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Introduction 5

INTRODUCTION

The rapid industrial growth in the developing wotids introduced many environmental
pollutants as a significant factor affecting huntealth. One of the big challenges of the
third millennium is the management of radioactivaste and the protection of humans and
the environment from its chemical and radiologitadicity. Since the 1940s large quantities
of anthropogenic radioactive waste were accumulatigdarily due to the mining and milling

of uranium ore and its subsequent processing foleau energy and weapon production [1].
In Eastern Germany alone, several hundreds of andliof cubic metres radioactive

liabilities, in particular waste rock material atalings, were left behind after the cessation of
uranium production [2]. Up to date about 70% (Setter 2010) of the contaminated sites
above ground were rehabilitated [3], which primaiithicludes a capping to prevent from

direct radiation as well as from the release obragas or radioactive dusts. However, none
of the rehabilitated sites is sealed at the bottaltlowing an accidental release of uranium
from these tailings into the ground water by ersand leaching processes at any time [4].
The aqueous phase is the only conceivable trangspedium for uranium, present in soils,

sediments, and other geological formations. In oride estimate the possible extent of
uranium transport within the aqueous phase, itmportant to predict the reactions of

uranium compounds, which are dissolved or suspeimdgrbundwater, with the surrounding

inorganic and organic material. For this purposeés iessential to know the chemical and
biological factors determining physicochemical uwam speciation as well as the long-term
stability of the compounds and complexes whichfaremed under certain conditions. The

most relevant chemical parameter regarding uramnohility is the redox potential, because
it predominantly determines the oxidation statéhef radionuclide. Uranium can occur in the
oxidation states of +3, +4, +5, and +6. Howeverllly@nd U(V) are very unstable at

common environmental conditions and thus tetravadex hexavalent uranium compounds
are by far the most frequent in nature. U(IV) hesrang tendency to precipitate, usually in
form of the oxide mineral uraninite (YY) whereas U(VI) generally forms soluble and thus
mobile complexes. In addition to the oxidation etdhe interaction mechanisms of uranium
with the environment are strongly influenced by gépendent hydrolysis reactions, which
alter its solubility and influence the sorptionitmrganic particles [5]. Further, site specific

parameters, that play a crucial role for the spieriaof uranium in aquatic systems, are the
ionic strength as well as the type and the conagatr of inorganic ligands. Besides the

chemical parameters, biotic factors influence wamimigration in nature as well. In
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particular, the indigenous microbial community cagnificantly change uranium mobility.
The bioavailability of this radionuclide, e.g. i@bility to interact with surrounding
(micro)organisms, after its release into the porel aground water depends on its
concentration and physicochemical speciation [Gfvi®us studies showed reasonable
evidences suggesting that LfOand UQOH" are the most bioavailable chemical forms of
U(VI). In contrast to that, bioavailability is dratically reduced for uranyl complexes
formed with inorganic ligands (e.g. carbonates spihates) or with humic substances [6].
Several studies were performed exploring the migaosisms that inhabit such
radionuclide-contaminated environments, by usingltucerindependent, molecular
approaches, such as 16S rRNA gene analyses [&l$b]combined with phospholipid fatty
acid (PLFA) analysis [12]. In addition, a more neicstudy focused in particular on the
metabolically active microbial community of radiahde-contaminated subsurface
sediments from the “Oak Ridge Field Research Céf@ak Ridge, Tennessee, USA), which
was assessed by comparing RNA and DNA clone libsafl3]. The authors demonstrated
that in particular several groups of heavy met#remt nitrate-reducers, belonging to the
phylaProteobacteriaFirmicutes ActinobacteriaandBacteroidetesare well adapted to such
polluted environments [13]. However, a comparisdntlte microbial communities of
different radionuclide-polluted sites suggests thatcomposition is site-specific and depends
on geological and physicochemical parameters. Nleskss, it was consistently
demonstrated, that these environments are notlénobtit inhabited by a large variety of
microbial populations.

As mentioned before, these microbial communities @ble to interact with uranium and
other metals in multiple ways (Fig. 1), due to ldage variety regarding metabolism and cell
surface structures. The latter provide a highlycefht matrix for metal complexation. Some
studies demonstrated that the binding at surfacesavobial cells is even more efficient than
that at inorganic soil components, like mineraé-16]. The high metal complexation ability
of microbial cells is primarily based on two factse high surface-to-volume ratio and the
usually large number of metal binding ligands, mhéce provided by the organic cell surface
polymers, e.g. peptidoglycan, lipopolysaccharigesteins, and glycolipids. These ligands
primarily include negatively charged, functionalogps, such as deprotonated phosphate,
carboxyl, hydroxyl, amino and sulfhydryl groups.eTahdsorption of aqueous metal cations
onto these functional groups, the so called bidsmrprocess, is rapid, reversible and simply
based on physical adsorption, ion exchange or atsnsiorption of the positive charged
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metal ion to the negatively charged cellular ligan#lence, it is controlled only by the
pH-dependent protonation status of the functiomalugs at the cell surface, and by the
affinity of these functional groups for the specifiqueous metal, whereas biosorption does
not depend on the cell metabolism. The abiotic neatof the biosorption process had
previously been verified by similar affinities oad¢terial cells and their isolated cell walls to
agueous heavy metals cations [17]. The temperafteet on the biosorption process is small
compared to the other influencing factors, giveat tfhe temperature does not damage the

structural components of the cells [18].

Biosorption Biotransformation

U0, U0

U0, Uranium(IV)
(reduced)

U, Uranium(VI)

Chelation Siderophores (oxidised)
Complexation Microbial cell
and mobilization
of uranium ]
UO,** (intracellular)
I_H
LT022_ + :H:PO42' —_— LTOQ:H:PO4
UQO,**(extracellular) U0, + H,8 —» UO,S +2 H*

LT022_ + 0032' _>LTOQCOE,

Uptake
Biomineralization

Figure 1. Important interaction mechanisms of uranium ancrofiial cells (after Lloyd and Macaskie [19]).

Besides the “passive” biosorption, which is exalali based on the affinity between the
biosorbent (cell structures) and sorbate (uraniumgtabolism-dependent processes can also
alter uranium migration behaviour. Such “active’ogesses can act mobilising and
immobilising and involve biotransformations such @gdation and reduction, an uptake
inside the cells or a complexation by microbiallgngrated compounds (Fig. 1). The term
biotransformation, in general, includes all chermiadifications of a compound caused by
the metabolic activity of organisms. In the caseurdnium and other metals, it primarily
involves microbial oxidation and reduction processd@he microbe-mediated uranium
oxidation under aerobic conditions was demonstr&dedome acidophilic microorganisms,
e.g. for the archaeal speci8slfolobus metallicu§20] and Metallosphaera sedulf21] as
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well as for the bacterial straifcidithiobacillus ferrooxidans[22]. Under anaerobic
conditions nitrate can be used, instead of oxygerelectron acceptor as it was shown for the
anaerobic U(IV) oxidation conducted fyiobacillus denitrificand23]. In contrast to that,
many anaerobic microorganisms can transfer elestumder anaerobic conditions from an
electron donor to U(VI) and thus reduce the radotide to U(IV). Suzuki and co-workers
studied U(VI) reduction in a sediment sample frame inactive open pit uranium mine
“Midnite”(Stevens County, WA, USA) [24]. After intation for one month at anaerobic
conditions, uranium was detected in form of U(I\écamulates at the surface of microbial
cells, bringing the authors to the conclusion thetnium was reduced by the enzymatic
activity of these microorganisms [24]. Indeed, lmwnthe reduction of U(VI) to insoluble
uraninite under anaerobic conditions has been ihestfor a large variety of bacteria [25-
29]. Some strains lik&eobacter metallireductarendShewanella putrefaciersse even able

to cover their whole energy demand by the electransfer to U(VI) [30]. In addition,
uranium reduction was also demonstrated at higtpeeatures of about 100 °C, performed
by the hyperthermophilic archaeBgrobaculum islandicuri81].

Another mechanism that influences uranium transipontatural systems is the complexation
of this radionuclide by inorganic and organic connpads released from microbial cells. In
this regard, it is differentiated between thosenuna-binding ligands which enhance
solubility and mobility, and those which reducerntheTlhe release of the latter can cause
biomineralization of uranium. By definition, therne “biomineralization” includes the
precipitation of insoluble mineral complexes, fodndue to the release of microbial
generated inorganic ligands, like phosphates, sidgh and carbonates. A well-studied
example for a corresponding mechanism is the comaptm of uranium by orthophosphate
and the concomitant formation of low soluble uranyhosphates. The release of
orthophosphate is attributed to the activity ofimas enzymes, summarized as phosphatases,
which release inorganic phosphate §{POfrom organic phosphate compounds. Respective
enzyme activities have been described for a laagiety of aerobic and anaerobic bacteria as
well as for some archaea [32-34]. In addition te thorganic ligands capable for uranium
complexation, microorganisms can also produce acga@oempounds which may alter
uranium mobility. One class of corresponding compsuare humic substances (humics)
which are released due to the microbial degradati@omplex organic matter. They are very
resistant to further biodegradation and thus actat@wvithin the environment [35]. Humics

were separated operational, differing in acidityd achemical composition, in humin
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(insoluble fraction), humic acid (soluble underailke conditions), and fulvic acid (soluble
at all pH conditions) [36]. In particular the lattievo are known to interact efficiently with
uranium and, thus, can influence the migration @hium in nature [37-43]. Humics may
also be involved in U(VI) reduction by providing aatectron shuttle, i.e. they serve as
terminal electron acceptor in microbial respiratmathways and subsequently donate these
electrons to U(VI) [44]. A similar mechanism mogtely underlie the U(VI) reduction
described foDeinococcus radioduransvhich is able to reduce U(VI) in the presencehef
humic acid analogue anthraquinone-2,6-disulfonA@¥S), whereas no uranium reduction
occurred without it [45].

Other microbially generated compounds which intetaighly efficient with metals are
siderophores. These chelating agents are usualtyefib by microorganisms in the case of
iron deficiency, in order to increase iron soluildue to a complexatiomia functional
groups, in particular catechol and hydroxamate gso[#6]. However, siderophores are
usually not highly specific. Therefore they alsorgmase solubility and thus bioavailability of
other metals, heavy metals and radionuclides. Asomeable enhancement of uranium
mobility by the activity of microorganisms was demstrated by the siderophores pyoverdin
and desferrioxamin-B [47, 48].

Finally, microorganisms are also able to take upaiseby active processes using metal
transporters located in their cell walls. In theeaf uranium it was speculated that it can be
taken up wrongly by such transporters as a conseguef a mix up with essential metals,
e.g. calcium [6, 19]. Once inside the cell, uraniomay be bound to, or precipitated within
intracellular structures. However, by now it is coonly assumed that the accumulation of
uranium inside microbial cells is based on a pa&ssietabolism independent transport due to
an increased permeability of the cell membranerasat of the toxic stress [49]. Up to date,
there is no concrete evidence that uranium camakentup by microorganismga active cell
processes.

Some of the described interaction processes weeeifg@lly used for industrial and
economic purposes. Microbial U(IV) oxidation, foxaenple, has been used for uranium
bioleaching processes, which is the transformatiioand extraction of soluble U(VI) from
uranium ores [50]. Because of the physicochemicalditions in such mining sites, the
microorganisms that catalyse bioleaching processesrequired to grow in a basically
inorganic, aerobic, and highly acidic environmdtdr this reason, extremophilic bacteria as

well as archaea were frequently detected in comaldsymleaching areas [51] .
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Besides mining of metals, the before describedasteons were intensively studied in the
last years, in particular focussing on their patrior bioremediation, i.e. decontamination,
of heavy metal and radionuclide-polluted environteel®2-54]. The need for developing
such microbial-based clean-up procedures is matalysed by the very high costs, the
technological limitations and the lack of spectfici of the currently available
physicochemical approaches. In addition, the inmeaghysical clean-up, which involves
excavation, transport and disposal of soil as a®lbumping and treating of groundwater can
have negative influences on biodiversity and caenemncrease human health risks [55].
Thus,in situ bioremediation approaches are advantageous, patbeexpected to provide a
cost-effective, more specific and environmentadsidly method for decontamination.
Moreover, it was shown that the metal recovery gidirological approaches is much more
efficient, allowing the treatment of polluted sit@gh low concentrations of uranium which
are not amenable to chemical approaches [56]. Amibtieg biotechnological processes,
biosorption is limited by the availability of uram-binding sites. Moreover, insufficient
specificity and stability of biosorbents turned dot cause little progress in industrial
application [57]. Therefore, the potential for coemcial development and application of
biosorption is rather weak, and likely will be usadhe future only as supporting process in
remediation procedures [58]. As mentioned abovecililar uptake of uranium is also
supposed to be a passive process and it is mady ldased on increased cell membrane
permeability of death cells and subsequent adsorgt intracellular structures. Hence, the
same limits and problems, which are applied fosbiption-based remediation procedures,
apply for this process as well. And even in theecasanium would be taken up by an active
microbial process, the potential of this uptake B@mremediation is strongly limited due to
uranium toxicity [59].

Because of these reasons, many established and iowxemediation procedures based on
active processes, conducted by living microbialscéls a matter of course, the applicability
of corresponding industrial approaches is primadgtermined by the ability of the used
microorganisms to survive and maintain the desietabolic pathways under the radiation
exposition and the chemical toxicity of uranium.eféfore, the use of highly radiotolerant
microbial strains is advantageous. An eligible, lygaldied bacterium isDeinococcus
radiodurans which maintain its viability in excess of 5000 Gr§§0], a dose that is
approximately 300 times higher than the dose whigbically kills Escherichia coli
However, it was demonstrated by studying two baadtestrains naturally occurring in
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contaminated site§einococcus radioduranendPseudomonas putigdéhat uranium, as well
as other actinides, are less toxic to bacteria tdthar heavy metals [61]. Hence, the actinide
toxicity should not impede bioremediation approachehich are based on active
microorganisms. The strains investigated in thesgmework are, for example, able to grow
in the presence of uranium up to concentration®.65fmM for Paenibacillussp. JG-TB8
(Chapter I) and 1.1 mM fo8. acidocaldariugChapter 1), i.e. the strains tolerate uranium
concentrations of more than 120 ppm and 260 ppnspexatively. These tolerated
concentrations are higher than those of most unamvaste rock dumps and tailings, e.g. the
uranium concentration of the soil sample from thaberlandhalde”, the natural habitat of
Paenibacillussp. JG-TB8, was “only” about 40 ppm. Hence, tliwious for both strains that
their growth and metabolism is in principle possiii many uranium-polluted sites.

The main focus of attention for an active microtieEiremediation of uranium-polluted sites
IS on two processes, uranium precipitation and Y(Mduction. The latter has been
intensively studied as it promises a high poteritiauranium immobilization under reducing
conditions. Microcosm experiments were performadgisl(VI) polluted sediments from the
inactive “Midnite mine” located in Stevens Count)/A, USA) as well as soils from the
“DOE NABIR field research center site” in Oak Ridg&N, USA). In both studies a
stimulation of microbial U(VI) reduction by the atdn of organic substrates was
demonstrated [24, 62]. In addition, field studies the pilot-scale uraniumn situ
bioremediation field of the US Department of Enegiie (Oak Ridge, TN, USA) were
conducted in order to check transferability of titained results to natural systems [63].
Within this project, uranium immobilization wasrstilated by the injection of ethanol, which
in turn shifted, and stimulated activity of, thedigenous microbial community. As a
consequence of that, U(VI) levels were reduced iwittvo years from about 50 mg/L to
below drinking water standard (< 30 pg/L). Biodsigy studies demonstrated a high
abundance of metal reducing bacteria, Bgsulfovibrig Geobacter Anaeromyxobacteand
Shewanellg63].

Another successful remediation based on bioreduaiias conducted at a former uranium
ore processing facility, called “Old Rifle” (CO, B$ In this case acetate was injected into
the subsurface and as a consequence of that Ufvibentrations decreased within 50 days
from initial values between 0.4 and 1.4 uM to beltvwe prescribed treatment level of
0.18 pM [12]. A combination ofC-labeled acetate incorporation and subsequent BINA

PLFA analyses revealed that the uranium reductiomdcompanied by a stimulation of
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d-Proteobacteria in particular Geobacterspecies, suggesting that these bacteria are key
players concerning U(VI) reduction [64].

However, the presence of oxygen as well as highdi@ pH conditions and high
concentrations of nitrate can suppress U(VI) reduacas it was demonstrated in microcosm
experiments using sediments from the FRC aquifek(Ridge, TN, USA) [65].

An alternative strategy for bioremediation undeygenated conditions is the immobilization
of uranium due to the precipitation of hardly sdéulinorganic uranium compounds. A
well-known mechanism for bioprecipitation of uramiuis based on the activity of
non-specific phosphatases, in particular acid dkaline phosphomonoesterases, which are
commonly generated by active soil microorganisn@.[6hese enzymes were expressed by a
large variety of aerobic and anaerobic bacteria, [84, 68] and release inorganic
orthophosphate from organic phosphate compounds éansequence of this, the released
orthophosphate interacts with uranium and causesptiecipitation of inorganic uranyl
phosphate phases, directly at the cell surfacenahé surrounding aqueous system. The
applicability of this mechanism for remediation wfanium-polluted sites was previously
suggested in studies on differddeudomonastrains, which releases sufficient amounts of
orthophosphate to cause precipitation of uraniummfra low concentrated solution
(0.02 mM uranium) [69]. The release of orthophospheas stimulated within the latter work
by the addition of an organic phosphate source amsimultaneous overexpression of the
phosphatase gene. Moreover, Beazley and co-wodeen®nstrated that the hydrolyzation of
organophosphate by aerobic heterotrophic bactemabe may play an important role in
bioremediation of uranium-contaminated sites [70].

It is evident, that up to date, much research wamsedo understand the biogeochemistry of
uranium cycling in the environment and the centdé of microorganisms in affecting
uranium mobility. However, a deeper understandihthe behaviour of the actinides in the
environment is needed to allow proper and reliabtedelling, needed for disposition of
nuclear waste over many thousands of years [7Hdttion, a better knowledge is necessary
in order to develop new and to improve establishearemediation strategies for the
contaminated sites.

