damage
by molecular oxygen. Purified Mo/W-enzyme prepanadi often contain apoprotein. The
holoprotein fraction can also consist of multipbenis, each of which may display a distinct
Mo(V) or W(V) EPR signal. Finally, the associatedn-sulfur prosthetic group(s) in many
cases has complex paramagnetism, and its spestnaglibas the radical spectra of flavins or
pterins, overlap with that of Mo/W(V). Several diese problems are apparent in the
extensive study of Dhawan et al. on the redox cheynof FOR fromT. litoralis [8]. We
decided to have a closer look at the highly homalsgFOR fronP. furiosus

Materials and Methods

Growth of the organism and protein purification - Pyrococcus furiosuéDSM 3638) was
grown at 90 °C under anaerobic conditions with cétams carbon source, as previously
described [11]. After 18 hours running in batch mdde culture was put to continuous
mode with a dilution rate of 0.3'12] resulting in a wet weight of approximatelyg2.
Cells were broken by osmotic shock, diluting withv@umes 50 mM Tris/HCI, pH 8.0,
containing, 0.1 mg/ml DNase I, 0.1 mg/ml RNase 8nthM cysteine. A cell-free extract
was obtained as the supernatant after 15 minutesfagation at 15,000 g.

Formaldehyde ferredoxin oxidoreductase was puriigdeported previously [10]. Samples
were anaerobically purified in 20 mM Tris/HCI buffe@H 8.0. A final column (DEAE A10
cm) was used with a gradient of 15 column volumgsaua salt concentration of 200 mM
NacCl.

Enzyme assays -Protein concentration was determined using thendhoninic acid
method using bovine serum albumine as the standdrd. tungsten concentration was
determined by catalytic-adsorptive stripping voltaetry according to [13]. Activity was
determined in an optical assay with 50 mM formajdihand 1 mM methyl viologeredy=
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12 mM'em™) at pH 8.4 and T = 60 °C, where one unit is defias twoumoles of viologen
semiquinone formed per minute. Sulfide activatispeziments were performed with excess
sodium sulfide (20 mM) in 100 mM Tris/HCI buffer der anaerobic conditions.

Spectroscopy -EPR redox titrations were performed at room terafpee under argon in 50
mM Hepes, pH 7.5 using 4 mg/ml (581 of monomer) FOR. The following dyes were
added to a final concentration of a®: N,N,N’,N’-tetramethyl-p-phenylenediamine, 2,6-
dichlorophenol indophenol, phenazine ethosulfateethygiene blue, resorufine,
indigodisulfonate, 2-hydroxy-1,4-naphtaquinone haaguinone-2-sulfonate, phenosafranin,
safranin O, neutral red, benzylviologen, methylwgdn. Samples were first reductively
titrated with sodium dithionite followed by oxidedi titration with potassium ferricyanide.
After equilibration at the desired potential a MR sample was anaerobically transferred to
an EPR tube and immediately frozen in liquid nisogPotentials were measured with a
platinum electrode and a Ag/AgCI reference elearaddll reported values are with respect
to the normal hydrogen electrode (NHE). Substrnatebation experiments were performed
at room temperature (22 °C) and at 60 °C. The eezyvas incubated with 10 mM
formaldehyde for 30 sec before the sample was froadiquid nitrogen. The incubation
was extended by thawing, incubating for a definiedet and freezing the sample until
reduction was maximal as judged by EPR monitoringe experiment was also done
starting at 60 °C with 1 M formaldehyde.

X-band EPR-spectra were recorded on a Bruker ER Zp@ctrometer, using facilities and
data handling as detailed elsewhere [14]. The natidul frequency was always 100 kHz.
High-spin EPR was analyzed with the usual spin Htamian H = PB@S + D[S
S(S+1)/3] + E($-S,%)) in the weak-field limit using rhombograms [15jon-sulfur EPR
spectra were simulated as g-strain broadened e#est=1/2 spectra [16], and W(V) EPR
was simulated as S=1/2 spectra with hyperfine @omd) and splitting [17].