Within the scope of this thesis different batch exxpents were performed to study the
interaction mechanisms of U(VI) with the bacteriglatePaenibacillussp. JG-TB8 and the
acidothermophilic crenarchaeo8ulfolobus acidocaldariusjn order to determine and
compare the ability of these two strains for uramitnmobilization at different experimental
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conditions. The present work combines wet chemistith powerful spectroscopic and
microscopic techniques, allowing profound conclasi@bout the uranium complexation by
the studied strains.

The uranium complexation was studied within thediacpH range, in particular at pH 2
(pH 1.5 for S. acidocaldarius pH 3, pH 4.5 and pH 6. The rationale for usingdi&
conditions is based on both, the fact that manyiuma-contaminated sites exhibit moderate
acidic pH conditions (pH 4 to 6), as well as themistry and bioavailability of uranium.
Assuming non-reducing and acidic conditions, uraniis predominantly present, in
particular at pH values below 4, in form of theefraranyl ion, which is highly mobile,
bioavailable and toxic (Table 1). The amount anddkbdf uranium species in aqueous
systems, as presented in Table 1, can be estingtexbveral speciation methods, either
assigned to analytical or computational methodsTB&E latter based on thermodynamic data
which includes a system of mathematical equatidmat tdescribes the metal-ligand
equilibrium [72]. In this work the initial uraniunspeciation in the used solutions was
calculated using the software package EQ3/6 [73hgu®quilibrium constants of the
“Nuclear Energy Agency (NEA)” database [74] and nyia hydrolysis constants of
Guillaumont and co-workers [75].

Table 1.Main uranyl species present in the uranyl solgiosed within this thesis.

pH 1.5 pH 2 pH 3 pH 4.5 pH 6
[U]=5-10*M  [U]=5-10*M  [U]=5-10°M  [U]=5-10°M  [U]=5-10°M
uo 98.8% 98.6% 98.1% 57.3%
(UO,),(OH),** 26.3%
(UO,)5(OH)s" 6.3% 61.4%
(UO,)4(OH)," 12.4%
(UO,),CO5(OH)s 14.5%

Concerning the studied strains, the physiologicdl @ptimum of S. acidocaldariusis

between pH2 and 3 [76], whereas that of taenibacillus species is around pH 7
(Chapter I). The latter strain was isolated fromaaaerobic microbial consortium containing
representatives dfirmicutesand yet to be cultured mesophiizenarchaeotabelonging to

the soil cluster 1.1b [77]. This consortium, inrtuwas initially enriched from a uranyl nitrate
treated (four weeks at pH 4 and under anaerobiditons [78]) soil sample of the uranium
mining waste pile “Haberland” (Saxony, Germany) ethihad a moderate acidic pH of

around 4.5. For these reasons, it was suggesteththasolated?aenibacillusstrain tolerates
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moderate acidic pH conditions. This assumption eaagirmed within this work by live/dead
staining, demonstrating that a significant parthef cells remain alive after treatments with
U(VIl) at pH 4.5 (Chapter I). The studid@aenibacillusstrain is a facultative anaerobic,
endospore-forming bacterium, which means that élls become metabolically active when
suitable substrates for their growth are availabegreas they produce resistant endospores
when their nutrients become exhausted. Becaushi®frésistance mechanism against the
changes of soil parameters, their motility, and dbdity to switch their metabolism under
anaerobic conditions, it can be assumed that paeiflibplay a significant role in the
biogeochemical cycles of matter in natural ecosystelherefore, the first objective of this
thesis was to study the influence RdienibacillusJG-TB8 on uranium mobility in aqueous
systems. The fate of uranium was determined inraime@raw qualitative and quantitative
conclusions about uranium biosorption, biomineedian, and bioreduction by this strain,
also in the face of a potential use for bioremealaprocedures. It was shown that cells of
the studied strain can dramatically influence wramimigration in aqueous systems. The
strain was able to accumulate U(VI) over the wholtt¢ range studied. In contrast to the
previous studies where uranium complexation waslietu exclusively under aerobic or
anaerobic conditions, in this work for the firsh& one and the same strataénibacillussp.
JG-TB8) was investigated under both aeration cardit in order to determine the influence
of oxygen on the U/bacteria interactions. The ratle for using this strain was its ability to
grow and carry out metabolism under aerobic as aglunder anaerobic conditions. The
latter correspond to the natural habitat of thaisfras the soil sampling point was in a depth
of two metres. Dramatic morphological changes @&f Plaenibacilluscells were observed
after the exposition to anaerobic conditions. lis ttase the cells exhibited a filamentous
phenotype, i.e. they were significantly longer (sooells exhibit a length of more than
200 um) compared to the rods grown under aerohiditons which had a size of 3 to 6 um.
This morphological difference most likely causeg tleduced uranium binding capacity
observed under anaerobic conditions, due to thdlesneall surface and therefore the smaller
number of U(VI) complexing ligands relating to theieight. In addition and more important,
an inhibition of the indigenous phosphatase agtiat the strain was observed under
anaerobic conditions. As a consequence of thatylnosphate mineral phases, which were
precipitated under aerobic, moderate acidic comusti were not formed under anaerobic
conditions. Noteworthy th€aenibacillusisolate does not reduce U(VI), even not after the

addition of acetate as electron donor, althoughadeeausually stimulates microbial U(VI)
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reduction [12]. These findings are in contrastltgeevious studies which were performed on
bacterial uranium interactions under moderate acidnaerobic conditions, where either
bioreduction or biomineralization of uranium wasetyved.

In contrast to the high number of studies dealiitty Whe bacterial processes responsible for
the binding of uranium, only little is known abotite processes implicated in the
complexation of this radionuclide by representatioé the second microbial domain of life,
the “Archaed. Archaea were shown to be present in various &g water ecosystems and
they play an important role in the global cyclesvwdtter [79]. They differ in many aspects
from bacteria and their cell walls are significgndimpler than those of bacteria [80].
Therefore another objective of this thesis wasiv@stigate whether the structural differences
between the cell surfaces from representativesatfaga and bacteria influence the binding
capacity and the local coordination of uranium lbta the cells. The thermoacidophilic
crenarchaeal strai. acidocaldariusvas chosen as a model organism for this studit,ias
one of the best studied archaeon. The cell walSohcidocaldariusconsists only of a
proteinaceous surface layer (S-layer), called S&r, which is anchored to the cytoplasma
membranevia another protein, called SlaB [81] (Fig. 2). Beauws the low content of
negatively charged amino acids and the absenckasiphorylated sites, this S-layer seems to
be ineffective in the complexation of uranium. listcase a small amount of uranium might
pass through the pores of the S-layer and is comgldy the reactive groups of the
cytoplasma membrane. In contrast to that, the célBaenibacillussp. JG-TB8 possess a
more complex cell wall structure, which includethiak layer of peptidoglycan that is rich on
phosphate and carboxylic groups and representméipgr metal binding component of this
bacterium (Fig. 2). And indeed, the structural eliéinces between the cell surfaces of both
strains strongly influence the uranium binding i&ilAs expected, the binding capacity of
the cells ofS. acidocaldariusvas only about one third of that measured for thks cof
Paenibacillussp. JG-TB8 under corresponding experimental cawdit(Chapters I, Il and
[ll). Spectroscopic studies on the uranium competoemed byS. acidocaldariusat highly
acidic conditions (pH 1.5 and pH 3) demonstrateat tiranium was mainly complexed by
organic phosphate groups of the cytoplasma membiraree monodentate binding mode
(Chapter Il). This finding is in agreement to thé/l) complexation mode at highly acidic
conditions observed for the studied bacterial iedPaenibacillussp. JG-TB8 (Chapter 1) as
well as for other Gram-positive and Gram-negatiaetéria [82-84]. These results suggest
that at highly acidic conditions, i.e. pH values3find below, the complexation mode of

U(VI) by microbial cells is universal and indepenti&om the microbial domain.
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Sulfolobus acidocaldarius Paenibacillus sp. JG-TB8
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Figure 2. Comparison of the cell envelopes $f acidocaldariugschematic picture taken from [85]) and the
isolatedPaenibacillusstrain (schematic picture taken from www.cehsesiu).

With increasing pH an additional complexation maddunctional groups of organic origin
was detected. Besides the phosphate groups ofethenembrane, deprotonated carboxylic
groups are involved in the U(VI) complexation b ttells ofSulfolobus acidocaldariuat

pH 4.5 (Chapter Ill). Moreover, a part of the addednium was mineralized due to the
release of orthophosphate by the cells, as a copseq of increased cytoplasma membrane
permeability and the acid phosphatase activityhef $train (Chapter IIl). The phosphatase
activity of the strain was, however, linked neithter U(VI) biomineralization nor to
orthophosphate liberation. The highest enzymatiiac was calculated at pH 3, which is
reasonable, as this pH correspond to the physmab@H optimum of the strain. However,
U(VI) biomineralization does not occur at this ghistead, the formation of uranyl phosphate
mineral phases was observed at pH 4.5 and pH @ewhe phosphatase activities were only
half and a quarter of that at pH 3, respectivelypdssible reason for this may be the
inhibition of mineral formation at highly acidic rditions. This assumption is supported by a
study of Wellmann and co-workers, who demonstrated uranyl phosphate minerals are
rather unstable at acidic pH conditions [86]. Néweless, according to the phosphatase
activity, at least the release of orthophosphateilshbe highest at pH 3. Therefore another,
even more likely explanation for the inhibition @¢VI) biomineralization is the very healthy

population ofS. acidocaldariuduring the incubation with uranium at pH 3 (Chagté,
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which may limit the amount of degradable organophase, which is especially provided by
a release from dead cells.

Beazley and co-workers propose that aerobic hetgroic microorganisms that can
hydrolyse organophosphate at low pH conditions rpégy an important role in the
bioremediation of uranium-contaminated environmgni@. S. acidocaldariugexactly meet
this criterion, as it is well-adapted to acidic dd@ions and, moreover, maintains its
metabolism also at moderate temperatures. Howaaserlemonstrated within this thesis,
phosphate-containing organic substrates may lingituranium biomineralization process at
highly acidic conditions. Hence, for an effectivenmobilization of uranium by
S. acidocaldariusthe addition of an organic phosphate source sgras substrate for the
enzymatic release of orthophosphate is suggested.

The diverse U(VI) complexation by organic phosphael carboxylate groups as well as
inorganic phosphate groups, observed for the «fllS. acidocaldariusat pH 4.5, differs
from those of the previously studied interactiofisacidophilic bacteria with U(VI) where
only organic phosphate groups participate in thenglexation process at pH 4.5 [87].
Moreover, this finding is also in contrast to thegominant precipitation of inorganic U(VI)
phosphate mineral phases observed by all neutrogdacteria [83, 88, 89]. Therefore, the
results of the present work suggest that bactend archaea exploit different U(VI)
complexation modes at moderate acidic pH conditions

For a more detailed elucidation of the U(VI) conxaltton mechanism by the archaeal cells,
the U(VI) binding by two purified cell envelope étéons of S. acidocaldariugSlaA-layer
ghosts and cell envelope ghosts, the latter cangisf cytoplasma membrane covered with
S-layer protein) were investigated (Chapter IV)eT&-layer protein of. acidocaldarius
recently called “SlaA”, possesses hexagonal (pB)msgtry and is fasten to the archaeal cells
via the anchoring protein, SlaB, which is integratetb ithe cytoplasma membrane [90]. A
comparison of the obtained results with those altogtinteractions of the whole cells of
S. acidocaldariusvith U(VI) allowed differentiating the role of theutermost SlaA-layer in
the uranium complexation and thus detoxificatiorocpsses of this radionuclide. The
comparison of the binding capacity of the two eglvelope fractions clearly revealed that the
major part of the complexed U(VI) is bound to fuontl groups of the cytoplasma
membrane. No uranium binding at the SlaA-layer wlserved at highly acidic conditions
(pH < 3), and only very low amounts bound to the carlioxgroups of the SlaA-proteins at
pH 4.5 and pH 6 (Chapter IV). These results dematesthat the proteinaceous SlaA-layer of
S. acidocaldariusloes not have a protective role against uraniumgdtly acidic conditions
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which correspond to the physiological optimum o #train. In addition, the studies on the
isolated cell envelope fractions 8f acidocaldariugevealed that the use of cryogenic TRLF
spectroscopic techniques open up new possibilitiesvestigate the U(VI) complexation by
organic ligands of microbial cell surfaces (Chapgr

Concluding the interactions with U(VI), this thegigves new insights in the microbial
complexation of U(VI), in particular regarding tivdluence of aeration conditions, archaeal
interaction mechanisms, and the TRLF spectrosatgtiection of uranium complexes.

Beside the interactions with U(VI) the SlaA-laydr& acidocaldariugvas also studied with
regard to its potential for nanoclusters formati@mapter V). An general feature of S-layer
proteins is their ability to reassemble from tha&imgle subunits in suspension and even on
solid surfaces, reproducing highly ordered regsfauctures [91]. Moreover S-layers can
serve as a template for the formation of metal panale arrays, whether by wet chemical
processes stimulating precipitation from solution ly a binding of pre-synthesized
nanoparticles [92]. Therefore, S-layer proteins aepromising tool for controlled
“bottom-up” fabrication of nanobiotechnologicalsttures and devices [93]. In this work the
paracrystalline S-layer &. acidocaldariugSlaA-layer) was investigated with regard to its
potential to serve as a macromolecular templatehferformation of gold nanoparticles. In
contrast to many bacterial S-layer proteins, thdistl SlaA-layer is extremely stable and can
resist high temperatures, low pH, proteases, anergknts, making it interesting for the
production of defined nanostructures. Moreover, thest interesting property of the
SlaA-layer is the indigenous presence of two sulmntaining cystein residues per
monomer. These residues provide thiol groups, lualt present in bacterial S-layer
proteins. Diluweit and co-workers demonstratedrawgdaition of gold nanoparticle formation
after the introduction of thiol groups into the &«kr protein of @8acillus sphaericustrain
[94]. This thiolization is not necessary using t8&A-layer protein. The formed gold
nanoparticles onto the SlaA-layer were irregulatridbuted and had a particle size between
2 and 3.5 nm. XPS analysis demonstrated that thk ayasters consisted mainly of Au(0).
Most interesting feature of the formed gold nanbplas is their magnetic behaviour most
likely based on the interactions of the gold namtigas with the thiol groups of the
SlaA-layer protein. Hence, within this thesis, tlewocation of magnetism in gold
nanoparticles formed on a not-modified, naturatdmmplate was demonstrated for the first
time, suggesting new strategies for a clean andrammental friendly production of

well-defined noble metal nanoclusters.
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ABSTRACT

A facultative anaerobic bacterium, designated J@;T®as isolated from an anaerobic
microbial consortium, enriched from a soil sample @ uranium mining waste pile.
Phylogenetic analysis based on the 16S rRNA gegeesee revealed that JG-TB8 belongs
to the genu®aenibacillus and is closely related . borealis

Studies on the uranium tolerance demonstratedGatB8 grows at the presence of uranium
up to a concentration of 5 - @M. Regarding the interactions with this radioimielit was
shown that the cells of the strain are able to medate uranium from aqueous solutions at
acidic conditions (pH 2 to 6). Thereby, the specratof the formed uranium complexes
depends on both, the pH and the aeration condjtianghe presence or absence of oxygen.
A combination of spectroscopic (TRLFS, XAS) and mscopic (TEM/EDX) techniques
revealed that at highly acidic pH conditions (ptar&d 3), uranium was almost exclusively
bound by phosphate groups of organic macromolecufeependently on the aeration
conditions. At higher pH values, a part (pH 4.5)}twe total amount (pH 6) of the dissolved
uranium was precipitated under aerobic conditiona meta-autunite-like uranyl phosphate
mineral phase. TEM studies of the uranium-treatathpdes incubated under aerobic
conditions demonstrated uranium accumulates orcéflesurface as well as intracellularly
located. In contrast to that, mineral formation wasther observed at pH 4.5 nor at pH 6
under anaerobic conditions. At these conditionb@aylate groups, in addition to phosphate
groups, were involved in the uranium complexatibine absence of biomineralization under
anaerobic conditions was clearly assigned to arsggmn of the indigenous phosphatase
activity of JG-TB8, playing the key role in hydraBtion of the cellular polyphosphate.

Resulted orthophosphate groups play a crucialinolganium biomineralization.

Keywords: Paenibacillus Uranium, Biomineralization, XAS, TRLFS, TEM, Plppstase
activity
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INTRODUCTION

The biological effects of uranium strongly depemdits mobility and bioavailability, which
are, in turn, determined by its speciation and goghemical form [6]. In the environment
uranium primarily occurs in the oxidation states (4" and +6 (UG*). In particular the
free uranyl ion (U&"), which predominates at acidic (< pH 5) and nauméng conditions
[95], has a high mobility and biological toxicitwhich is based on both, its chemical and
radiological properties. The speciation of uraninnmature is affected by a variety of abiotic
[96, 97] and biotic [98, 99] factors. The latterinparily include changes induced by
microorganisms due to their ubiquitary and numerocsurrences in nearly all habitats on
earth. The multifaceted metabolism and structuregshese organisms provoke various
interaction mechanisms with radionuclides and otteavy metals [19, 98]. By now several
studies have demonstrated that U(VI) is complexedhe negatively charged functional
groups of the cell surface in a process calleddoigon [100-102]. Because of that, uranium
is supposed to bound, at least to some extent|l tmierobial cells. In addition, further
microbial transformations which alter the mobildi/this radionuclide were demonstrated for
individual microorganisms. These processes incthdeprecipitation of uranium-containing
minerals (biomineralization) [88, 89, 103], as wedl the formation of mostly insoluble and
therefore less toxic U(IV) species (bioreductior80,[ 104]. Both microbial-mediated
processes had been studied in the face of theenpal use for the remediation of
contaminated environments as an efficient alteveato the commonly used chemical
approaches [29, 69, 105, 106].

Soil ecosystems, even those which are polluted wehvy metals or radionuclides, are
inhabited by a large variety of microorganismsq8, 107, 108]. The microbial community
structure, in particular that of the upper soildes; is continually subjected to changes due to
continuous changes in temperature, humidity, nutisepply and oxygen tension. Endospore
forming bacteria are well adapted to such changlesy become metabolically active when
suitable substrates for their growth are availabatel they form spores when their nutrients
become exhausted. The resistance of their sporesntdonmental stress allows these
organisms a long-term survival under adverse camdit Therefore endospore formation is
thought to be a strategy for survival in the saivieonment, wherein these bacteria are
abundant [109, 110]. However, these microorganiarasubiquitous and can also be isolated
from a wide variety of other environmental sampldatil the early 1990s, all endospores
forming bacterial species were classified into ge@musBacillus Due to a reclassification,

based on the 16S rRNA gene sequence, eleven oé 8pecies, the so called “group 3



22 Chapter |

bacilli”, were separated from this genus and cfeskiinto the new family and genus
“Paenibacillaceatand “Paenibacillug, respectively (“paene” (lat.) = “almost”) [1110p to
date, further proposals for novel strains haveeiased the number of validatedenibacillus
species to more than 70 [112]. They are usuallylfatve anaerobic, motile by means of
peritrichous flagella, degrade macromolecules biraerllular enzymes, including DNA,
proteins, carboxymethyl cellulose and starch [111IB], and were recovered from several soll
samples [114-120]. Because of these abilities, ipaeitli are assumed to play a significant
role in the biological cycles of carbon and nitrog&his work focuses on the interactions of
U(VI) with one representative of this genus, narRaénibacillussp. JG-TB8. The strain was
isolated from an anaerobic microbial consortiumjturad in Thermosphaeramedium
(DSMZ medium 817) [121], and containing represewst of Firmicutesand of yet to be
cultured mesophili€Crenarchaeoteclassified into the soil cluster 1.1b [77]. Thensortium
was recovered from a soil sample of the uranium imginwaste pile “Haberland”
(Johanngeorgenstadt, Saxony, Germany), which weatel with uranyl nitrate under
anaerobic conditions for four weeks [78].

Up to date, no study was published describing miteractions of uranium with one and the
same bacterial strain under two different aeratonditions. Hence, the main objective of
this work was to investigate the interactions @ tacultative anaerobic isolaBaenibacillus
sp. JG-TB8 with uranium under aerobic and anaerobialitions, in order to determine the
influence of oxygen on uranium mobilization or imoilzation by this strain. The second
objective was to study the pH-dependency of theattéria interactions in both systems.

The aim was to determine the qualitative and qtetive incidence of uranium biosorption,
biomineralization, and bioreduction by cells of J88 depending on both, the presence of

oxygen and the pH conditions.

MATERIALS AND METHODS

Isolation, cultivation and growth conditions

Paenibacillussp. JG-TB8 as well as other strains belonging ¢oBt#icillaceaewas isolated
from an anaerobic microbial consortium, additiopatbntaining other representatives of
Firmicutes in particularClostridia. The consortium was recovered from a uranium-éaat
uranium mining waste pile soil sample [77] by tb#dwing procedure: After dilution of the
consortium with sterile water (1:20, 1:100, 1:5002000) 100 pl of each dilution were
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spread on agar plates (1.5% agar) with 10 g/L N&tiisnt Broth) medium (Mast group Ldt.,
Merseyside, UK). After incubation at 30 °C for fidays, single colonies were isolated by
transferring them to fresh NB medium (10 g/L, pH)7.The isolates were afterwards
maintained in the same medium and long-term stated0 °C in 50% glycerol.

For production of biomass, a fermentation systerot(FSystem, Applikon Biotechnology
Inc., Foster City, USA) equipped with a 5 L bioreaca bio-controller (Model ADI 1010),
and a control unit (ADI 1075) with three pneumationps (acid, base, and antifoam), stirrer
controller, and rotameters was used. Anaerobic tjravf Paenibacillussp. JG-TB8 was
carried out in airtight closed two litre bottles@t 7.2 in ATCC medium 591, usually used
for the cultivation of variousClostridium species [121]. In both cases, the cultivation
temperature was 30 °C and growth was monitored bgsuring the optical density at a
wavelength of 600 nm. Cell morphology was examibgdohase-contrast light microscopy
using Olympus BX-61 (Olympus Optical Co. GmbH, Hamrdy Germany).

Phylogenetic affiliation

Total DNA of the bacterial isolates was recoverdd the NucleoSpifi Tissue Kit
(Macherey-Nagel, Duren, Germany), according toitis¢ructions of the manufacturer. The
16S rRNA gene fragments were amplified by polymerabain reaction (PCR) using
AmpliTaq Gold® Polymerase with the corresponding GeneAnCR buffer Il (Applied
Biosystems, Foster City, CA, USA) along with the immr pair 16%.7F
(5-AAGAGTTTGATYMTGGCTCAG-3': bacteria-specific) ah 16S492-1513R
(5-TACGGYTACCTTGTTACGACTT-3" universal) [122], Escherichia coli
numbering [123]. The PCR reaction mixture (totdwmee was 30 ul) contained 1.6 pL of the
purified DNA, 0.8 uM each of the forward and reweeqimer, 125 uM each of the four
deoxynucleoside triphosphates, 1.25 mM Mg@hd 1.5 units of the polymerase.
Amplification was performed in a thermocycler (mbd@8, Biometra, Gottingen, Germany)
by using the following temperature profile: Aftem @itial denaturation at 95 °C for 3 min,
the 16S rRNA gene fragments were amplified by 3(ldivation cycles, including a
denaturation (94 °C, 60 s), an annealing (40 s) amcelongation step (72 °C, 90s). The
annealing temperature was lowered within the firng¢ cycles from 59 to 55 °C (“touch
down” PCR) to avoid nonspecific primer binding atiterewith the amplification of
nonspecific sequences [124].

The amplified 16S rRNA gene fragments were purifiesing the QuickStél2 PCR
Purification Kit (Edge BioSystems, MoBiTec, Gotterg Germany) and subsequently



24 Chapter |

sequenced with the ABI PRISMBig Dye® Terminator v1.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA), in both casdkfang the manufacturers’ instructions.
The sequencing procedure based on the chain-teloningethod developed by Sanger and
co-workers [125]. Partial 16S rRNA gene sequenoas feach PCR product were obtained
by three parallel sequencing reactions using thregrs 16%.,7r 16S492-1513r&NA 1642-361F
(5-CTACGGGAGGCAGCAGTGGG-3) [126]. The individuahucleotide sequences of
these reactions were determined with an automat®t PRISM® 310 Genetic Analyser
(Applied Biosystems, Foster City, CA, USA). Subsemly, the three partial sequences were
assembled using the software Autoassembler 2.0 liggpBiosystems, Foster City, CA,
USA). The obtained 16S rRNA gene sequences wer@aad with those available in public
gene banks (GenBank, EMBL-European Molecular Bipladgboratory, and DDBJ-DNA
Data Bank of Japan) by using the nucleotide catlactf BLAST (Basic Local Alignment
Search Tool) [127] of the National Center for Bateology Information (NCBI, Bethesda,
MD, USA). The sequences were aligned with thosthefclosest phylogenetic relatives by
using the program Clustal W v. 1.4 [128] within tB®Edit Sequence Alignment Editor v.
4.8.10. Phylogenetic trees were generated usingngighbour-joining algorithm [129],
including Jukes-Cantor corrections for distancelyes®s, of the PHYLIP package v. 3.5c
[130]. The 16S rRNA gene sequences retrieved from lacterial isolates have been
submitted to the European Nucleotide Archive (Witpvw.ebi.ac.uk) and were assigned to
the accession numbers FR849913 to FR849936. (Pail&Supplemental Material).

Carbon and nitrogen sources utilized byPaenibacillus sp. JG-TB8

The utilization of different carbon and nitrogerusmes was studied in a basal salt medium
containing: 0.5g/L KHPQO, 0.5g/L KHPO, 0.2g/L MgSQ:-7HO, 33mg/L
CaCh - 2 HO, 13 mg/L ZnSQ@- 7 HO, 10 mg/L FeS®- 7 HO, 8 mg/L MnSQ - H0,
500 pg/L thiamine, and 1 pg/L biotin at pH 7.2. cktcesolutions of the carbon sources
(D(+)-glucose, D(-)-fructose, D(+)-maltose, D(+)lmztose, sucrose, potassium acetate,
sodium pyruvate, glycerol, D-sorbitol, methanotriciacid, L(+)-lactic acid) as well as of the
nitrogen sources (urea, ammonium sulphate, ammonnitrate, potassium nitrate,
L-glutamic acid) were sterilized separately byditton using millipore filters with a pore size
of 0.22 um and added to final concentrations of hd® for carbohydrates (or 20 mM for all
other carbon sources) and 50 mM for the nitrogemcss just prior to inoculation. For each
test medium, the bacterial cells from 1 ml of asfrgrown culturef JG-TB8 (NB medium,



Chapter | 25

aerobic conditions) were harvested by centrifugaiod washed twice with 0.9% NaCl to
remove residual substrates of the NB medium. Sulesdty they were transferred into
Erlenmeyer flasks containing 30 ml each of the testlia and incubated at 30 °C on a rotary

shaker (150 rpm)All experiments were run for seven days in tripica

Isolation of total protein and SDS-PAGE

The proteome composition of cells of JG-TB8, whiglre grown to the mid-exponential
growth phase under aerobic and anaerobic condjtioespectively, was analysed by
denaturing sodium dodecyl sulphate polyacrylamidd glectrophoresis (SDS-PAGE)
according to Laemmlj131] in a Mini-PROTEAN Il electrophoresis cell system (Bio-Rad
Laboratories, Munich, Germany). Total protein wasovered by a cell disruption at 95 °C
for 30 min in SDS sample buffer [131]. After cefitgation of the samples, the supernatants
were loaded on the gel. Proteins were separateal b0 separation gel and stained with
Coomassie Brilliant Blue.

Heavy metal tolerance

The tolerance dPaenibacillussp. JG-TB8 to uranium and other heavy metals WwaBex on
low phosphate agar plates [132], containing 14.3gg, 80 mM NacCl, 20 mM KCI, 20 mM
NHCI, 3.25 mM (NH).SO;, 10 mM MgCh, 1% peptone, and 0.5% glycerol (pH ~7.2). All
components, together with 1.5% Baddtagar, were added to the medium and sterilized by
autoclaving for 20 min at 121 °C. Prior to soliddtion, sterile stock solutions of CaCl
thiamine, and ZnSg(excluded from those agar plates used for studzing tolerance) were
added to achieve final concentrations of 100 uMm@@L, and 2.7 mg/L, respectively.
Finally, the medium was supplemented with filtexrized (0.22 um nitrocellulose filters)
metal salt solution. Uranium as well as cadmiumootium, cobalt, copper, lead, nickel, and
zinc were provided as nitrate salts up to finalgamirations of 1 uM, 5 uM, 10 uM, 50 uM,
100 pM, 250 pM, 500 uM, 750 uM, 1 mM, 2 mM, 3 mMmM, 6 mM, 8 mM, and 10 mM.
For comparison, the heavy metal tolerance of sother®acillaceaestrains, isolated from
the mentioned microbial consortium, was studiedwad. From each strain, cells were
harvested in the logarithmic growth phase, washeacetwith 0.9% NaCl and transferred to
the different test media. All experiments were fanseven days in triplicate. Agar plates
without metal and those containing 10 mM Mg@®ito exclude inhibition by nitrate, served
as control for the growth of the strains. The miirmhibitory concentration (MIC) was

defined as the lowest concentration that completdiibits the growth of the tested strains.
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Cell preparation for U(VI) treatments

For the cells incubated under anaerobic conditiafisexperimental steps described in the
following sections were, except as noted otherwpseformed in a glove box under nitrogen
atmosphere. All required solutions were deoxygehdg five cycles of degassing under
vacuum and subsequent flushing with nitrogen.

After reaching the end of the logarithmic growthapé, i.e. at an Qjgy of ~0.6 and ~0.3%or
aerobic and anaerobic growth, respectively, thds celere harvested by centrifugation
(10000 g, 15 min) and parallel portions were rinsgde with 0.1 M NaClQat pH 2, 3, 4.5
or 6, respectively. Subsequently, the cells wespended in the corresponding electrolyte
solution; the pH of the cell suspensions was cheekel if necessary adjusted to the desired
values.

U(VI) bioaccumulation studies were performed atmodemperature using a biomass
concentration of about 0.5 @ghiomass ML ™. The microbial cells were incubated in triplicate
on a rotary shaker with a 5 -1 uranyl nitrate solution diluted in 0.1 M NaCGJQpH 2, 3

or 4.5). At pH 6 the uranium concentration was oeguto 5 - 18 M in order to prevent the
formation of uranyl hydroxide precipitates. The amb of accumulated uranium was
normalized to the dry biomass, which was determibgdveighting parallel samples after
drying for 48 hours at 70 °C. The uranium bindirgpacity of the cells was determined in
dependency on the incubation time and the pH ofstblation. For quantification of the
uranium removal the bacterial cells were removedhfthe solution by centrifugation and the
unbound U(VI) in the supernatant was measured lgydtively-coupled-plasma mass-
spectroscopy using an Elan 9000 system (Perkin IWaltham, MA, USA). Control
reactions without cells were treated in the samg twaxclude abiotic uranium removal from

the solution, due to precipitation and/or chemgmaption at the used test vials.

Time-Resolved Laser-induced Fluorescence Spectrogso(TRLFS)

For TRLFS measurements, each about 50 mg of tHe wedre treated with U(VI) for
48 hours at pH 2, 3, 4.5 or 6 under aerobic as aglinder anaerobic conditions. After the
contact with U(VI) the cells were washed twice with M sodium perchlorate solutions with
the corresponding pH and under corresponding athesgpconditions. In order to determine
the luminescence properties of the uranium compglésamed by the cells of JG-TB8, small
portions of the dried and powdered samples werenpoitquartz micro cuvettes. Each of the
anaerobic samples was transferred immediately déetbe TRLFS measurement under
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nitrogen atmosphere into a quartz micro cuvetteickvlvas subsequently closed airtight.
Excitation of the uranium luminescence was perfarméh a pulsed Nd-YAG laser (GCR
190, Spectra Physics, Santa Clara, CA, USA) coupléid an optical parametric oscillator
module (MOPO-730, Spectra Physics, Santa Clara,lt3%), which allows a tunable signal
output. Thereby two pairs of beta-barium boratestadg determine the output wavelength of
the system, which was tuned to 410 nm for the atioit of U(VI). The laser intensity was
set to 300 pJ, to avoid any damages of the samphesluminescence signal was measured
perpendicularly to the laser beam and transmitieda fiber optic cable to the detection
system (HORIBA Jobin Yvon GmbH, Darmstadt, Germarmgnsisting of a spectrograph
(model M270), an intensified charge-coupled-dewdiamera and a data acquisition program.
For time-resolved measurements a digital delay rgeme (DG535, Stanford Research
Systems, Sunnyvale, CA, USA) was used. The cemaaklength of the spectrograph and
the gate time of the ICCD camera were set to 52@nd50 us, respectively. TRLF spectra
were recorded between 444 and 594 nm with a resplaf 0.3 nm. The number of laser
pulses for excitation (30 to 70) was adjusted ddpgnon the amount of uranium in the
samples. Before each series of measurements tkgrbaad signal was measured 2 ms after
the laser pulse and automatically subtracted flugrspectra.

The spectrograph was calibrated using a mercuryp lamth known emission lines.
Deviations of the measured main emission peak filtenset-point value of 507.3 nm were
used for correction of the determined emission maxi Subsequently, 101 U(VI)
luminescence spectra (each calculated by averatiinge single measurements) were
recorded after defined delay times. For an accugéermination of the uranium
luminescence lifetime(s) two series of measurememt® performed for each sample. One
of them was performed with a step size of the déilag of 200 ns to determine uranium
species exhibiting short luminescence lifetimeg. the calculation of longer lifetimes yet a
second series was recorded. The step size fosebnd series was set to one percent of that
delay time, at which the complete U(VI) luminescerad faded away. The luminescence
emission spectra were deconvoluted with the Peakbidule 4.0 of the software package
Origin 7.5 (OriginLab Corporation, Northampton, MBWSA). Gaussian functions were used
to describe the individual peaks and the parametdiish were varied during the fitting
procedure were peak wavelength, peak height andwidth at half maximum. The
luminescence lifetimes of the uranium complexesewalculated with exponential decay

functions included in the software package.
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X-ray Absorption Spectroscopy (XAS)

Portions of the dried and powdered TRLFS sample® weed for XAS measurements. The
samples incubated under aerobic conditions werenteduon Kapton tape as described
earlier [133]. In the case of the samples incubateder anaerobic conditions, the powdered
biomass was transferred into specifically desigmedt sealed, polyethylene sample holders
and subsequently stored under anaerobic conditions.

The XAS measurements were performed at the ROsde@d@mLine (ROBL) at the
European Synchrotron Radiation Facility (ESRF), éi@e, France [134]. Samples were
measured at room temperature in fluorescence maieg ua Si(111) double-crystal
monochromator and a 13-element germanium fluorescesetector. The energy was
calibrated by measuring the yttriuredge transmission spectrum of a Y foil and definin
the first infection point as 17038 eV. Depending tbhe amount of uranium in the cell
samples, three to six Wy-edge fluorescence spectra were recorded and ackrag
Subsequently dead-time correction was applied.régmn from about 45 eV below to 60 eV
above the absorption edge of each scan was isdiatettie X-ray Absorption Near Edge
Structure (XANES) analysis. The pre-edge backgrowad subtracted, and the absorption
coefficient was normalized to equal intensity a230 eV so that all spectra could be plotted
on the same scale.