Results

Formaldehyde oxidation activity was found to vaigngficantly over samples purified from
different batches. For redox spectroscopic stutiiessamples were chosen, prepared from
two separate fermentations, that differed by amioad magnitude in specific activity at 60
°C (Table 1). The two samples will be denoted ghactivity FOR and low-activity FOR.
No activity was observed when crotonaldehyde wasl @s a substrate which indicates the
absence of AOR. Both preparations showed a sirghel laround 67 kDa on a SDS-PAGE
gel (not shown).
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Table 1. Comparison of activities of FOR frobh furiosusandT. litoralis

Spec act Assay Electron Rel. act®

(U/mg) T (°C) acceptor (%)
P. furiosus
FOR low activity™ 3 60 MV 8
FOR high activity® 27 60 MV 71
FOR high activity + §® 38 60 MV 100
FOR© 13 60 BV 34
FOR© 42 80 BV 34
FOR +§ © 85 80 BV 69
T. litoralis
FOR®@ 6 80 MV 5
FOR + & + dith@ 48 80 MV 40

@ Relative activity re-calculated for T = 60 °C art fnethyl viologen as electron acceptBrthis
work, © [10], @[18]

A previous study off. litoralis FOR [8] identified three different W(V) EPR sigeaWhich
were labeled ‘high-potential’, ‘mid-potential’, arttbw potential’, with reference to the
redox potential range in which the signals devealopeaximal amplitude. The present
studies onP. furiosusFOR gives somewhat different results: a high pdesignal was
never found; a mid potential signal was found, baly in low-activity enzyme; a low
potential signal was not found during equilibrivedox titrations, however, this signal does
develop slowly upon incubation with excess reductdithionite or with the substrate
formaldehyde in the absence of mediator dyes @dr The low potential signal is found
in both the low-activity and the high-activity saepThe low potential signal from the
dithionite reduced sample and the signal of thessate reduced sample slightly differ in
their g-values (Table 2). Furthermore, spectralugtion of the signal from formaldehyde-
reduced enzyme shows a considerable decreasewiditn (Table 2).

Table 2.EPR parameters of W(V) and [4Fe-4Sh P. furiosusFOR

gx Gy gz A® Ay Az Wwx® wy wz
W(V) mid potential 1.9261.946 1.977 63 40 40 10 10 10
W(V) low potential (dithionite) 1.8471.901 1.96935% 35 389 22 75 18
W(V) low potential (formaldehyde) 1.851.902 1.976 45 33 19 14 6 10

High-spin [4Fe-4S] |@=+3/2>  1.05 1.3 551 0.17 0.17 0.17
b +1/2> 1.65 25 4.82 0.45 0.45 0.45

Low-spin [4Fe-4S] species-1 1.866935 2.044 0.014 0.0070.0085

Low-spin [4Fe-4S] species-2 1.84B902 2.065 0.0120.00550.008

@ 18\ hyperfine splitting in Gaus® linewidth in Gauss (for W signals) or in g-valvaits (for
Fe/S signals\® dummy values: no splitting observed.
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3300 3500 3700
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Figure 1. EPR spectra of the tungsten center in low-agtias-isolated (A) and in high-activity,
substrate/dithionite reduced (B) furiosusFOR. The enzyme, 12 mg/ml, was incubated with 10
mM dithionite or 10 mM formaldehyde for 45 minuts60 °C. Panel A is a spectrum of the mid-
potential signal of the W(V) in tungsto-bispterinthwthe simulated spectrum; panel B shows
spectra of the low-potential signal with the simethspectrum of the W(V) in tungsto-bispterin.
EPR conditions: microwave frequency, 9.43 MHz; mweave power, 32 mW; modulation
amplitude, 4 Gauss, temperature, 40 K.

Upon reduction two [4Fe-48] signals are found; a high spin (S=3/2) and a Ipin s
(S=1/2) signal as shown in figure 2. The high-agtiand the low-activityP. furiosusFOR
give essentially identical [4Fe-4$]EPR. Fig. 2 shows simulations of the spectra @n th
basis of g-strain broadened effective S=1/2 systéiihe effective g-values of the S=3/2
system fit the weak-field rhombogram [15] fog.g= 1.91 and E/D = 0.205, and the relative
intensity of the subspectra is consistent with alsrpositive D-value (DM =1). The real
S=1/2 spectrum is simulated as a sum of two speutsslightly different g-values. All
spin-Hamiltonian parameters are summarized in Tabl®uantitation on the basis of the
simulated spectra affords a total spin count cpoeding to circa one [4Fe-4S] cluster per
FOR subunit. The fractions S=3/2 and S=1/2 thatewieund are 90 % and 10 %,
respectively.
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Figure 2. EPR spectra of the iron-sulfur cluster in dithiemeduced FOR. Trace A is an overview
spectrum of the high spin (S=3/2) and partiallyusated low spin (S=1/2) forms; trace B zooms in
to the low-field part of the S=3/2 signal; traceisCa spectrum of the S=1/2 species under non-
saturating conditions. EPR conditions: microwaweqérency, 9.43 MHz; microwave power, 126
mW and (trace C) 2 mW; modulation amplitude, 8 Gaausd (trace C) 6.3 Gauss, temperature, 8.5
K and (trace C) 13 K.