The EXAFS oscillations were isolated from the raaveraged data by removal of the
pre-edge background, approximated by a first-opddynomial, followed by gremovalvia
spline fitting techniques and normalization usingietoreen function. The ionization energy
for the UL -electron, kg, was arbitrarily defined as 17185 eV for all agse spectra. The
EXAFS spectra were analysed according to standaotedures using the program
EXAFSPAK [135]. The theoretical scattering phasd amplitude functions were calculated
from structural models (Fig. 1.9)ia the software FEFF8.2 [136]. All fits included the
four-legged multiple scattering (MS) path of theamyl group, U-Q-U-O. The
coordination number (N) of this MS path was linkedthe N of the single-scattering (SS)
path U-Q,. The radial distance (R) and Debye-Waller factd) of the MS path were linked
at twice the R and? of the SS path U-Q respectively [137]. During the fitting procedure,
N of the U-Qx SS path was held constant at two. The amplitudacteon factor was held
constant at 1.0 for FEFF8.2 calculations and EXAES The shift in threshold energiEo,

was varied as a global parameter in the fits.
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Transmission electron microscopy

The cellular localization of the uranium complefesned byPaenibacillussp. JG-TB8 was
performed by using Transmission Electron Microscd@¥M) combined with Energy
Dispersive X-ray spectroscopy (EDX) for elementablgses. The TEM samples were
prepared in the following way: About 5 mg of thectamial cells were treated with 10 ml of
the uranyl nitrate solutions (pH 2, 3, 4.5 or 6) 48 hours. After that the cells were rinsed
twice with 0.1 M NaClQ@, with the corresponding pH. A third washing stepswperformed
with 0.1 M sodium cacodylate buffer (pH 7.2) follesv by a prefixation with 2.5%
glutardialdehyde in the same buffer. After that Hanples were washed three times with
0.1 M cacodylate buffer and postfixed for 60 min4atC in the dark using 1% osmium
tetroxide in distilled water. The samples were dakhted with ethanol and subsequently
infiltrated in a resin (EMbed 812; Electron Micropy Sciences, Hatfield, PA, USA). After
polymerization of the resin at 60 °C, ultrathin tsmts (50-70 nm) of each sample were cut
using a diamond knife on an Ultracut-R microtomei¢la Microsystems, Wetzlar, Germany).
The ultrathin sections were mounted on copper gdadd contrasted with lead citrate
according to the method described by Reynfil@8]. Finally, the samples were coated with
carbon. TEM observations were made using a “HighsoRgion Philips CM 200"
transmission electron microscope at the “Centrolmrumentation Cientifica” of the
University of Granada (Spain) at an acceleratioliage of 200 kV. EDX analyses were

performed at the same voltage using a spot siZé & and a live counting time of 200 s.

Live/Dead staining

After the uranium treatments at the different expental conditions for 48 hours, the cell
suspensions were centrifuged at 4 °C and 10000r d@omin. After that, the cells were
washed twice with 0.9% NaCl and subsequently sudgmein 330 pl of the same solution.
1 ul of the staining solution, containing a mixturetwo fluorescence dyes (SYP® and
propidium iodide) (Live/Deatl BadLight™ Bacterial Viability Kit L-7012, Molecular
Probes, Inc., Eugene, OR, USA) was added to th@lsamAfter incubation in the dark and
on ice for 15 minutes, the samples were centrifugede again and the supernatant
containing the unbound stains was removed. Celle waspended in 25 ul 0.9% NaCl and
examined with an Olympus light microscope (Olymfwsopa Holding GmbH, Hamburg,
Germany) - BX-61, combined with BX-UCB (control Baand U-RFL-T (power supply for
the 100 W mercury lamp) - along with the accompagyimaging software “cell*P”.

Fluorescence was excited by light with wavelengbesveen 420 and 460 nm, using a
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super-wide band filter mirror unit (U-MSWB, Olymp&iropa Holding GmbH, Hamburg,

Germany).

Enzymatic assay

The phosphatase activity was determined by thedA&tiosphatase Assay Kit” from Sigma-
Aldrich (Saint Louis, MO, USA). The assay is basmd the enzymatic hydrolysis qf
nitrophenyl phosphate tg-nitrophenol, a chromogenic product with an absocka
maximum at 405 nm. One unit of phosphatase waseldfas the amount of the enzyme that
hydrolyzes 1 umol ofp-nitrophenyl phosphate per minute. Differently thgiwen in the
manufacturer’s instructiong-nitrophenyl phosphate was dissolved in 0.1 M NaGMith

pH 2, 3, 4.5 or 6, respectively, according to tbaditions used for the U(VI) accumulation
studies. For each pH value three samples, eachinorg 2 mg of freshly grown cells of JG-
TB8 were washed four times with 0.1 M NaGI@H 2, 3, 4.5 or 6). At each washing step,
pH was controlled and if necessary readjusteddaeiuired value. After that, the cells were
suspended in 100 pl 0.1 M NaGl@ith the corresponding pH. The cells of three more
samples were killed by heating at 121 °C for 20 ama afterwards studied analogically at
pH 6. 50 pl from each of the cell suspensions wassterred to 50 pp-nitrophenyl
phosphate solution with the same pH. Control reastiwithout cells were prepared to
guantify the spontaneous hydrolysispafitrophenyl phosphate. After incubation for 30 min
at room temperature, the reaction was stopped byattdition of 200 ul 0.5 M NaOH.
Subsequently, the cells were spun down and thersataats of the samples were used to
guantify the produceg-nitrophenol at 405 nm. Phosphatase activity indifierent samples

was calculated according to the protocol of the ufecturer.

Colorimetric determination of phosphate

Phosphate was quantified by colorimetric measurésnasing malachite green. This dye
complexes inorganic phosphate groups in the presehenolybdate and forms a complex
which can be determined at a wavelength of 660188][ The phosphate reagent containing
ammonium molybdate and malachite green was prepsatescribed by Ekman and Jager
[140]. Eleven potassium dihydrogen phosphate soistivith concentrations ranging from 0
to 20 uM were prepared and served as a standardh&dest samples each about 5 mg of
freshly grown cells were suspended in triplicatd @ml uranyl nitrate solutions. In addition,
parallel samples without uranium were prepared. @@snwere shaken for 48 hours at room
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temperature. After that, the samples were cengtfiugnd the amount of inorganic phosphate
in the supernatant was determined. For this purd@®eul of the phosphate reagent was
added to 100 pl of the cell supernatants as welbake standard solutions. Samples were
incubated for 20 min at room temperature and sulmdty the absorption of the complex

was measured at 660 nm and quantifieal the determined standard curve. As a control
phosphate concentrations of the initial solutiomsernchecked and corresponding values were

subtracted from the concentrations determinederstipernatants of the cell samples.

RESULTS AND DISCUSSION

Phylogenetic affiliation of the cultivatedBacillus isolates

Isolation approaches from the described microbm@mhsortium were limited to aerobic
cultivation methods, to prevent from the growthpoksibly pathogeni€lostridia. From the
inoculated with the microbial consortium, and inatdd under aerobic conditions, agar
plates, 24 single colonies were obtained. The teslavere transferred to fresh medium and
phylogenetic affiliated by 16S rRNA gene analygdbretrieved sequences could be related
to the order oBacillales(Fig. 1.1 and Table A in Supplemental material)tiid this order,
eight isolates were classified into the gemaillus closely related to strains commonly
detected in various environmental samples. Indalidoembers of this genus are known to
have an anaerobic metabolism, but the majorityhefrt exhibit a strict aerobic way of life.
Therefore the latter strains might have been imaati the anaerobic microbial consortium
and their growth on agar plates during the isotapoocedure under aerobic conditions is
based on the germination of resistant endosporésother 16 isolates were related to
different strains of the genu&enibacillus The 16S rRNA gene of the studied in this work
strain JG-TB8 shares 99.5% sequence identity Widh of the bacterial isolataenibacillus
sp. 436-1, recovered from a soil sample from Wisgor{USA). In addition, JG-TBS8 is
closely related tdPaenibacillus borealisstrain DSM 13188 (=KK19'), a nitrogen-fixing
strain isolated from an acid humus, collected midfid [114]. Besides JG-TBS8, twelve more
isolates could be assigned to tRi@enibacilluscluster. Only three isolates (JG-TB3, JG-TB4,
JG-TB16) were assigned to another cluster of themug, related toPaenibacillus
amylolyticusNRRL:NRS-290 [141]. The closest phylogenetic relativeaenibacillussp.
IDA5358, sharing 99.1%, 98.9% and 98.8% sequerastitg with JG-TB3, JG-TB4 and JG-

TB16, respectively, had also been recovered fromraironmental soil sample [142].
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Figure 1.1. Phylogenetic dendrogram of 16S rRNA gene sequeratdsved fromBacillus and Paenibacillus
isolates recovered from an anaerobic microbial edinsn [77]. All isolates were classified withinglorder of
Bacillales For the sake of clarity, closely related isolatesre represented by only one sequence in the
phylogenetic tree, given related isolates in pdresgs. The dendrogram was constructed using neighbou
joining method, based on sequence comparison ofdfen corresponding to the. coli 16S rRNA gene
positions 101 to 1477 [123]) and rooted with thes IRNA gene sequence 8facillus subtilis(defined as
outgroup). The scale bar represents a 10% differiencecleotide sequences.
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Morphological and physiological characterization ofPaenibacillus sp. JG-TB8

Growth of Paenibacillussp. JG-TB8 on NB agar plates was observed aft@éncarbation of
two days at 30 °C. Single colonies were circulagally 2 to 3 mm in diameter and had a flat
to low convex appearance (Fig. 1.2). Looking atlgratll-growing colonies with a 100-fold
magnification, slightly irregular edges were observat the margins of the colonies
(Fig. 1.3-A). At later stages of growth, these exdgesappear and the colony has an entire
circular shape (Fig. 1.3-B). The colonies have aatimand glossy surface and are initially
opaque and white coloured. After longer incubatidhe colour changes and they occurred
beige and translucent, which is related to end@sfmmation and subsequent cell lysis. This
was confirmed by light microscopy at a 100-fold mi&igation, clearly showing refracting

endospores (Fig. 1.3-C).

Figure 1.2. Morphology of single colonies d?aenibacillussp. JG-TB8 grown for two days on nutrient broth
agar plates at 30 °C.

Figure 1.3. Light microscopic pictures of single colonies B&enibacillussp. JG-TB8 taken at 100-fold
magnification after an incubation for 7 hours (2% hours (B) and 3 days (C) at 30 °C on nutrieottbagar
plates

The cells of JG-TB8 are motile and rod-shaped atth@ha length of 3 to 6 um and a width
of 0.7 to 1 um. (Fig. 1.4-Al). In later stages aftization, in particular when growing on
agar plates, the production of endospores was wis$€Fig. 1.4-A2, B2). The spores exhibit
an ellipsoidal to rectangular form with a size bbat 1 x 2 um, and are located terminal in
swelled sporangia, producing the typical club-skidpem of paenibacilli. (Fig. 1.4-A2, B2).
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Figure 1.4: Light microscopic pictures dPaenibacillussp. JG-TB8 grown for 12 hours in liquid NB medium
(A1), on NB agar plates (B1) and under anaerobi@itions in ATCC medium 591 (D1) and 48 h (A2, B2,
D2). In addition, the pictures show Gram-stainemhgas of fresh grown (C1) and old cells (C2) oftkirain
and a TEM picture of the Gram-positive cell envelspiacture of JG-TB8, consisting of cytoplasma meméra
(CM) and peptidoglycan (PG).
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The isolate JG-TB8 was also able to grow in theeabs of oxygen and therewith identified
as a facultative anaerobic strain. However, anaegiowth of JG-TB8 was not observed on
agar plates. In addition, no formation of endospavas observed under anaerobic conditions
even after long incubation times. In addition, mamglls of JG-TB8 grown at anaerobic
conditions were significantly longer (some cellgewad a length of more than 200 um) and
exhibit a filamentous phenotype (Fig. 1.4-D1, D@imilar observations were already made
for ftsH null mutants oBacillus subtilis[143]. Interestingly, further studies on the anaaro
growth of B. subtilis indicated that the same proteiitsH, is essentially required for the
fermentation process [144]. The observed morpho&dglifferences in the case of JG-TB8
might be based on the expression of a correspornuiotgin.

Besides the morphology, also significant changeshe protein synthesis were observed
comparing the cells grown under anaerobic conditianth those grown under aerobic
conditions (Fig. 1.5). This finding can be explair®y the adaption of the cell metabolism to
the respective aeration conditions, as it was detnated for some enzymes Bhcillus
subtilis for example [145, 146]. The individual proteinnda (Fig. 1.5) were not further

investigated in this work.
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Figure 1.5. SDS-PAGE protein gel stained with Coomassie Bntlimhowing the proteome of JG-TB8 grown
under anaerobic conditions (lanes 1 and 2) and ruadeobic conditions (lane 3). For the estimatidn o
molecular protein weights, a protein marker (M) weed (Pageruldf SM0661 (Fermentas GmbH, Sankt
Leon-Rot, Germany). Arrows indicate bands, whichrespnt proteins that were obviously significantlgren
(blue) or less (red) expressed under aerobic dondit
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The cells of JG-TB8 stained Gram-negative at abes of cultivation (Fig. 1.4-C1, C2),
although no apparent outer membrane structure Wwasreed in the cell wall structure by
TEM analysis (Fig. 1.4-C2), which was more like tthaf Gram-positive bacteria, an
observation which was already made for other mesbkthe genuBaenibacillus[115].
Growth in liquid NB medium was observed up to apgenature of 40 °C and in the pH range
from 5.2 to 8.8, with optima around 30 °C and pbl, Tespectively.

Carbon sources utilized by the JG-TB8 were gluctsetose, maltose, galactose, sucrose
and glycerol, which is in accordance with utilipatipattern of the close phylogenetic relative
Paenibacillus borealisDSM 13188, as well as with those of several othiaenibacillus
[114] and Bacillus species [147]. No growth was observed in the meseof sodium
pyruvate, potassium acetate, methanol, sorbitticacid, or lactic acid as carbon source.
From the tested nitrogen sources, potassium nitaaenonium nitrate, ammonium sulphate
and urea were utilized by the strain whereas tltitiad of glutamic acid (which could be

both, carbon and nitrogen source) failed to engleth of JG-TBS.

Heavy metal tolerance

The mineral medium used for heavy metal toleramsestcontains only very low amounts of
phosphate in order to prevent inorganic metal cemgilon by phosphate ions.

Growth of strain JG-TB8 was observed up to a uraniwncentration of 0.5 mM. The MIC
of uranium was determined with 0.75 mM. Other heangtals (cadmium, cobalt, lead, zinc)
inhibited the growth even at lower concentrationasble 1.1), whereas copper, chromium and

nickel were tolerated by the strain in higher anmsun

Table 1.1. Minimal inhibitory concentration (in mM) of diffent heavy metals for the growth of selected
bacterial isolates. For each heavy metal, the loed) and highest (green) value of the determiviéds is
highlighted.

uo,”t  cd* Co** cr¥ cu?®* Ni2* Pb? Zn%

GenusPaenibacillus

JG-TB8 0.75 0.05 0.25 4.0 1.0 2.0 0.5 0.25
JG-TB3 1.0 0.1 0.1 4.0 3.0 1.0 0.5 0.25
JG-TB9 0.25 0.05 0.25 2.0 0.75 0.05 0.25 0.1
JG-TB13 0.5 0.05 0.5 3.0 0.25 0.1 0.25 0.1
JG-TB21 0.25 0.05 0.1 1.0 0.75 0.05 0.1 0.1
GenusBacillus

JG-TB2 6.0 0.75 2.0 6.0 3.0 3.0 0.75 2.0
JG-TB11 2.0 0.05 0.5 6.0 3.0 2.0 0.5 0.5
JG-TB14 3.0 0.001 0.25 6.0 3.0 1.0 0.25 0.1
JG-TB15 0.5 0.5 0.25 2.0 4.0 3.0 0.5 0.25

JG-TB23 2.0 0.5 0.25 2.0 4.0 3.0 0.5 0.25
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A comparison of the determined MICs with those a@ine other bacterial isolates indicates
that, the isolates classified into the geRaenibacillus in general, exhibit a lower tolerance
to the tested heavy metals than tBacillus isolates (Table 1.1). We did not further
investigations on this observation. However, a fbssexplanation for this might be the
different cell envelope structure®acilli are usually covered with a thick layer of
peptidoglycan, whereas that Bhenibacillusspecies is often thinner, causing the variable
Gram behaviour of the latter. Hence, the lower kigss of the cell wall might reduce
uranium tolerance. Moreover, another explanatianttie results can be assumed, which is
based on the presence of a proteinaceous surfgee (8-layer). S-layers cover numerous
Bacillus strains [91] and can effectively bind metals ahdréwith protect the cells from
metal toxicity. Surface layers were, for examplessatibed for different strains of
B. thuringiensid148, 149]. The isolate JG-TB2, which toleratempag the tested strains, the
highest concentrations of all heavy metals (bes@#per) is closely relate. thuringiensis
species (Fig. 1.1 and Table A in Supplemental najerAnother strainB. sphaericus
JG-A12, which was also investigated in our labargtgpossesses a metal accumulating
surface layer which could be removed from the aélr its saturation with heavy metals
[150]. In the case of JG-TB8 we could not idenafgorresponding layer on the cell surface.
Therefore it is also possible, that the presenabeence of such a S-layer have an influence

on heavy metal tolerance.

Bioaccumulation of U(VI) by JG-TB8

In order to investigate the influence of tRaenibacillusisolate JG-TB8 on the migration

behaviour of uranium in nature, U(VI) bioaccumwatistudies were performed. Thereby we
focussed on the bioaccumulation at highly acidic gthditions (pH 2 and pH 3), where

U(VI) is present almost exclusively in form of thHeghly toxic, because motile and

bioavailable, uranyl ion. In addition, the U(VI) daiccumulation at moderate acidic
conditions (pH 4.5 and 6) was studied, which ag@cgl for many uranium-contaminated

sites [151].

In a first approach we investigated the U(VI) bioamulation kinetics at a pH of 4.5 under
aerobic conditions. As evident from Figure 1.6 {fdp(VI) was removed very fast from the

agueous uranium solution and bound to the cell3&®TB8. Saturation of the binding sites
was already reached after an incubation of aboumBlutes. This rapid complexation of

uranium is a typical feature of the so called bipton process [19], which describes a

metabolism-independent sorption of radionuclided ather heavy metals to biomass. The
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process is based on the complexation of metalsrggnic ligands exhibiting negatively
charged functional groups, including phosphateh@aylic, or hydroxylic residues [152].

The U(VI) binding capacity of the cells at the sadd experimental conditions was
determined to be (65 *4) m@Mgniomass The results demonstrate, that in accordance with
former kinetic studies, an incubation time of oméveo hours is suitable for determining the

amount of uranium bound to the cella biosorption processes.
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Figure 1.6. Sorption kinetics of U(VI) on the cells of JG-TB8 pH 4.5 (top) [153] and uranium binding
capacity calculated for the cells depending oned#it incubation times, the presence of oxygen,thadH
value (bottom). In contrast to the sorption kingfjtop), the biomass concentration used for detextiain of the
binding capacity was in each case (0.5 £ 0.05) rhg/m

Therefore we calculated the binding capacity fa tells after an incubation for one hour
under aerobic or anaerobic conditions at pH vaties 3, 4.5 and 6. (Table 1.2 and Fig. 1.6,
bottom). Noteworthy, the biomass concentration hirs tand all further experiments was

0.5 mg/mL, instead of 1 mg/mL used in the initiaddtic study. This change increases the



Chapter | 39

amount of uranium bound by the cells, by reducie§ agglomerations as demonstrated
before for other microbial strains [133, 154].

Table 1.2.U(VI) binding capacity calculated for the cellsJis-TB8 in dependency of pH conditions, presence
of oxygen and incubation time.

Experimental conditions U(VI) binding capacity [Mg/Jary biomass
1 hour 48 hours
JG-TB8 — pH 2.0 — aerobic conditions 49.1+£3.6 63.2+9.8
JG-TB8 — pH 3.0 — aerobic conditions 58.7+4.7 69.1+8.8
JG-TB8 — pH 4.5 — aerobic conditions 77.1+4.2 138 +13
JG-TB8 — pH 6.0 — aerobic conditions 246+1.3 24.0+1.4
JG-TB8 — pH 2.0 — anaerobic conditions 31.5+6.6 34.8+85
JG-TB8 — pH 3.0 — anaerobic conditions 41.5+4.7 47.3+7.3
JG-TB8 — pH 4.5 — anaerobic conditions 58.6 £ 9.0 66.4+3.4
JG-TB8 — pH 6.0 — anaerobic conditions 23.8+1.1 24.4 +0.8

The results, presented in Figure 1.6 (bottom) aablel 1.2, demonstrate that the binding
capacity, under aerobic as well as under anaegapriditions, is pH dependent and increases
with increasing pH values (up to pH 4.5). The bigdcapacity at pH 6 is not suitable for
comparison or interpretation, as it was limitedatmout 24 mg/gy viomass due to the lower
U(VI) concentration used, in order to avoid thenfiation and precipitation of poorly soluble
uranyl hydroxide species. Nevertheless, the inangasinding capacity at higher pH values
can be explained by a uranium complexation at smhdit deprotonated and therefore
binding-capable functional groups at the cell stefdn particular carboxylic groups might
be involved in the uranium complexation at increlagkl values, as it was demonstrated by
Fowle and co-workers, who studied the U(VI) adsorponto cells oBacillus subtilis[155].
The calculated binding capacities are well in limgh those determined in studies using
comparable experimental conditions. For instancevas shown, thaChryseomonassp.
accumulates about 60 mg uranium per g of dry bisnapH 4 [156]. Studies dBacillus
sphaericusATCC 14577 andPseudomonas fluorescenédCC 55241 revealed uranium
binding capacities of 70 M@{@niomass (@t pH 4.5) and 92 mgdgbiomass (at pH 5),
respectively. The efficient uranium binding by thesrganisms is attributed to the large
number of uranium-binding ligands on their multéayell wall structure [157]. For instance,
the cells ofPaenibacillussp. JG-TB8 possess a complex Gram-positive cdll straicture,
which includes a layer of peptidoglycan that isiran phosphate and carboxylic groups and

represents the major metal binding component sflihcterium.
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Comparing the binding capacity of the cells growrd @ncubated under aerobic conditions
with those grown and incubated under anaerobicitiond, the uranium binding capacity of
the latter is 25 to 35% lower. This is most likelye to the larger cell size observed under
anaerobic conditions, as bigger cells provide allsmeell surface compared to their weight
and therefore a significant smaller number of U@®8nplexing ligands.

After an incubation of 48 h the binding capacitytioé¢ cells in the samples incubated under
aerobic conditions at pH 2 and 3, as well as thiosgbated under anaerobic conditions, did
not increase significantly. However, in contrastthat, the U(VI) complexation increased
about to twice in the sample incubated at pH 4.8euraerobic conditions, which indicates
that a second process is implicated which is mimkes, like a uranium biomineralization or
an uptake inside the cell due to the stress cabigetie non-optimal pH conditions which
increase the cell wall permeability.

Characterization and molecular structure of the uranium complexes formed under
aerobic conditions.

TRLES studies

In order to investigate the U(VI) binding ligandsthe bacterial cell surface, time-resolved

laser-induced fluorescence spectroscopy was udexlrdcorded spectra of the cell samples
incubated at the different pH values are presemeligure 1.7. The corresponding peak
maxima, calculated from peak fitting proceduressaramarized in Table 1.3.

It is obvious from the data that the samples intedbat pH 2 and pH 3 do not differ from
each other. The recorded spectra from both sangskesvell in line with each other and
exhibit main absorption maxima at around 497.5,,5%d 542.5 nm. Comparing these
spectroscopic data with those of other U(VI) compte the best agreement was found with
those complexes formed at phosphate groups of mrgamiecules, e.g. fructose(6)phosphate
[158] and adenosine monophosphate [159]. In additi@ry similar TRLFS results were
obtained from studies investigating the U(VI) coexation at single bacterial cell wall
compounds, e.g. glycerol-1-phosphate [160] as wal o-phosphoethanolamine
(NH3CH.CH,OPQ;) and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMGIP}61] that
represent the polar head and the apolar tail ofspilipids. The latter are the major
component of all cell membranes. The important aflphosphate groups as ligands for the
uranium complexation at highly acidic conditionssvedready demonstrated for several other
bacterial as well as archaeal strains [84, 133].162
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Figure 1.7. U(VI) luminescence spectra recorded from the wrancomplexes formed at different pH values
after 48 hours by the cells Baenibacillussp. JG-TB8 under aerobic conditions. For compayridotted lines
indicate the luminescence emission maxima caladlfiethe sample incubated at pH 2.

Time-resolved analyses revealed in both samples-expgmnential luminescence decay
(Table 1.4). The calculated luminescence lifetimese (2.71 + 0.58) us and (26.7 + 4.4) us
from the sample incubated at pH 2.

For the sample incubated at pH 3 highly similarinescence lifetimes of (2.59 £ 0.25) us
and (26.3 £ 3.8) us were calculated. Due to thesgaree of two uranyl species in both
samples we performed peak fits of luminescencetspeecorded after different delay times.
However, we did not observe any significant chargjabe absorption bands. Therefore it is
obvious that the samples incubated at pH 2 and dbl 3ot differ from each other and that in
both samples the same two uranyl phosphate congpleree formed by/at the cells of the

investigated?aenibacillusstrain.

The luminescence spectrum of the U(VI) complexeséal at pH 4.5 exhibit differences

compared to those of the before discussed sampigsi1(7). The absorption peaks of the
spectrum are less separated and as a consequetinig slfghtly shifted absorption maxima

were calculated (Table 1.3).
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Table 1.3. U(VI) luminescence emission maxima of the uranioomplexes formed byPaenibacillussp.
JG-TB8. For comparison the U(VI) luminescence emissnaxima of some model compounds, as well as those
of the complexes formed by other microbial straire presented for comparison.

Sample Luminescence emission maxinfa Lifetime(s) (us)

UO,** (pH 2) 473.0 489.4 510.8 534.3 559.7 1.98+0.11

Aerobic conditions

U(VI) +JG-TB8 - pH 2.0 480.8 497.2 518.7 542.3 568.0 Table 1.4
U(VI) +.JG-TB8 - pH 3.0 481.1 497.7 519.0 5425 569.0 Table 1.4
U(VI) +JG-TB8 - pH 4.5 481.7 499.1 5199 5426 567.8 Table 1.4
U(VI) +JG-TB8 - pH 6.0 488.1 5025 523.1 545.2 574.0 Table 1.4

Anaerobic conditions

U(Vvl) + JG-TB8 - pH 2.0 482.3 497.2 518.8 542.6 568.6 Table 1.6
U(Vvl) + JG-TB8 - pH 3.0 481.3 497.3 518.6 541.6 568.3 Table 1.6
U(Vvl) + JG-TB8 - pH 4.5 467.5 480.9 497.1 518.1 541.1 565.3 Table 1.6
U(Vvl) + JG-TB8 - pH 6.0 468.2 481.0 497.2 518.3 541.2 564.9 Table 1.6

Uranyl phosphoryl complexes

UO,-fructose(6)phosphate [158] 478.9 497.1 519.0 543.3 568.9 0.13 £ Q05
UO,-AMP [159] 497 519 542 569 n.d.
UO,-glycerol-1-phosphate [160] 497.2 519.0 5433 568.9  0.15+003
UO,-DMGP [161] 4815 497.4 519.3 5424 5675 1.0; 20
UO,-[NH;CH,CH,OPQy] " [161] 483 498.0 518.4 541.3 565.9 3.1+0.6
Lipopolysaccharide complexes

R-O-PQ-UO, [163] 481.5 498.1 519.6 5429 5675 1.2+04
Microbial cells

Bacillus sphaericufl54] 498 519 542 569 n.d.

B. sphaericugdecomposed) [154] 502 524 548 574 n.d.

S. acidocaldariuspH 1.5 [133] 483.6 498.3 520.3 543.6 569.3 0.36, 2.8, 36
S. acidocaldariuspH 6 [164] 488.0 502.6 523.1 5454 574.2 3.97+0.76
Uranyl phosphate minerals

Saleeite [165] 489.0 501.1 522.1 545.7 570.9 2.3%0.2
meta-autunite [165] 491.3 501.8 5229 5469 5722 0.74+0.1

Uranyl carboxylate complexes
Uranyl acetate [166] 462.9 494.6 514.3 535.9

(R-COO0)-U0O, [167] 466.0 481.6 498.1 518.0 539.0 566.0 0.7, 7.3

& Main luminescence emission bands were pointedyubld letters
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In addition, time-resolved analysis of this samg@imonstrates a third, significant longer
luminescence lifetime of about 120 pus. However tthisd species was obviously not
responsible for the changes in the shape of thetrspe since the peak maxima of this
long-living species, which could be isolated frohe ttwo other species very easily by
analyzing the data after a delay time of 150 psespond very well to those of the first two
species.

Table 1.4.Calculated luminescence lifetimes of the U(VI) gdaxes formed by the cells &aenibacillussp.
JG-TB8 under aerobic conditions.

pH 2 pH 3 pH 4.5 pH 6
Lifetime 1 (y) 2.71+0.58 us 2.59 £ 0.25 us 2.58 + 0.50 s

Lifetime 2 (,) 26.7 £ 4.4 us 26.3+3.8 s 29.6 £3.0 us

Lifetime 3 (t3) 120 +5 ps

Lifetime 4 () 3.05+0.24 us

The U(VI) luminescence spectrum recorded from thenge incubated at pH 6 was
significantly shifted to higher wavelengths (Fig7l The main absorption maxima were
shifted to 502.5, 523.1, and 545.2 nm. In this danipe luminescence decay could be
described using a simple mono-exponential decagtifum which indicates the presence of
only one luminescent uranyl species with a lumiease lifetime of (3.05 = 0.24) us. Similar
luminescence properties are known for differenuratand synthesized uranyl phosphate
minerals (Table 1.3). Moreover, highly similar TREFdata were obtained from uranyl
phosphate mineral phases formed by the acidothdniiopcrenarchaeonSulfolobus
acidocaldarius[164] as well as decomposed cellsB#Hcillus sphaericugl54] (Table 1.3).
The high similarity of the luminescence lifetimes(VIl) complexes built at organicey)
and inorganic1y) phosphates exclude a separation of these twinids from each other in
the sample incubated at pH 4.5. However, the poesehboth, organic and inorganic uranyl
phosphate species in the sample incubated at pHs4iadicated by the low separated
emission peaks.

XAS analyses
In order to obtain information regarding the stuwetof the formed uranium complexes at

molecular scale, XAS measurements were performieel déscribed XAS sample preparation

was based on soft desiccation. The method was age@lseveral years ago by Merroun and



44 Chapter |

co-workers [162] in order to avoid uncontrolled Ibgical processes, that can influence the
fate of uranium, in the cell samples during tramsgimn and possible storage on the way
from the laboratory to the X-ray beamline. Suchcpsses could be cell lysis resulting in pH
changes, release of enzymes or even developmartaneprokaryotic infections (fungal, for
instance). One additional advantage of the usegblgapneparation procedure is that one and
the same sample can be analysed many times by ddfegent methods. The latter is of
great importance for analyses of complex systemth@samples investigated in this study. It
is important to stress that this preparation metthoels not change the structural parameters
of the formed uranium complexes [133, 162].

In order to check whether a part of the added uranivas reduced to U(IV), the XANES
region, located around the absorption edge, ofd¢herded spectra was analysed. The results
clearly demonstrate that the bound uranium stiktex in the oxidation state +6 and was not
reduced (data not shown).

The isolated W, -edgek®-weighted EXAFS spectra along with the calculat@d Bre shown

in Figure 1.8. In addition, the spectra of uramyietose(6)phosphate, as representative of
organic, and meta-autunite, as representativearfjanic uranyl phosphate complexes were
presented for comparison. In agreement with the HREktudies, the spectra recorded from
the samples incubated at pH 2 and pH 3 look likehezdiher and show a high similarity to
that of the model compound uranyl-fructose(6)phasphin contrast to that, the spectrum
recorded from the sample incubated at pH 6 corredpeery well to that of meta-autunite.
The latter exhibits a typical shoulder at k = 2 fFig. 1.8) which results from the multiple
scattering path of two times two equatorial oxygésms, which are located opposite to each
other. As suggested by the TRLFS studies, the EX&fettrum of the sample incubated at
pH 4.5 looks like a mixture of the two discussednptexation types. The structural
parameters of the formed U(VI) complexes were olgidhiby an EXAFS shell fit. The results
are presented in Table 1.5 and the correspondiagafe illustrated in Figure 1.8. All fits
include a shell of two axial oxygen atoms at aahdistance of 1.77 to 1.79 A, represented
by the most prominent FT peak at around R +1.3 A. The in each spectra second peak of
the FTs (R A ~ 1.8 A) is related to the backscattering contiduof the equatorial oxygen
atoms. The origin of the peak/shoulder at arountl R~ 2.3 A is still not understood. This
peak could be fitted with carbon atoms in a bidenbanding mode. However, this peak was
also detected in carbon free systems as it is skgclin Chapter Ill. The MS path of the axial

oxygen atoms, as well as the SS and MS of the plads@toms are visible in the FTs in the
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region between R A = 2.8 and 3.4 A. The structural parameters obtaime shell fitting
procedures of the spectra recorded from the samptedated at highly acidic condition s
(pH 2 and 3) demonstrate an equatorial oxygen stiell radial distance of 2.35 A which is
typical for a fivefold coordinated uranyl ion. Thadial distance of the phosphorous shell at

3.62 A indicates a monodentate binding of uranyhiosphate groups.

| | | | | 1 1 ! | ) |
X T — Data
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A U-0,,(MS)
U-Pand U-Q;P (MS)
B B U-0,, (MS)
U-P'and U-Q:P (MS)
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D U-0,,(MS)
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Figure 1.8. U L -edgek’-weighted EXAFS spectra (left) and the correspogdfiourier Transforms (right)
(3.1 A* < k < 12.4 A of the uranium complexes formed Byenibacillussp. JG-TB8 at pH 2 (B), pH 3 (C),
pH 4.5 (D), and pH 6 (E) under aerobic conditioRsr comparison, the spectra of two model compounds,
namely uranyl-fructose(6)phosphate (A) and metavatd (F) are illustrated as well.

At pH 6 the calculated radial distance of the equal oxygen plane (2.27 A) is lower
compared to the distance calculated for the sampiedbated at the highly acidic conditions
which suggest an only fourfold coordinated uranglt y168]. In accordance to that, we
calculated four equatorial oxygen atoms and, maegoan almost identical number of

phosphorous atoms at a radial distance of 3.60Ms learly demonstrate that uranium is
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complexed in the way illustrated in Figure 1.9 t(lefodel), which is typical for uranyl

phosphate minerals.

Table 1.5. Structural parameters of the uranium complexemdar by the cells oPaenibacillussp. JG-TB8
under aerobic conditions.