Both high-activity and low-activity samples wereesdsfor dye mediated redox titrations at
room temperature. The two preparations displayedstéime properties for the [4Fe-4S]
cluster. The S=3/2 signal intensity was monitored plotted versus potential (figure 3). A
midpoint potential of -330 mV for the [4Fe-4%8]" cluster was found for both samples.
This is comparable to the midpoint potential of f#hEe-4S] cluster found if. litoralis of -
368 mV.

Only the sample with the low specific activity shedva tungsten EPR signal that
disappeared upon reduction with g E -250 mV (figure 3b). The shape of the signal is
reminiscent of that reported far. litoralis FOR as the ‘mid-potential’ signal. However, the
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value for the reduction potential is much lowermiliae g, = -34 mV reported for the mid-
potential W(V) signal of FOR frori. litoralis. With the high-activityP. furiosusFOR no
mid-potential tungsten signal was detectedT Iiitoralis FOR midpoint potentials of -280
and -335 mV were found during equilibrium titratsofor a low potential tungsten species
[8]. In the present study of. furiosus FOR low potential tungsten signals were not
observed in the equilibrium titrations.

100

50

. V \‘.—0—0—%
S 0o L
3 1 | I | 1
s 100 . A
& I '
@ B
w 50 |-

i A

0 4 Aa ‘ '
-500 -300 -100 +100
E (mV)

Figure 3. Dye mediated redox titrations Bf furiosusFOR. Trace A is the amplitude of the [4Fe-
4SJ" S=3/2 signal and is monitored at g = 5. Trace Bhésamplitude of the W(V) mid-potential
signal monitored at g = 1.94.

Low potential tungsten (V) signals slowly developslen FOR was incubated at room
temperature with excess dithionite or formaldehydéhe absence of mediators. The EPR
signals for dithionite versus formaldehyde redusachples were significantly different (see
figure 1). In figure 4 it can be seen that the snalbs reacts faster with the enzyme than
dithionite does. Within four minutes the proteirdQuM) reduced with 10 mM substrate
reaches equilibrium (k,= 0.9 min' assuming first-order kinetics) while this takesngo30
minutes for the dithionite-incubated sample,ks 0.14 miri'). After equilibrium was
reached the samples were heated to 60 °C and theythen flash-frozen and measured at
different time intervals. After incubation at 60 ¥@th dithionite or with substrate for 60
minutes, the amount of EPR-detected tungsten isettto 10-20 % of the total amount of
chemically determined W (cf the y-axis in figure ZFhe rate of enzyme reduction is now
similar with formaldehyde or with dithionite with,} = 0.12 mirt and 0.2 miff,
respectively.
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Figure 4. Kinetic reductions oP. furiosusFOR. Trace A is from enzyme reduced with dithienit
and trace B from enzyme reduced with formaldehyllge traces that start at t = 0 are from
incubations at ambient temperature (22 °C); themsgéphase represents subsequent incubations at
60 °C.

Dithionite, SO,%, is a notoriously slow reductant of metalloprosgimut the substrate
formaldehyde should react rapidly with FOR. To é¢hagossible influence of the hydration
(and subsequent polymerization) equilibrium of faldehyde, in a separate experiment the
enzyme was incubated at 60 °C with 1 M of substiatdlowing freezing after 2 minutes
both the low-potential W(V) and the [4Fe-4S]EPR signals were fully developed.
Incubation for another 10 minutes at 60 °C resuited slight turbidity, but after freezing
no changes were observed in the EPR spectra. Upthrawing turbidity increased, and the
protein precipitated.

Steady-state kinetics studies were performed tdircothat the free formaldehyde, and not
the hydrated form, is the substrate. The dhd k. values were determined at 20 °C and 80
°C (Table 3).

Table 3. Ky values ofP. furiosusFOR for formaldehyde at different temperat{fes

Temperature (°C)

20 80
Kn®* (mM)® 40 £ 9 6+3
Ku' (uM)®© 25+5 33+17
Keat (81)® 14+1.4 54 +5
Ku?*P (mM)@ 25

@ Reactions were carried out in 50 mM EPPS buffet §p4) with benzyl viologen (3 mM) as the
electron acceptof® this work,® Ky value corrected for free formaldehy&[8,10]
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The Ky (apparent Ig) values are high (millimolar) but comparable watlvalue reported
earlier [8,10]. The values at 20 °C and 80 °C apipnately differ by an order of magnitude.
However, when corrected for the concentration eé fformaldehyde, the\Kvalues at the
two temperatures are identical within experimemabr. No activity was detected with
either methanol or formic acid as substrate.