Sample Shell N? R (AP o’ (RY° AE, (eV)
UO,-fructose(6)phosphate U-O,, 2.0 1.77(1) 0.001(2) 0.1(7)
pH 5.5 [158] U-Oeq 4.8(5) 2.30(1) 0.020(4)
pH 2 U-O,, 2.0 1.77(1) 0.0024(1) 2.4(3)
U-O4 (MS) 2.0 3.54 0.0048
U-Ogc 3.8(2) 2.35(1) 0.0065(4)
U-P 2.7(3) 3.62(1) 0.0037(7)
U-O-P (MS) 5.4 3.76(1) 0.0037
pH 3 U-Oa 2.0 1.78(1) 0.0021(1) 3.4(4)
U-O, (MS) 2.0 3.56 0.0042
U-Oec 3.3(2) 2.35(1) 0.0074(7)
U-P 1.8(4) 3.62(1) 0.004(1)
U-O-P (MS) 3.6 3.76(2) 0.004
pH 4.5 U-O,, 2.0 1.77(1) 0.0025(1) -1.0(6)
U-Oy (MS) 2.0 3.54 0.005
U-Ogc 4.2(3) 2.27(1) 0.0103(8)
U-P 4.0(3) 3.59(1) 0.008
U-O-P (MS) 8.0 3.72(1) 0.008
pH 6 U-Oa 2.0 1.79(1) 0.0016(1) 2.7(4)
U-Ou (MS) 2.0 3.5 0.0032
U-Oec 3.9(2) 2.27(1) 0.0037(3)
U-P 4.4(4) 3.60(1) 0.006(1)
U-O-P (MS) 8.8 3.72(2) 0.006
meta-autunite [169]  U-O,, 2.2(1) 1.76 0.0045 -11.0
U-Ogc 3.9(2) 2.29 0.0026
U-P 2.3(3) 3.60 0.00¢

Standard deviations as estimated by EXAFSPAK arergin parenthesis

& Errors in coordination numbers are + 25%

® Errors in distance are + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

© Radial distance (R) and Debye-Waller faci) (inked twice to R and? of the of the U-Q, path
" Coordination number linked twice and Debye-Waléstor once to the N ansf of the U-P path

The high Debye-Waller factor calculated for the aqual oxygen shell from the complexes
formed at pH 4.5 indicates a structural inhomoggndihis could be explained by a mixture
of complexes, exhibiting on the one hand a fivefmdrdinated uranyl unit, bound to organic
phosphate groups, and on the other hand uraniumsatehich are included in a mineral
phase complexed by four phosphate ligands. Howekerlow radial distance of the Us©O
shell suggests that most of the uranium presetttisnsample exist in the uranyl phosphate
mineral form. This finding is in contrast to the OIS results, were organic uranyl

complexes were detected predominantly. Howevas, \tell known that a complexation of
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U(VI) by phosphate groups of organic moleculesrgjtp enhances the uranyl luminescence.
Because the EXAFS oscillations only depend onype and number of surrounding atoms,

this method is much more meaningful regarding theunts of the different complexes.

. Uranium O Phosphorous . Oxygen . Carbon

Figure 1.9. Structural modells used for the fitting procedafeéhe EXAFS spectra obtained from the uranium
complexes build by the cells Baenibacillussp. JG-TB8. The left modell created from the crystallicture of
meta-autunite was used for the fitting procedur¢éhefsample incubated at pH 6 under aerobic camditiThe
right modell contains fragments of meta-autuniterfodentate coordination at phosphate groups) asasel
uranyl triacetate (bidentate coordination to casfioxgroups) and was used for the fitting proceduoé all
other samples.

Microscopic analyses

Live/Dead staining was used to determine the ptapoiof viable and dead cells after the
treatment with uranium. The staining procedure thase a mixture of two fluorescing
nucleic acid stains with different membrane perm@atharacteristics. The green-fluorescing
SYTO® 9 detects all cells, whereas the red-fluorescingpigium iodide can only pass
through compromised or damaged cell membranes ntpasreduction of the SYTO9
fluorescence when both dyes are present.

Thus, dead cells stain red whereas intact cellsiroed green. Representative microscopic
pictures of each sample are presented in Figufe A pH 6 more than 90% of the cells
were alive (Fig. 1.10-G) whereas the fraction &f liking cells decreases with decreasing pH
due to the increasing distance from the preferi¢@gnditions of the strain. Hence, at pH 4.5
(Fig. 1.10-E) and pH 3 (Fig. 1.10-C) only about 5@¥d 5% of the cells were viable,
respectively. At pH 2 (Fig. 1.10-A) all cells stadth red and, in addition, they were
significantly shorter, indicating a strong damadette cell wall structures and/or a cell
fragmentation. Control samples without uranium bitmo significant differences, indicating
that the cell damage and cell death is caused priedotly by the acidic pH conditions. This
assumption is supported by the performed uraniutarance tests (Table 1.1), which
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demonstrated that JG-TB8 grows at a uranium coretéot of 0.5 mM on solid media.

Hence, JG-TB8 may also tolerate corresponding curat#on in aqueous solutions.

treatment with uranium under aerobic (left) andemobic (right) conditions at pH 2 (A, B), pH 3 (8) pH 4.5
(E, F) and pH 6 (G, H) for 48 hours. Pictures waie=h in fluorescence mode using a fluorescencemuirit
(U-MSWB; Olympus Europa Holding GmbH, Hamburg, Gengjawith excitation wavelengths between 420
and 460 nm.
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To localize the uranium complexes in the bactedell samples transmission electron
microscopy combined with EDX was used. No uraniuraswletected in the samples
incubated at pH 2 and pH 6. However it was possiblaletect some high-contrasting
accumulates in the sample incubated at pH 3. Thesemulates contained small amounts of
uranium and were localized at the cell wall of santvidual cells (Fig. 1.11). Moreover, in
the sample incubated at pH 4.5 a huge amount datretedense uranium accumulates
recognizable as high contrasting spots were detethanium was located at the cell surface
as well as intracellular in a form of needle-likérils, bound to cell compounds or in
polyphosphate granules (Fig. 1.11). A correspondliigacellular uranium accumulation in
polyphosphatic granules was also demonstratedP8@udomonas aeruginog89]. Such
intracellular uranium deposits were exclusivelyed&td in apparently empty cells, which is
reasonable as the big uranyl ion cannot enter tirdalts [170]. That indicates that the
formation of these uranium deposits is a consequehmcreased cell permeability after cell
death.

EDX analyses demonstrated that the studied acctuesulzontained different amounts of
uranium (U). Besides that, typical energy-lines ptwosphorous (P) and oxygen (O) were
observed, confirming the spectroscopic results #metewith the formation of uranyl
phosphate complexes (Fig. 1.11). The peaks for «,d@3, Pb, and Cl are a result of the
sample preparation and the copper grid used tocstppe ultra-thin cell sections. The
presence of silicon results from the oil in thefudifon pump of the column of the used TEM
system.

The reason for the failed localization of uraniunpld 6 might result from the low amount of
uranium in this sample. Another reason might bddienumber of cells exhibiting damaged
cell wall structures (Fig. 1.10G), those cells, ethiwere the predominant uranium
accumulating cells in the TEM sample of the callsubated at pH 4.5. However, both facts
could not explain the failed detection of uraniunpl 2, because the binding capacity of the
cells is almost identical to that at pH 3 (Fig.)laBd all cells exhibit destroyed cell envelopes
(Fig. 1.10A). A possible reason explaining thighe detection limit of this method. Bigger
uranium accumulates can be detected easily, dué¢hdm high-contrasting properties.
However, equally distributed uranium, e.g. thosarabto the negatively charged functional
groups at the cell surface is not visualizable whik method.
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Figure 1.11.Transmission electron micrograph of uranium acdates deposited by the cells Baenibacillus
sp. JG-TB8 (left) and energy-dispersive X-ray seftight) of the points marked with arrowheads. yWas
localized at pH 3 exclusively at the cell surfaBd); At pH 4.5 U(VI) was localized at the cell aoé as well
(S2, S3). In addition, intracellular uranium wasedted in form of needle-like accumulates (S4,8MHound to
undetermined cell compounds (S5), and in polyphatgpgranules (S6).
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Characterization and molecular structure of the uranium complexes formed under
anaerobic conditions.

XANES studies

The ability of the studie®aenibacillusstrain to reduce the added U(VI) to the environtalen

less-mobile oxidation state +4 was checked by us{AdNES analyses. To improve the
conditions for uranium reduction, parallelR#enibacillussamples, containing uranyl acetate
instead of uranium nitrate, were prepared, in otdeavoid a suppression of the U(VI)
reduction in favour of the energetically advantageaitrate reduction. In addition, sodium
acetate was added to these parallel samples whitteds as potential electron donor. The
XANES spectra recorded from the four cell sampleated with uranyl nitrate at pH 2, 3, 4.5
and 6, as well as those obtained from the descrgmadllel samples are presented in
Figure 1.12.

u(v)

normalized absorption

U(VvI)

} cells + uranyl nitrate
pH2,3,45and 6

cells + uranyl acetate
+ 10 mM sodium acetate
pH 2,3,4.5and 6

I ' I ' I : ' I ' I
17140 17160 17180 17200 17220
Photon Energy (eV)

Figure 1.12.UraniumL,-edge XANES spectra recorded from the uranium coxegsléormed byPaenibacillus
sp. JG-TB8 at pH 2, 3, 4.5 and 6 after the additiboranyl nitrate or uranyl acetate. In additidme XANES
spectra of two solutions, which serve as referesazaples for the uranium oxidation states, one &fl)Uénd
another one of U(1V), each at a concentration ofl9° M in 1 M HCIO,, are shown in the figure. The dashed
and the dotted line represent the position of mgption edge of U(VI) and of the XANES peak raaglfrom
the multiple scattering contribution of the axialygen atoms of U(VI), respectively.

The results demonstrate that uranium was not reflimcany of the samples. The presence of
U(VI) was clearly confirmed due to the following s#yvations: The absorption edges of all

spectra occurred at a photon energy which is typacadJ(VI1) (Fig. 1.12, dashed line) and all
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spectra feature the multiple scattering contributid the two axial oxygen atoms of U(VI),
represented by a XANES peak around 17188 eV (Fi@,dotted line). In addition, U(VI)
reduction was also not observed in a sample inedbat an almost neutral, favourable for
this strain, pH value of 7.2 (not shown). Thesalifigs demonstrate that the investigated
Paenibacillusisolate JG-TB8 is not able to reduce uranium atdtudied conditions, most
likely due to the use of a unsuitable electron dodmyway, our experiments exclude the

acidic pH as the sole inhibiting factor for the ymatic U(VI) reduction.

TRLES
TRLF spectroscopic analyses of the bacterial aathes, grown and treated with U(VI)

under anaerobic conditions, revealed no significginfting of the main luminescence
maxima with increasing pH values, as it was obskrvethose samples incubated under
aerobic conditions (Fig. 1.13).
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Figure 1.13.U(VI) luminescence spectra recorded from the unancomplexes formed at different pH values
after 48 hours by the cells Baenibacillussp. JG-TB8 under anaerobic conditions. For compayidotted lines
indicate the luminescence emission maxima calaliléde the sample incubated at pH 2. The dashed line
represents the position of the luminescence emmsa@xima exclusively detected at pH 4.5 and pH 6.
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At all pH conditions studied, the main peak maxwexre located around 497.2, 518.5, and
542 nm (Table 1.3) and therewith correspond welhtuse of the samples incubated under
aerobic conditions at highly acidic pH values (ptridl 3). Lifetime analyses demonstrated
two or three luminescent uranium species in thdistusamples, respectively. In all samples
a uranium species with a luminescence lifetimebofud 3 pus was detected (Table 1.6) which
is well in line with the lifetime1; of Table 1.4) calculated from the samples incubateder

aerobic conditions.

Table 1.6.Calculated luminescence lifetimes of the U(VI) gdaxes formed by the cells &aenibacillussp.
JG-TB8 under anaerobic conditions.

pH 2 pH 3 pH 4.5 pH 6
Lifetime 1 (1) 3.32+£0.87 us 3.62 £ 0.45 us 2.70 £0.39 us 2.99 +0.24 ps
Lifetime 2 () 33.4+4.0uys 32.7+3.2 us 36.6 £4.5 us 40.4 £ 3.8 us
Lifetime 3 () 7.82+1.25us 9.21 +1.09 s

In addition a significant longer luminescence Iife¢ was calculated in all samples as it was
also the case in the aerobic samples. Howevetifétienes calculated for this second U(VI)
species was somewhat longer than those calculatetid long-living species in the samples
incubated under aerobic conditions. From the sasnipleubated at pH 4.5 and pH 6 a third
luminescence lifetime of (7.8 £1.3) us and (92% ps was calculated, respectively.
Interestingly, an additional luminescence peaktietaround 468 nm was observed in these
two samples (Figure 1.13, Table 1.3). This lumieese peak can be related to U(VI)
complexes formed at carboxylic groups. Such congdeare known to show only low
luminescence intensity at room temperature. Howereeent studies demonstrated that
U(VI) complexes formed at carboxylic groups of pepglycan, the major cell wall
compound of the studied bacterium, show luminessgmoperties at room temperature
[167]. In order to prevent the formation of hightyminescent uranyl phosphate complexes
the authors of the mentioned study used an isolptezkphate-free peptidoglycan. This
approach allowed the authors to measure the lugemes of the formed uranyl carboxylic
complexes at room temperature. Because of theasitaininescence emission maxima of the
studied in this approach uranyl carboxylate comgdexand those of uranyl phosphate
complexes it is obvious that in case of the parabéestence of both, the luminescence of the
uranyl carboxylate complexes can easily be maskedhke strong luminescent uranyl

phosphate complexes. However, as uranyl phosplatglexes are known to show no
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luminescence properties below 470 nm, the presehceanyl carboxylate complexes was
confirmed by the emission maxima at around 468 Tine calculated in this study lifetimes
of the formed uranyl carboxylate complexes arene With that of the 1:1 uranyl carboxylate
complex studied recently [171]. Moreover, compagaelsults which suggested the formation
of uranyl carboxylate complexes were obtained bgcspscopic studies of the U(VI)
complexes formed at the cells of the acidothermi@phcrenarchaeon Sulfolobus
acidocaldariug164] (Table 1.3).

XAS studies

The isolated W, -edgek®-weighted EXAFS spectra and the corresponding FTseoU(VI)
complexes formed by the cells Baenibacillussp. JG-TB8, along with the best fits are
illustrated in Figure 1.14. For comparison, thecg@erecorded from the model compounds

uranyl-fructose(6)phosphate [158] and an 1:2 uraugicinate complex [171] are presented

as well.
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——uo — Fit

FT

X(k)k®

U-0, (MS)
&~ U-Pand U-Q-P (MS)

U-Oy  u-0, (MS)
U-P and U-Q;P (MS)

UC U0 (MS)
¥ & U-Pand U-Q-P (MS)

o U0, (MS)
®YUC  pnd U-Q;P (MS)

Oy,
wYC U-0,, (MS)
U-P and U-Q;P (MS)

Figure 1.14.U L,,-edgek®weighted EXAFS spectra (left) and the correspogdfourier Transforms (right)
(3.1 A < k < 12.4 A of the uranium complexes formed Bgenibacillussp. JG-TB8 at pH 2 (B), pH 3 (C),
pH 4.5 (D), and pH 6 (E) under anaerobic conditidfer comparison, the spectra of two model compsund
namely uranyl-fructose(6)phosphate (A) and uramstictinate (F) are illustrated as well.
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The structural data which underlies each of the &te summarized in Table 1.7. In
accordance to the EXAFS data obtained from theiumaicomplexes formed by the studied
strain under aerobic conditions, the spectrum dEmbifrom the U(VIfPaenibacillussample
incubated under anaerobic conditions at pH 2 aaigi®: from organic uranyl phosphate
complexes. The fitting procedure revealed radigtadices for the equatorial oxygen and
phosphate atoms of 2.35 A and 3.62 A, respecti{i&dple 1.7).

Table 1.7. Structural parameters of the uranium complexeséor by the cells oPaenibacillussp. JG-TB8
under anaerobic conditions.

Sample Shell N? R (A)° o’ (A% AE, (eV)
UO,-fructose(6)phosphate U-O, 2.0 1.77(1) 0.001(2) 0.1(7)
pH 5.5 [158] U-Oeq; 4.8(5) 2.30(1) 0.020(4)
pH 2 U-Oay 2.0 1.77(1) 0.0018(1) 2.4(3)
U-Ou (MS) 2.0 3.54 0.0036
U-Oec 4.0(2) 2.35(1) 0.0068(5)
U-P 3.1(4) 3.62(1) 0.0044(8)
U-O-P (MS) 6.2 3.76(1) 0.0044
pH 3 U-Oay 2.0 1.76(1) 0.0021(1) 1.6(4)
U-O. (MS) 2.0 3.57 0.0042
U-Ogc 4.7(3) 2.36(1) 0.0126(9)
U-P 3. 2(3) 3.61(1) 0.0056(9)
U-O-P (MS) 6.4 3.75(1) 0.0056
pH 4.5 U-Oay 2.0 1.77(1) 0.0022(1) 0.1(4)
U-O. (MS) 2.0 3.54 0.0044
U-Oec 6.5(5) 2.36(1) 0.021(1)
U-P 2.6(3) 3.61(1) 0.008(1)
U-O-P (MS) 5.2 3.74(1) 0.008
U-C, 1.9(2) 2.88(1) 0.0038
U-C, 1.9 4.35(1) 0.0038
pH 6 U-Ox 2.0 1.77(2) 0.0023(1) 0.8(3)
U-O. (MS) 2.0 3.54 0.0046
U-Ogc 5.7(9) 2.38(1) 0.022(1)
U-P 2.1(3) 3.61(1) 0.004(1)
U-O-P (MS) 4.2 3.73(1) 0.004
U-C, 2.8(1) 2.89(1) 0.0038
U-C, 2.8 4.37(1) 0.0038
Uranyl disuccinate U-O, 2.0 1.77(1) 0.0021(1) 3.5(5)
[171] U-Oy, (MS) 2. 3.54 0.0042
U-Og, 4.4(5) 2.44(1) 0.009(1)
U-g, 2.3(3) 2.90(1) 0.0038
U-GC, 2.3 4.37(2) 0.0038

Standard deviations as estimated by EXAFSPAK arergin parenthesis

&Errors in coordination numbers are + 25%

® Errors in distance are + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

® Radial distance (R) and Debye-Waller factsfi) {inked twice to R and? of the of the U-@, path

" Coordination number linked twice and Debye-Walémtor once to the N ansf of the U-P path
9 Coordination number (N) linked to the N of U-@ath
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These structural parameters are well in line withsé calculated for the organic uranyl
phosphate complexes formed by the strain underbaemonditions at pH 2 and pH 3
(Table 1.5). However, in contrast to the aerobieditions, we observed differences between
the samples incubated at pH 2 and pH 3 under apiaeronditions.

At pH 3 a high Debye-Waller factor of ~0.013 Acompared to 0.007%Aat pH 2) was
calculated for the equatorial oxygen shell sugggsai structural disorder within this shell. At
pH 4.5 6% =0.021 K) and pH 6 ¢° = 0.022 &) the Debye-Waller factor of the UgQshell
was even higher than at pH 3. Concomitant, theatatistance of the U-Q shell increases
with increasing pH values from 2.35 A (pH 2) up 288 A (pH 6). This indicates the
enhanced formation of uranyl complexes with longe®¢q bond distances at higher pH
values. According to the literature, the most fkebmplexation mode at these conditions,
featuring significant longer U-Q bond lengths, is a bidentate U(VI) complexation at
carboxylic groups of organic matter. Hence, thehlixgbye Waller factor can be explained
by a coexistence of uranyl complexes where the yliramm is monodentately bound to
phosphate groups (averaged Wy@ond distance = 2.35A) and bidentately bound to
carboxylic groups (averaged UsQbond distance = 2.47 A) (Fig. 1.9, right model)ithw
respect to the extremely high Debye-Waller factifrghe U-Qq shell, two shells of carbon
atoms (G and G) were included in the shell fitting procedurestlod samples incubated at
pH 4.5 and 6. It is obvious from the EXAFS paramgtthat no mineral phases were formed
by the cells under anaerobic conditions.

The exclusive binding of U(VI) at organic functiorgroups under anaerobic and moderate
acidic pH conditions is in contrast to all studwsich were performed on bacterial uranium
interactions under anaerobic conditions, in whicdinium was either reduced to U(IV) [25-

27] or precipitated as U(VI) phosphate mineral2[11773].

Microscopic analyses

In analogy to the experiments performed under aemdnditions we used TEM in order to
localize the uranium complexes formed Bgenibacillussp. JG-TB8 under anaerobic
conditions. Although significant amounts of uraniware bound by the cells at the different
pH values (Fig. 1.6), we were not able to deteenniwm in the samples (Fig. 1.15). In
analogy to the sample incubated under aerobic tiondiat pH 2, the best explanation for the
failed detection is a homogenous distribution @nimm-binding ligands at the cell surface.
This assumption agrees with the spectroscopic teesul contrast to the cells incubated at
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aerobic conditions, U(VI) complexation occurred leso/ely by organic phosphate and

carboxylate groups.

Figure 1.15. Transmission electron micrographs of ultra-thictisas of Paenibacillussp. JG-TB8 after the
incubation with U(VI). Besides intact cells (lefi, significant amount of empty cell envelopes wasnt
(right). Uranium accumulates were not detectechinaf the samples.

Investigation of the cell viability showed resubgmilar to that obtained under aerobic
conditions, regarding the pH dependent increagbeoproportion of dead cells at decreasing
pH (Fig. 1.10). However, the samples incubatedrhdb and 6 differ not that much from
each other as it was detected in the aerobic samiplédoth samples most of the cells stained
green, demonstrating intact cell wall structuresparticular, almost all of cells which had a
normal length of about 5 um were alive in these $amples. The only difference which was
observed was a high agglomeration of the cellsHat b, which was not observed at pH 6.
This agglomeration might be a protection mecharagainst the unfavourable pH conditions.
The same observation was made in the sample irexdilzatpH 3. However, all cells in this
sample stained red, indicating the absence of @iablls in this sample. At pH 2 all cells
were dead as well, but without showing the agglatien effect observed at pH 3 and pH
4.5. A possible explanation for that might be ttieg extremely low acidic pH inhibits any

cellular stress response mechanisms.

Key role of the phosphatase activity in uranium corplexation

The observed formation of uranyl phosphate minprases by microbial cells has been
described in several previous studies [67, 70,184l, 174]. In most cases the release of
orthophosphate, which is involved in the uraniurecguitation, was attributed to the activity

of various phosphatases, which release inorgartwophosphate from organic phosphate
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compounds. Corresponding enzyme activities had lstribed for a large variety of
aerobic and anaerobic bacteria as well as arcl¥ea4, 68]. It was demonstrated that at the
presence of an organic phosphate source a bagibnaphatase, which was overexpressed in
Pseudomonasstrains, could release sufficient amounts of ghusphate to precipitate
uranium even from low concentrated,{gum = 0.02 mM) solutions [69]. Moreover, it was
recently postulated, that the hydrolyzation of oig@hosphate by aerobic heterotrophic
bacteria may play an important role in bioremedmatof uranium-contaminated sites [70].
Therefore we checked the phosphatase activityeot#tls at the different conditions studied.
The phosphatase activity of the strain JG-TB8 ipetielency on the pH value and the

aeration conditions is shown in Figure 1.16 anddals.
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Figure 1.16. Acid phosphatase activity of cells &aenibacillussp. JG-TB8 at different pH values and in
dependency on the aeration conditions.

Under aerobic as well as under anaerobic conditibegphosphatase activity increases with
increasing pH. As expected, the highest activitg walculated in both cases for the samples
incubated at pH 6, most probably because this gheixlosest to the growth optimum of the
strain. However, the phosphatase activity was Bagmtly reduced in the absence of oxygen.
This finding is in contrast to former studies usiisglated enzymes (acid and alkaline

phosphatases), where the specific enzyme actividy rebt change significantly [175].
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Moreover the phosphatase activity of the Gram-negabacterium E. coli is even
dramatically enhanced after a shifting from aerabianaerobic conditions [32]. Interestingly
a reduction of the phosphatase activity of Restegalatory protein for respiration processes,
under anaerobic conditions was suggested by Nalketb Zuber for the Gram-positive
bacterium Bacillus subtilis[146]. This might imply corresponding inhibitiorffects on
dephosphorylation processes in the anaerobicaliwigg representatives ®&acillales such

asPaenibacillusspecies.

Table 1.8. Phosphatase activity calculated for cellsRafenibacillussp. JG-TB8 incubated at different pH
values and atmospheric conditions

pH Phosphatase activity [Units/L]
Aerobic Anaerobic
2 0.17 £0.05 0.13+0.03
3 0.52+0.1 0.28 + 0.05
4.5 4.77 £0.32 0.35+0.06
6 12.4+£0.9 0.56 = 0.06
Dead cells (pH 6) 0.09£0.03

At pH 6 the phosphatase activity under aerobic itmmd is more than 20 times higher than
that under anaerobic conditions. This finding sHodiamatically influence the release of
orthophosphate from the cells. To confirm this ve¢edmined the amount of orthophosphate
in the supernatants of the cell samples after ambiation for 48 h in 0.1 M NaCldJpH 2, 3,
4.5 or 6) with and without the addition of uranyitrate. The results are presented in
Figure 1.17 and Table 1.9. As expected from thesphatase activity studies, we observed
significant differences in orthophosphate productibhe amount of orthophosphate depends
on the pH value as well, but much more on the m@seof oxygen. Under anaerobic
conditions only very low concentrations of orthoppbate (<5 uM) were determined. At
pH 6 the amount was somewhat higher (~16 uM). Intrest to that, the orthophosphate
concentration in the aerobic samples, exhibitinigh phosphatase activity, was about
150 uM (pH 4.5) and 350 uM (pH 6), respectively. Wghly acidic conditions the
orthophosphate concentration was also low in thiebée samples, which is again in good

agreement with the phosphatase activity studies.



60 Chapter |

450
400 B

— [[] Anaerobic conditions +U(VI) L

300.] . Anaerobic conditions (control)

250 [] Aerobic conditions +U(VI)
200 . Aerobic conditions (control) =

s

=

I=

8

(]

s

()

o

5

[75]

(o) ]

< 1504 R
= ]

5 o] r“' 3
= |

2

8 20 .
o J L
[&]

Q@ 15- s
8 ] I
®

£ 104 s
) | |
2

o o L
z

| i@ o

pH2 pH3 pH45 pH6 pH2 pH3 pH4.5 pH6

Figure 1.17: Amount of orthophosphate in the supernatant ofscel Paenibacillussp. JG-TB8 after an
incubation of 48 hours in dependency on pH, thataer conditions and the presence of uranium.

Table 1.9. Concentration of orthophosphate in the supernat&mell samples oPaenibacillussp. JG-TB8
incubated at different pH values and atmospheniclitions.

pH Concentration of orthophosphate in the Concentration of orthophosphate in the
supernatant [uM] (aerob) supernatant [uM] (anaerob)
Control U treated U treated Control
2 21+1.0 1.8+0.8 16+1.3 21104
3 82+21 12.7+1.1 33+1.3 5.0+£2.0
4.5 73.4+6.8 148 + 12 43+16 46+1.7
6 279+ 10 356 + 21 17.3+2.3 15.1+2.8

We observed no differences between the uraniuntetleand untreated cell samples under
anaerobic conditions as well as at highly acidimbie conditions within the experimental
errors. In contrast to that, the uranium-treated! amreated samples incubated at pH 4.5 and
pH 6 differed significantly from each other. Phoatghconcentration in the supernatant of the
uranium-treated samples was in both cases aboutM7fower than those of the control
sample. This removal of phosphate from the supamatonfirmed the precipitation of
inorganic uranyl phosphate complexes at both pHiesl The fact that at both pH values

about 75 uM phosphate was bound to uranium confirtmat at pH 6 (initial uranium
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concentration was 50 pM) the uranium was completahyd at pH 4.5 (initial uranium
concentration was 500 uM) partly, complexad inorganic phosphates. Nevertheless, the
rapid uranium complexation at both pH values (Ei§) suggests an initial U(VI) binding at
functional groups at the cell surface, which subsetly serve as nucleation sites for metal
precipitation. A corresponding mechanism was algggssted by studying the radionuclide
accumulation processes©itrobactersp. [176].

CONCLUSIONS

The present study demonstrates that the interaatiechanisms of uranium with the strain
Paenibacillussp. JG-TB8 depend on the aeration conditions. Mae it confirms the
important role of phosphatases in the biomineramaprocess of uranium. Because of the
dramatic inhibition of the respective enzymaticiatt under anaerobic conditions in the
cells of JG-TB8, uranyl phosphate mineral phase® wet precipitated at these conditions.
In contrast to that, JG-TB8 was able to precipiggmificant amounts of uranyl phosphate
mineral phases under moderate acidic and aerobiditcans, without supplying any organic
phosphate sources. This indicates th&aenibacillus strains, indigenous for
uranium-contaminated sites, may have a crucialirotbe detoxification process of uranium

in the environment.



62

Chapter |

SUPPLEMENTAL MATERIAL

Table A: Affiliation of the isolated bacterial strains based on 16S rRNA gene sequence analyses.

Isolate Closest phylogenetic relative (EMBL No.) BAST Accession
% similarity® ~ number
Bacillaceae
JG-TB1 Paenibacillussp. 436-1 (AY266989) 99.3 FR849913
Bacillus circulansl-77 (Y13061) 99.2
Paenibacillus boreati DSM 13188 (AB073364) 97.5
JG-TB2 Bacillus weihenstephanendisSM 11821 (AJ841876) 100 FR849914
Bacillus mycoide&ATCC 6462 (EF210295) 100
Bacillus cereusAH 521 (AF290554) 100
Bacillus thuringiensistrain IEBC-T63 001 (EF210299) 100
JG-TB3 Paenibacillussp. IDA5358 (AY289507) 99.1 FR849915
Paenibacillus amylolyticuIRRL:NRS-290 (D85396) 98.8
JG-TB4 Paenibacillussp. IDA5358 (AY289507) 98.9 FR849916
Paenibacillus amylolyticuIRRL:NRS-290 (D85396) 98.7
JG-TB5 Paenibacillussp. 436-1 (AY266989) 99.6 FR849917
Bacillus circulanswWSBC 20030 (Y13062) 99.5
Paenibacillus boreati DSM 13188 (AB073364) 97.5
JG-TB6 Paenibacillussp. 436-1 (AY266989) 99.3 FR849918
Bacillus circulansWSBC 20030 (Y13062) 99.4
Paenibacillus boreati DSM 13188 (AB073364) 97.2
JG-TB7 Paenibacillussp. 61724 (AF227827) 99.6 FR849919
Bacillus circulansl-77 (Y13061) 99.6
Paenibacillus boreati DSM 13188 (AB073364) 97.4
JG-TB8 Paenibacillussp. 436-1 (AY266989) 99.5 FR849920
Bacillus circulanswSBC 20030 (Y13062) 99.6
Paenibacillus boreasi DSM 13188 97.5
JG-TB9 Paenibacillussp. WPCB150 (FJ006908) 99.5 FR849921
Bacterium H25 (AY345548) 99.5
Paenibacillus boreati DSM 13188 (AB073364) 98.6
JG-TB10 Bacillus weihenstephanendixsM11821 (AJ841876) 100 FR849922
Bacillus mycoide&ATCC 6462 (EF210295) 100
Bacillus cereusAH 521 (AF290554) 100
Bacillus thuringiensistrain IEBC-T63 001 (EF210299) 100
JG-TB11  Lysinibacillus fusiformisNBRC15717 (AB245423) 99.9 FR849923
Bacillus fusiformisDSM 2898 (AJ310083) 99.9
Lysinibacillus sphaericuPRE16 (EU880531) 99.7
JG-TB12  Lysinibacillus fusiformidNBRC15717 (AB245423) 100 FR849924
Bacillus fusiformisDSM 2898 (AJ310083) 99.9
Lysinibacillus sphaericuPRE16 (EU880531) 99.7
JG-TB13  Paenibacillussp. AaD5 (GQ915094) 99.5 FR849925
Paenibacillus boreasi DSM 13188 (AB073364) 97.0
Bacillus circulansWSBC 20030 (Y13062) 98.1
JG-TB14  Bacillussp. BF149 (AM934692) 99.6 FR849926
Bacillus niacinilFO15566 (AB021194) 99.3
JG-TB15  Bacillus psychroduran®T25 (GU385871) 990.1 FR849927
Bacillus psychroduran®SM 11713 (AJ277984) 98.9

W Similarity is calculated from those parts of themg which were considered for BLAST analyses
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Table A (continued): Affiliation of the isolated bacterial strains based on 16S rRNA gene sequence
analyses.

Isolate Closest phylogenetic relative (EMBL No.) BAST Accession
% similarity®@ ~ number

JG-TB16  Paenibacillussp. IDA5358 (AY289507) 98.8 FR849928
Paenibacillus amylolyticuSlRRL:NRS-290 (D85396) 98.6

JG-TB17  Paenibacillussp. 436-1 (AY266989) 99.8 FR849929
Bacillus circulansl-77 (Y13061) 99.7
Paenibacillus boreati DSM 13188 (AB073364) 97.6

JG-TB19  Paenibacillussp. 436-1 (AY266989) 99.6 FR849930
Bacillus circulansl-77 (Y13061) 99.5
Paenibacillus boreati DSM 13188 (AB073364) 97.3

JG-TB20  Bacillus psychroduran®SM 11713 (AJ277984) 99.7 FR849931
Bacillus psychroduran®SM 11706 (AJ277983) 99.5

JG-TB21  Paenibacillussp. HSCC 1657 (AB046422) 99.6 FR849932
Paenibacillus odorifePNF4 (EF199999) 99.3
Bacillus circulansl-77 (Y13061) 98.6
Paenibacillus boreati DSM 13188 (AB073364) 97.5

JG-TB22  Paenibacillussp. 61724 (AF227827) 99.5 FR849933
Bacillus circulanswWSBC 20030 (Y13062) 99.5
Paenibacillus boreati DSM 13188 (AB073364) 97.6

JG-TB23  Bacillus thuringiensisGBAC46 (GU568209) 99.8 FR849934
Bacillus cereusMAUB1019 (FJ641030) 99.8
Bacillus mycoide$iBRC 100169 (AB363736) 99.7

JG-TB25  Paenibacillussp. HSCC 1657 (AB046422) 99.7 FR849935
Paenibacillus odorifePNF4 (EF199999) 99.2
Bacillus circulansWSBC 20030 (Y13062) 98.5
Paenibacillus boreati DSM 13188 (AB073364) 97.5

JG-TB26  Paenibacillussp. 436-1 (AY266989) 99.5 FR849936
Bacillus circulanswWSBC 20030 (Y13062) 99.6
Paenibacillus boreati DSM 13188 (AB073364) 97.6

D Similarity is calculated from those parts of theng which were considered for BLAST analyses
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ABSTRACT

Interactions of the acidothermophilic archaedulfolobus acidocaldariu®SM 639 with
U(VI) were studied by using a combination of batekperiments, X-ray absorption
spectroscopy (XAS), and time-resolved laser-induitedrescence spectroscopy (TRLFS).
We demonstrated that at pH 2 this archaeal sti@ssgsses a low tolerance to U(VI) and that
its growth is limited to a uranium concentratioridve 1.1 mM. At similarly highly acidic
conditions (pH 1.5 and 3.0), covering the physiaay pH growth optimum of
S. acidocaldariusat which U(VI) is soluble and highly toxic, rapatcumulation of the
radionuclide by the cells of the strain occurrethoit half of the uranium binding capacity
was reached by the strain after an incubationvef fininutes and nearly total saturation of the
binding sites was achieved after 30 minutes. B&NXAFS- and TRLF-spectroscopic
analyses showed that the accumulated U(VI) was g mainly through organic
phosphate groups. The EXAFS measurements revehadgdU(VI) is coordinated to the
organic phosphate ligands of the archaeal cella imonodentate binding mode with an
average U-P bond distance of 3.60 + 0.02 A.
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INTRODUCTION

Environments with increased uranium (U) concerdregisuch as U mining and processing
sites are of a serious public concern due to thesiderable chemical and radiological
toxicity (depending orf*®U enrichment) of this actinide. The mobility ancitity of U in
these environments are strongly influenced by aptexnof geochemical and biotic factors
[19, 78]. Microorganisms present in such habitats influence the migration behaviour of U
by both, direct enzymatic processes such as ogiml@i2, 23] and reduction [30, 177] as well
as by indirect processes such as biosorption [88], Jpassive uptake [82, 178, 179], and
biomineralizatiorvia bacteria-secreted ligands [70, 84, 89]. Most efgtudies on microbial
interactions with U were focused so far on bactand only a few cases of such interactions
with representatives of the third domain of lifgchaea are published [31, 178]. Archaea
were shown to be present in various soil and wadesystems and they play an important
role in the global cycles of matter [79]. They difin many aspects from bacteria and their
cell walls are significantly simpler than thosebaicteria [80]. For example, the cell wall of
S. acidocaldariusstudied in this work, consists only of a membranehored proteinaceous
surface layer (S-layer), which is glycosylated [B880]. The typical structures of the bacterial
cell walls known to bind uranium, like the outersm@ane lipopolysaccharide layers rich on
phospholipids and short peptides (Gram-negativetebag, or the thick multiple
peptidoglycan layer, consisting of sugar derivatj\e particular small group of amino acids,
and containing also secondary polymers such aldiei@cid (Gram-positive bacteria) [157]
are missing in this crenarchaeon.