Incubation of FOR (14 mg/mL) in 100 mM Tris/HCI (p#0) buffer with excess sodium
sulfide (20 mM) and sodium dithionite (20 mM) undamaerobic conditions led to an
enhancement of the specific activity by 40 %. Thheancement occurs within seconds and
lasts for at least 8 hours. When only sodium dithe was added no significant
enhancement was observed. Also, sodium dithiorgig mot required to enhance the activity
in presence of sodium sulfide, showing that onl¥fidel is required for the activation
process.

Discussion

The formaldehyde oxidoreductases of the Wh@rmococcalesT. litoralis andP. furiosus
share a very high sequence homology. Previoustyreédox chemistry of the tungsten and
iron-sulfur prosthetic groups of. litoralis FOR has been extensively studied [8] and a
routine check on the equivalent groupsPoffuriosusFOR would seem to be sufficient as a
control experiment for consistency. We found, hosrevwheP. furiosusenzyme to differ
from the T. litoralis enzyme on six counts. Part of these differencesedox properties
appear to be related to differences in specifigvitgt but another part represents an
unexpected diversity in view of the sequence hogyl®elow, the spectroelectrochemical
differences between the two FOR enzymes are lis@bhwed by a discussion to what
extent they are significant in terms of structund anzymatic action.

(i) The EPR of the reduced cubane is common far type of cluster in tungsten enzymes,
namely, a mixture of S=3/2 of intermediate rhontyi@and of S=1/2. Contrarily, th&.
litoralis enzyme is uncommon in that it exhibits predomilyar$=3/2 of extreme
rhombicity.

(i) A high-potential W(V) signal, as reported fdr. litoralis FOR, is not found irP.
furiosusFOR, neither in high-activity enzyme nor in lowtigity enzyme;

(i) A mid-potential W(V) signal is found irP. furiosusFOR but only in low-activity
enzyme and with a reduction potential that is ®@® mV more negative than the value
reported for thd. litoralis enzyme;

(iv) T. litoralis FOR activity was found to increase 8-fold overeaght-hours time course
when incubated at room temperature with excessdsufflus dithionite, with concomitant
changes in the mid-potential and high-potential WE&PR signals [8]. ContrarilyP.
furiosus FOR activity is only 1.4-times increased by swdfisthcubation, and this occurs
within seconds and does not require dithionite. Tihal activities of slowly activated
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enzyme fromT. litoralis versus rapidly activated enzyme frdtn furiosusare comparable
(cf Table 1);

(v) In previously reported equilibrium redox titiais of T. litoralis FOR a low potential
W(V) signal with reduction potentials,&= -280 mV and E = -335 mV was assigned to
active enzyme. The potentials are somewhat highricnzyme that reduces a low-potential
ferredoxin (g, is circa -350 mV inP. furiosusferredoxin [19]), which in turn can donate
electrons to a membrane-bound hydrogenase produonaiecular hydrogen [20].
Contrarily, redox titrations d®. furiosusFOR did not reveal any low-potential W(V) signal
suggesting that the potentials are significanthydo than -0.4 V and/or that the tungsten
acts as a two-electron acceptor;

(vi) The low-potential W(V) signal was not generhte T. litoralis FOR by incubation with
formaldehyde at 80 °C, and this was suggested tduleeto the higher reduction potential
values compared, e.g., to AOR, aldehyde oxidoredec{8]. WithP. furiosusFOR the
signal does develop upon incubation with formaldkhgr with dithionite. This occurs both
at room temperature and — more extensively — &3 @&nd this would be consistent with a
value for E,(WY/W"") < 0.4 V, and an even lowef,fV"/W") value.

The extreme rhombicity of the high-spin cubaneTinlitoralis FOR is unprecedented,
however, at this time the structural basis for thismbicity and for fractional ratios of high-
spin/low-spin mixtures is not known, therefore tieserved difference (i) between the two
enzymes remains to be explained.

In T. litoralis FOR a high-potential W(V) species was assigned W-trithiolene chelate
resulting from oxidation and insertion of a suligand; a mid-potential W(V) species was
proposed to be derived from dithiolene oxidatidre effect of sulfide was proposed to be
an activation of a desulfo-form of the enzyme toasnyet unspecified structure. All this
would be compatible with present results onPhduriosusFOR (ii-iv) when one assumes
that the latter is intrinsically less susceptildedegradation, so that the as isolated enzyme is
already predominantly in the sulfide-activated foramd that the mid-potential and high-
potential W(V) forms are less likely to occur instimore stable enzyme.

What remains are results on the low-potential W@pecies in which the two active
enzymes appear to differ (iv-vi) at least in partredox titrations the species is observed in
T. litoralis FOR, while it is not inP. furiosusFOR. This might be explained with the
observation that upon sulfide activation the sigsaho longer found ifT. litoralis FOR,
while theP. furiosusFOR used in the present work is hardly sulfidevatable apparently
because it is already fully active. An importanpagent inconsistency remains: it appears to
be impossible to create the low-potential W(V) speadn T. litoralis FOR by incubation
with substrate at elevated temperature. In thepererents the substrate concentration and
incubation time were not specified, and a possitplanation might be found in the
unusual chemical properties of the substrate irrags solution.

Formaldehyde reacts with water to methylene glyad the latter polymerizes to
poly(oxymethylene) glycols [21]. For the equiliobmuconstant (association constant) for the
hydration of ‘free’ formaldehyde at ambient tempera several values have been reported,
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which are all of the order of $322-25] and so approximately 0.1% of a formaldehyde
solution is indeed formaldehyde. The, Ks also temperature dependent such that the
concentration of free formaldehyde at 80 °C isainmne times that at 20 °C [24]. The rate
constant for hydrolysis of methylene glycol [22,24] high temperatures is sufficient to
ensure that the concentration of free formaldehgdessentially constant on the time scale
of steady-state enzymology.

Formaldehyde is metabolized wigubmillimolar Ky, by many organisms typically via
formation of an adduct with a;&arrier (e.g., glutathione) followed by oxidati¢ag., to S-
formylglutathione) with subsequent release of fdemaf [26]. We propose that when
formaldehyde is used as substrate for the tungzyoes FOR the free formaldehyde is used
and not the hydrated form or one of its polymer@atproducts based on the following
arguments: (1) the low-potential W(V) species depsl rapidly only when the
concentration offree formaldehyde is made superstoichiometric with eesgo enzyme
concentration; (2) FOR is a member of the AOR fgnoif enzymes that all catalyze the
oxidation of aldehydes; (3) The,R” for formaldehyde at 20 °C is approximately seven
times higher than at 80 °C. This correlates wethwhe free formaldehyde concentration
which is estimated to be circa nine times highé30atC [24].

A practical implication of this proposal would Heat magnetic spectroscopic studies have
been done thus far with substoichiometric substred@centrations. A fundamental
implication would be that the K for free formaldehyde is actually circa three osdef
magnitude less than theyKreported for nominal formaldehyde. This indicatiest FOR is
very specific for formaldehyde oxidation and thnattFOR could be an effective scavenger
of metabolically produced formaldehyde. On the othend, from an evolutionary point of
view the development of a catalyst for the actmatof the hydrate (methylene glycol)
would perhaps seem to make more sense. Even & 8tfe is still 200 times more hydrate
than free formaldehyde in aqueous solution. Ihesefore probable that formaldehyde is not
the ‘real’ substrate of FOR. Roy et al. proposeat tine physiological substrate of FOR
could be a €di- or semialdehyde. However, the lowest #und by Roy et al. would still
be two orders of magnitude greater than thef&r free formaldehyde. With a\Kof 0.8
mM the catalytic competence of the enzyme for giotitaldehyde is still not very high. It
is concluded that the physiological substrate(s)FOR (and also for AOR, WOR4 and
WORY5) still remains to be identified, and steadyeskinetic studies on a broad spectrum of
aldehydes are planned.

The results of the EPR monitored experiments witbstate incubation imply that
formaldehyde reacts with oxidized enzyme having W(snd [4Fe-4S]. A pair of
electrons is transferred to the tungsten reductntp iW(lV), and this is followed by
reduction of the cubane cluster by rapid electearrangement over the enzyme according
to the reduction potentials of the product-boundnglex. In order to pin down a more
detailed and complete reaction mechanism, extersigesteady-state kinetic studies are
under way.
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Chapter 9

Chapter 9

Concluding remarks and outlook

In this thesis several aspects of tungsten metahah P. furiosushave been explored: its
tungstate transport system has been identified dradacterized, studies on aspects of
tungsten cofactor biosynthesis have been carried amd a new tungsten-containing
aldehyde oxidoreductase (AOR), WORS5, has beenipdrdnd characterized. Overall, this
study has contributed to a better understandirdjftgfrent stages of tungsten metabolism in
P. furiosus

However, several issues remain to be solved. Bfratl, we have not been able to answer
the questions why and how. furiosus selectively incorporates tungstate instead of
molybdate in the pterin cofactor of its AOR enzym®& have excluded the transporter
system as the only selective barrier, since thelasmic binding protein WtpA is able to
bind molybdate with a high affinity. Therefore, tefs of metal selection is expected to take
place during cofactor synthesis. We have done mnediry experiments in which MoeA
proteins catalyze the oxoanion-dependent hydrolp$idMPT-AMP. These experiments
need to be extended to determine the influencé@fspecific oxoanion on the rate of the
hydrolysis reaction, in order to understand the i@l the MoeA proteins in the process of
selective metal incorporation.

Considering the remaining pathway of tungsten-dofasynthesis, the mechanisms of bis-
pterin formation and the optional nucleotide attaeht also still need to be elucidated.
These steps are also not understood for Moco bibeyis.

We should also try to understand the ability ofyenes to discriminate between molybdate
and tungstate on a molecular level. These oxoaraoassery similar in their size and in
their chemical properties, and at the current gswis, no WtpA or ModA crystal structure
has revealed any differences, e.g., bond lengthieoprotein complexed with tungstate or
molybdate. Apparently, a higher resolution measer@nns required to explain the basis of
affinity differences. In an attempt to reach thesalution, our laboratory has scheduled
extended X-ray absorption fine structure (EXAFSkdmscopy studies on the WtpA
protein complexed with tungstate and molybdate. s€hstudies will provide detailed
information on the metal and its ligands in thstficoordination shell, and might enable us
to see differences in binding distances betweevtbeoxoanions.

Returning to the cellular level, issues are stllbe addressed in the fields of tungstate
storage, the role of tungstate in regulation, anthe field of discovering new tungsten and
molybdenum containing enzymes. As mentioned betbeegenome of. furiosusencodes
two putative formate dehydrogenases that have nexem purified. It would be interesting
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to confirm that these enzymes indeed contain maghch or tungsten in a nucleotide-
modified bis-pterin cofactor.

Future research might also include the developn@n@an in vivo tungstoenzymes-
expressing system. So far, it has not been possibleeterologously express tungsto-
bispterin containing proteins i&. coli. However, the expression might be successful in a
mogAmoeAhost complemented witR. furiosusMoaB and MoeAl or MoeA2 proteins. If
the coupled expression of MoaB, MoeAl or MoeA2, artdngsten-containing AOR would
afford holo-protein, mutational studies and bulkipm production could be initiated. This
would raise opportunities for technological exptana of these versatile enzymes.
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Summary

Tungsten is the heaviest element that exhibitogiohl activity (atomic number 74), when
it is present in an enzyme. It is taken up by cellsshe form of tungstate, and it is
subsequently processed into an organic cofacterrexf to as tungstopterin, which is found
as active center in several enzymes. The first diosmzyme was isolated from an
acetogenicClostridiumin 1983 and many others have followed since. Tlagnty of the
tungstoenzymes purified and characterized to datesalated from (hyper)thermophilic
anaerobic archaea. So far, no eukaryotic tungsyoeez have been discovered.

Pyrococcus furiosuss a hyperthermophilic archaeon that grows anaeatip at an optimal
temperature of 100 °C, strictly dependent on thes@mnce of tungstate. The organism was
originally isolated from a marine volcanic sedimanttaly, where both seawater tungsten
concentration and temperatures are high. Over dbe ylearsP. furiosushas become a
model organism for hyperthermophiles, as many ®fpitoteins have been the subject of
research and its genome has been sequenced. Ajasodirey tungsten metabolisi.
furiosuscan be considered as a model: four tungsten congaeldehyde oxidoreductases
were already characterized in some detail befagartitiation of this study. The aim of this
thesis project was to extend the knowledge on miffeaspects of tungsten metabolisn®in
furiosusin particular orthe tungstate uptake mechanism, tungsten cofaghthesis, and to
find new tungstoenzymes.

In chapter one of this thesis an overview is gigarvarious aspects of the element tungsten,
like its spectroscopic properties and its roleimldgical processes. Repeatedly, reference is
made to the very similar, ‘twin’ element, molybdemuThe remaining of the thesis is
divided into three parts, representing three dffierstages of tungsten metabolism in cells:
part | describes the uptake of the metal by thé palt Il discusses the incorporation of
tungsten into the pterin cofactor; and finally pértleals with the tungstoenzymes.

The first experimental data are presented in clhdpte, in which the cloning, expression,
purification, and characterization of the periplasiinding protein of the tungsten ABC-
transporter (WtpA) irP. furiosusare described. This protein was shown to bind tiatgs
with a very high affinity (k 017 pM). It is also able to bind molybdate, howeweith a
1000-fold lower affinity (kK 011 nM). This selectivity for tungstate was cleashown in a
tungstate-titration of WtpA saturated with molybelain which the tungstate efficiently
replaced the molybdate in the binding pocket ofe¢heyme.

After the uptake of tungstate into the cell, theahatom is inserted into a pterin cofactor in
order to form tungstopterin. Prior to the step oketah insertion, the substrate,
molybdopterin, needs to be activated by an adeagkter. In plants, this adenylylation step
has previously been shown to be catalyzed by thelGnprotein, however, no archaeal
homologues are found for this protein, and alsmany bacterial genomes homologues are
lacking. In chapter 3 we show thatP. furiosusthe synthesis of adenylylated MPT (MPT-
AMP) is catalyzed by the homohexameric MoaB prot&uabsequently, the reaction of the
metal insertion is described in chapter 4 , wheeeshow that MoeAl and MoeA2 both
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Summary

catalyze the tungstate and molybdate dependenblygis of MPT-AMP.In vivo data on
molybdenum incorporation in aldehyde oxidoreductaseymes fromP. furiosus are
presented in chapter 5. When cells were grown ab0@0-fold excess of molybdate,
molybdenum-containing formaldehyde oxidoreductaB®K) and tungsten containing
oxidoreductase number 5 (WORS5) could be purifiedwéver, these molybdenum-
substituted forms were not active.

In the last part of this thesis, two tungsten-combtg enzymes are studied. Chapter 6
describes the purification and characterization tofigsten-containing oxidoreductase
number five (WORS). This newly characterized andapve last member of the AOR-
family of P. furiosushas a very broad substrate specificity, exhibitisghighest catalytic
activity on hexanal. Chapter 7 explores an intargsteature of WORS5: an attempt was
made to clone, express and purify its adjacent eRd479) encoding a putatively four
[4Fe-4S] clusters binding protein. Based on stmattihomologies a heterotetrameric
structure is proposed for the WORS5 and PF1479 m&tén addition, whole-cell activity
assays with different viologens as electron aceceptggest a periplasmic localization for
this complex. Chapter 8 presents an EPR study etutigsten and iron-sulfur groupshn
furiosus formaldehyde oxidoreductase (FOR). It is also sstgd that the K value for
formaldehyde is three orders-of-magnitude less tpagviously reported, due to an
unfavorable hydratation equilibrium which convdree formaldehyde, the actual substrate,
into methylene glycol.

In a brief final chapter it is discussed what noeamains to be done’.

Loes E. Bevers
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Samenvatting

Wolfraam is het zwaarste element uit het periodisiksteem dat biologische activiteit
vertoont wanneer het aanwezig is in een enzym.wéetlt door cellen opgenomen in de
vorm van wolframaat, en vervolgens wordt het ingst in een organische cofactor die
‘tungstopterine’ wordt genoemd. Deze cofactor vohnett actieve centrum van verschillende
enzymen.

Het eerste wolfraamenzym werd in 1983 gezuiver@eiit acetogee@lostridiumen daarna
volgden er vele andere. Het grootste gedeelte vantodl op heden gezuiverde en
gekarakteriseerde wolfraambevattende enzymen isolgeid uit hyperthermofiele,
anaerobe archaea. Tot nu toe is er nog geen waolfexr@ym ontdekt in een eukaryoot
organisme.

Pyrococcus furiosusis een hyperthermofiel archaeon, dat optimaal ¢rdmj een
temperatuur van 100 °C en dat zonder de aanwediglaei wolframaat niet kan overleven.
Het organisme werd voor het eerst ontdekt in zé@aarisedimenten in Italié, waar zowel de
watertemperatuur als de wolfraamconcentratie ergghzjn. De laatste jaren heef.
furiosus zich steeds meer ontwikkeld als modelorganisme r vadle andere
hyperthermofielen: er zijn al veel enzymen Ritfuriosusgezuiverd en onderzocht en ook
het genoom is ontcijferd. We kunnén furiosusook beschouwen als modelorganisme met
betrekking tot het wolfraammetabolisme: aan hetirbagn deze studie waren al vier
wolfraambevattende aldehyde oxidoreductase enzymienP. furiosus gezuiverd en
gekarakteriseerd.

Het doel van dit proefschrift was het vergroten denkennis over verschillende aspecten
van wolfraammetabolisme in P. furiosus  zoals: het cellulaire
wolframaattransportmechanisme, de wolfraamcofastgmthese en het ontdekken van
nieuwe wolfraam bevattende eiwitten.

In hoofdstuk 1 van dit proefschrift wordt een ovelnt gegeven van verschillende bio-
anorganische, spectroscopische en biologische sibgappen van het element wolfraam.
Regelmatig wordt verwezen naar het soortgelijkenele: molybdeen. Het vervolg van het
proefschrift is opgedeeld in drie gedeelten dieereccen ander stadium van het
wolfraammetabolisme beschrijven; deel | begint aetcellulaire opname van het metaal,
deel Il behandelt de incorporatie van het wolfraande pterine cofactor en in deel Ili
komen de wolfraambevattende enzymen aan bod.

De eerste experimentele data worden gepresente@ambidstuk 2, waarin het cloneren, het
tot expressie brengen en het karakteriseren vampdrgilasmatische bindingseiwit van de
wolframaat ABC transporter (WtpA) uR. furiosuswordt beschreven. De experimentele
data laten zien dat het eiwit wolframaat kan bindest een hele hoge affiniteit (K117
pM). Het eiwit is ook in staat om molybdaat te l@ndhoewel die affiniteit 1000 maal lager
is (Kp 11 nM). De selectiviteit voor wolframaat werd bstigd in een wolframaat-titratie
van het molybdaat-gebonden eiwit. Bij deze titrageving wolframaat, zeer efficiént, alle
gebonden molybdaat op de bindingsplaatsen in Iasthen
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Samenvatting

Nadat het wolframaat in de cel is opgenomen, whedtmetaalatoom ingebouwd in een
pterine cofactor om het biologisch actieve ‘tunggtoine’ te verkrijgen. Voordat het metaal
ingebouwd kan worden, moet het substraat, de pteg@activeerd worden door middel van
een adenyl-modificatie. In planten wordt deze afldesngsstap gekatalyseerd door het
Cnx1G enzym, maar zowel in de genomen van archéeanade genomen van vele
bacterién is geen homoloog voor het Cnx1G eiwitneaig. In hoofdstuk 3 laten we zien
dat de synthese van geadenylyleerd MPT (MPT-AMPR.ifuriosusgekataliseerd wordt
door het homohexamere eiwit MoaB. Vervolgens komtsthp waarin het metaal wordt
ingebouwd aan bod in hoofdstuk 4. Daar laten wa d& de eiwitten MoeAl en MoeA2
allebei de molybdaat- en wolframaat- afhankelijkdrolyse van MPT-AMP katalysereim
vivo data van de incorporatie van molybdaat Rn furiosus aldehyde oxidoreductase
enzymen worden gepresenteerd in hoofdstuk 5. Ulercegegroeid op een 1000 maal
overmaat aan molybdaat, konden molybdaatbevatimdaidehyde oxidoreductase (FOR)
en wolfraam oxidoreductase nummer vijf (WOR5) wardgezuiverd. Deze molybdaat
gesubstitueerde vormen waren echter niet actief.

In het laatste gedeelte van dit proefschrift, wardde wolfraambevattende eiwitten
bestudeerd. Hoofdstuk 6 beschrijft de ontdekkirggzuaivering en de karakterisering van het
wolfraambevattende oxidoreductase nummer vijf (WDRBt nieuw gekarakteriseerde, en
mogelijk laatste lid van de AOR-familie . furiosusheeft een brede substraatspecificiteit.
De hoogste activiteit werd echter gemeten wannegaral als substraat aanwezig was.
Hoofdstuk 7 belicht een interessant aspect van WQ@RSvordt een poging gedaan het
naburige gen (PF1479), dat waarschijnlijk een ddéte-4S] clusters bindend eiwit is, te
kloneren en tot expressie te brengen. Op basisstarcturele homologieén wordt een
heterotretramere structuur voor WOR5 en PF1479 spmbd. Daarnaast geven
activiteitsmetingen aan hele cellen, met versammlée viologenen als electronenacceptor,
aan dat het complex waarschijnlijk is gelokaliseénd het periplasma. Hoofdstuk 8
beschrijft een EPR studie naar de wolfraam en -gzeavel groepen inP. furiosus
formaldehyde oxidoreductase (FOR). Daarnaast waodtgesteld dat de J waarde voor
formaldehyde drie orden van grootte lager is dardezevermeld. Dit komt door een
ongunstig hydratatieevenwicht waarin vrije formalgee, het eigenlijke substraat, omgezet
wordt in methyleen glycol.

In een kort laatste hoofdstuk wordt bediscussiegetke experimenten gedaan zouden
moeten worden in de toekomst.

Loes E. Bevers
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