The knowledge about the interaction mechanismsabfagea with uranium is rather limited. It
was found that the hyperthermophilic crenarcha®ynobaculum islandicums able to
reduce U(VI) to under anaerobic conditions at 100[31]. This high temperature is,
however, not relevant for the uranium mining andcpssing wastes. Francis and co-workers
[178] demonstrated that the halophilic euryarchadaiobacterium halobiumaccumulates
high amounts of U(VI) as dense extracellular uraplgbsphate deposits. This halophilic
extremophile is, however, restricted to grow omyhiypersaline environments and it is not
relevant for the natural habitats contaminated witAnium. The studied in this work
thermoacidophilic crenarchaed® acidocaldariusDSM 639 wasoriginally isolated from
geothermal springs [76] and it grows optimally & °C and at pH between 2 and 3.
Representatives of this species are, however, rratteptive and they were found in a range
of different habitats. Their presence was demotestrafor instance, also at moderate

temperatures in heavy metal-contaminated acidis $b81] and in self-heating acidic coal
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piles as well [182]S.acidocaldariusis a facultative autotrophic organism which isdlwed

in sulphur oxidation and bioleaching of pyrite atperature and pH optima of 65 °C and
1.5, respectively [183]. It was demonstrated thatuces of this organism do not change
dramatically their cell size or DNA content wher ttemperature is changed from 79 °C to
room temperature and that they “conserve” theititgbio continue their growth when
returned to the optimal temperature [184].

The robustness and the ubiquitous distribution Seiifolobus acidocaldarius in heavy
metal-contaminated soils and mining piles layshm tationale of this work which represents

the first effort to study the role of archaea oWLy{pehaviour in uranium mining wastes.

EXPERIMENTAL

Archaeal strain, growth conditions, and cell prepaation for the U-treatments

S. acidocaldarius DSM 639 was purchased from the “Deutsche Sammlwan
Mikroorganismen und Zellkulturen” (DSMZ), Braunsohigy, Germany. The strain was
grown at 70 °C under heterotrophic conditions ineAls mineral salt medium [185]
supplemented with 0.1% Badtb tryptone and 0.005% Badth yeast extract (Becton,
Dickinson and Company, Sparks, USA) and adjustemi gl of 2.5. The archaeal cells were
harvested at the end of the exponential growth eli@s00 ~ 0.45), by centrifugation for
15 min at room temperature and 10000 g. Two panadigions of the collected biomass were
rinsed twice with 0.1 M solution of the backgrousléctrolyte (NaCl@) with pH of 1.5 or
3.0. Afterwards the cells were suspended in theesponding electrolyte solution; the pH of
the cell suspensions was checked and if necesdargted to the required value. Before the
addition of uranium, the biomass was pelletea centrifugation and then suspended in
0.5 mM UQ(NOs), diluted in 0.1 M NaCl®@solutions with the corresponding pH (1.5 or
3.0).

Tolerance to U(VI) and other heavy metals

For determination of the tolerance $f acidocaldariusDSM 639 to U(VI) the strain was
grown in a modified Allen’s mineral salt medium Bl8where the pH was decreased to 2.0
and KHPO, of the medium was replaced by 500 mg/L KCI to dvimrmation of insoluble
uranyl phosphate complexes. Yeast extract was emniés well in order to prevent the
complexation of U(VI) by undefined organic mattelranium was added as uranyl nitrate.
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The tolerance of the studied strain to Cd, Co,dIr, Ni, Pb, and Zn was studied at the same
conditions and compared to that of U(VI). The memtid heavy metals were added to the
medium as nitrate salts. As a control for the iafice of nitrate on the archaeal growth
magnesium nitrate was used. All experiments werefon seven days in triplicate and the
cell growth was monitored microscopically and atsp measuring the optical density at
600 nm. The minimal inhibitory concentration (MI@hich defines the lowest concentration

that completely inhibits the growth of the straigs determined for each metal studied.

U(VI) biosorption

The biosorption experiments were performed in twaoafel series at pH 1.5 and 3.0. For
this, different amounts of. acidocaldariusDSM 639 biomass (between 1 and 55 mg)
equilibrated to pH 1.5 or 3.0 in 0.1 M NaGl@s described above, were incubated in
triplicate for 48 hours on a rotary shaker withmOof a 0.5 mM uranyl nitrate solution
diluted in 0.1 M NaClQ@ and possessing the corresponding pH. At theseitcamsl almost
99% of the total uranium is represented by theldeluranyl ion species. The amount of the
accumulated uranium was normalized to the dry bgsnadetermined by weighting
identically prepared samples after drying for 48rdsoat 70 °C. Kinetic studies were
performed also in triplicate, using a biomass catre¢ion of (0.5 + 0.05) g/L. After defined
incubation periods at room temperature the celiewemoved from the uranium solution by
centrifugation and the unbound U(VI) in the supé&na was measured by inductively-
coupled-plasma mass-spectroscopy (ICP-MS) usindelan 9000 system (Perkin Elmer,
USA). Control samples without cells were treatethim same way to exclude abiotic uranium
removal from the solution, due to precipitation /mnethemical sorption at the used test vials.

X-ray Absorption Spectroscopy (XAS)

For XAS measurements, 50 mg of the cells were ctedafor 48 hours with U(VI) in an
analogous way as those used in the sorption studlfesr the contact with U(VI) the cells
were washed twice with 0.1 M NaCj@t pH 1.5 or 3.0, respectively. Subsequently thexe
dried for three days at 35°C in a vacuum oven ®lod/T 6025, Heraeus-
Instruments Vacutherm, Germany). Afterwards thegamwere powdered and mounted on
a Kapton tape. Six layers of sample-covered tapee vgéuck on top of each other and
subsequently wrapped.

UraniumLy-edge X-ray absorption spectra were collected @Rbssendorf beamline at the
European Synchrotron Radiation Facility (ESRF), et#e (France) [134] using a Si(111)
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double-crystal monochromator, and Si-coated mirforsfocusing and rejection of higher
harmonics. The data were collected in fluorescanoée using a 13-element germanium
detector. Six to eight spectra of each sample wererded. The energy was calibrated by
measuring the yttrium (YK-edge transmission spectrum of an Y foil and defnihe first
inflection point as 17038 eV. Subsequently, deattcorrection was applied. The region
from about 45 eV below to 60 eV above the absonpidge of each scan was isolated for the
X-ray near edge structure (XANES) analysis. The E&Aoscillations were isolated from the
raw, averaged data by removal of the pre-edge Ibaokg, approximated by a first-order
polynomial, followed by g-rremovalvia spline fitting techniques and normalisation usiang
Victoreen function. The ionisation energy forll}-electron, g, was arbitrarily defined as
17185 eV for all averaged spectra. The EXAFS spestire analysed according to standard
procedures using the program EXAFSPAK [135]. Theothktical scattering phase and
amplitude functions used in data analysis wereutatied using FEFF8.2 [136] and using the
crystal structure of meta-autunite, Ca(}PQy),- 6 HO [186]. All fits included the four-
legged multiple scattering (MS) path of the uragybup, U-QxU-Oa The coordination
number (N) of this MS path was linked to N of thegte-scattering (SS) path UsQ The
radial distance (R) and Debye-Waller factof)(of the MS path were linked at twice the R
ando? of the SS path U- respectively [137]. During the fitting procedubé of the U-Qx

SS path was held constant at two. The amplitudectexh factor was held constant at 1.0 for
FEFF8.2 calculation and EXAFS fits. The shift ineshold energyAE,, was varied as a

global parameter in the fits.

Time-Resolved Laser-induced Fluorescence spectroggo(TRLFS)

For the TRLFS-measurements of the U(VI) complexadt by the cells of the studied
archaeal strain small portions of the powdered Xa8ples were used. Additionally U(VI)
treated and subsequently washed archaeal cellssuspended in NaClgpH 1.5 or 3) and
used for U(VI) luminescence measurements in salufldne samples were placed in a quartz
micro cuvette and TRLFS measurements were perfoaheasbm temperature by using home
assembled equipment [187]. The uranium luminescevas excited by a pulsed Nd-YAG
laser (GCR 190, Spectra Physics, USA) coupled aitloptical parametric oscillator module
(MOPO-730, Spectra Physics, USA) tuned to an outpatelength of 410 nm and a
relatively low intensity of about 300 pJ to avoidnthges of the samples. The luminescence
signal was measured perpendicularly to the lasambend transmittedia a fibre optic cable
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to the ICCD detection system, consisting of a érgfating spectrograph (M1235, EG&G,
USA) equipped with an intensified charge-coupledicks detector and a data acquisition
program. U(VI) spectra were recorded between wanghes of 444 nm and 594 nm. The
central wavelength of the spectrograph was set2wriin and the gate width was 5 ps.
Before each series of measurements the backgrommddscence was measured 2 Ms after
the laser pulse and automatically subtracted flmarspectra.

After excitation of the samples by 50 (pH 3.0) &8@ (pH 1.5) laser pulses, respectively,
depending on the amount of uranium in the samplege luminescence spectra were
recorded. For each series of measurement 101 spglera were recorded. For an accurate
determination of the uranium luminescence lifetighefvo series of measurements were
performed for each sample. One of them was performigh a step size of 200 ns to
determine uranium species exhibiting short lumiease lifetimes. For the determination of
longer luminescence lifetimes another series wasrded. To calculate the step size of the
delay time for this second series, we determinedéiay time, at which the complete U(VI)
luminescence had faded away. One percent of thay dene was calculated and set as step
size for the second measurement. The obtained ésoémce data were processed by using
Origin 7.5 (OriginLab Corporation, Northampton, MBISA) including the PeakFit module
4.0.

RESULTS AND DISCUSSION

Tolerance of S. acidocaldarius DSM 639 to U(VI) andther heavy metals

The strainS. acidocaldariu®SM 639 was able to grow in presence of U(VI) @ turanium
concentration of 1.1 mM. The MIC of uranium for thigain was determined to be 1.25 mM
uranium (Table 2.1). The MICs for Ni (0.5 mM) aslmas for Cr and Cu (1 mM for both
metals) were slightly lower, while those for Zn a@d were substantially higher (2 and 5
mM, correspondingly). However, Co and Pb, inhibitdee cell growth at very low
concentrations with MICs of 0.05 and 0.03 mM, respely.

As evident from the data summarized in Table 2lie MICs for Cd, Cu and Ni are
comparable to the already published values [188]. HBowever, some of the MICs found in
the literature differ significantly between eachetand also from our results, e.g. the MICs
for Co, Pb and Zn. In the quoted papers, howeveacidocaldariuSM 639 was cultivated
under conditions which differed from those usedim work. The pH was slightly higher
(between 3.0 and 3.3) and the temperature for dgrawione of the cases was 78 °C [189]
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instead of 70 °C; in both cases M, wasnot replaced by KCI in the mineral growth
medium, and different carbon sources than those inseur work were added: 0.2% tryptone
[188] or 0.1% yeast extract and 0.2% sucrose [188ller and co-workers [189] have
studied two additionalS. acidocaldariusstrains which showed up to 10 times different
tolerances to Zn, Co, and Ni. These results indi¢dhat the heavy-metal tolerance $f
acidocaldariusdepends on the experimental conditions, such gsgpbth temperature,
lonic strength and the composition of the growthdimm, and that it may be even strain-
specific.

Table 2.1. Minimal inhibitory concentration of tested heavyetals for the growth ofS. acidocaldarius
DSM 639.

Heavy metal Tolerated concentration (mM MIC (mM) MIC (mM) [188] MIC (mM) [189]

uo 1.1 1.25 - -

Cd 3.0 5.0 2.0 10
Cco* 0.03 0.05 e 1.0
crt 0.9 1.0 - -

Cuv 0.9 1.0 5.0 1.0
Ni%* 0.4 0.5 0.6 0.1
P 0.01 0.03 1.6 -

zn* 1.5 2.0 50 10
Mg?* 10 - - 100

@MIC not defined (no significant inhibition by €odetected)
- not measured

The tolerance ofS. acidocaldariusDSM 639 to the heavy metals tested in our work,
decreased in the order Cd > Zn > U > Cr/Cu > Nio>>Pb. Miller and co-workers [189]
suggested that the toxicity of heavy metals on s$itigin might exclusively result from the
strength of the metal binding and therefore it $thdallow the order of the Irving-Williams
series [190]. In that case uranium should be mmst tto the cells, as the free uranyl ion
forms most stable complexes among the tested njé8l$ Our data, in particular the higher
tolerance to U(VI) than to nickel, cobalt, and leafute this claim and indicates inherent
mechanisms for the interaction of the tested imtdigl metals with the strain.

The U(VI) tolerance ofS. acidocaldariusis significantly lower than those described for
representatives of acidophilic bacteria; for instgrthe MICs determined for some strains of
Acidithiobacillus ferrooxidans were up to 9 mM U(VI) [192]. The low tolerance of
S. acidocaldariuso Cu was earlier attributed to the lower amoudnhorganic polyphosphate
in its cells in comparison to many other microongars [193]. It was demonstrated that in
bacteria the detoxification of most bivalent casipmp taken in poisonous concentrations
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inside the cells, goes through complexation by gbe/phosphate bodies and cleavage of
phosphate-metal complexes, which then efflux oetside cells [194, 195]. The here
observed low tolerance &. acidocaldariusDSM 639 to C&', Ni**, and PB" along with
those to Ct, is likely due to the low intrinsic amount of pplyosphate bodies in the strain.
A different mechanism of bacterial tolerance toniwen was published by Renninger and co-
workers [89]. The authors demonstrated that in thse of Pseudomonas aeruginosa
orthophosphate residues, released from the cedisnaolved in the complexation of U(VI)
from the uranium hydroxides, adsorbed initiallytba cell surface [89]. Because the secreted
orthophosphate may originate not only from the pbbsphate bodies of the cells it is not
excluded that the tolerance to U may be higher thase to some bivalent cations. These
results indicate that the mechanisms underlyingrabial interactions with U(VI) differ
significantly from those responsible for detoxitica of bivalent cations.

The higher tolerance @&. acidocaldariuSM 639 to U(VI) than to the bivalent cations Cu,
Co, Ni and Pb might be explained by the differemiéiaction mechanisms of its cells with
these two groups of elements. Studies in our ldbopraon the interaction ofS.
acidocaldariusDSM 639 with U(VI) at pH values of 4.5 and 6.0, ialh are above the
physiological optimum of the strain, clearly demoated extracellular precipitation of
inorganic uranyl phosphate phases (Chaptefl84].

U(VI) biosorption

The U(VI) binding capacity ofS. acidocaldariu©SM 639 at the studied acidic conditions is
presented in Figure 2.1. As evident from the resptesented in the figure the amount of
uranium accumulated by the strain strongly depemushe biomass concentration. The
negative correlation between these two parametergxplained by the occurrence of
agglomeration of the microbial cells at higher bas® concentrations which reduces the cell
surface contacting with U(VI) that results in dexsiag the number of the uranium-binding
ligands. The agglomeration process at high cellstties was confirmed by microscopic
analyses (not shown). The optimal binding of U(WBs achieved at biomass concentrations
between 0.25 g/L and 0.5 g/L.

For kinetic studies we used a biomass concentratiorf0.5 + 0.05) g/L. The analyses
demonstrated a rapid complexation of uranium by déks (Fig. 2.1), which is a typical
feature of the biosorption process at functionalugs on the cell surface [19]. About half of
the binding capacity was already reached after remibation of five minutes and after

30 minutes nearly total saturation of the bindirtgsswas reached. Considering the data as
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due to a biosorption process by the functional gsoat the cell surface, which mainly takes
place within the first minutes to an hour of inctiba, the cells oS. acidocaldariuadsorbed
between 15 and 17 mg uranium per gram dry biomassvthe first hour of incubation at
pH 1.5 and 3.0, respectively (Fig. 2.2). The bigdoapacity of the cells after an incubation
of 120 hours was determined to be nearly identicB8 mg U/@ry biomass@nNd 22 Mg/gy biomass

at pH 1.5 and 3.0, respectively.
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Figure 2.1 U(VI) accumulation by the cells &. acidocaldariuDSM 639 after 48 hours at pH values of 1.5
and 3.0 as a function of biomass concentration;f£JD.5 mM.

3 35 T T T T T %4 T

g ]

3 304 —=a—pH15 |

> —e— pH 3.0
é? 4
O 254 ]
(o)

E -

0_ T T T T T T T T T 14 T
0 1 2 3 4 5 120
time (h)

Figure 2.2. Kinetics of the U(VI) accumulation by the cells $f acidocaldariudbSM 639 at pH 1.5 and 3.0
(biomass concentration = 0.5 + 0.05 g/L and{8]0.5 mM).
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A comparison of the determined U(VI) binding capaof S. acidocaldariudDSM 639 to
those obtained for bacteria is difficult becausetloé differences of the experimental
parameters, such as pH, uranium and biomass ceatens, and ionic strength, which
influence the binding capacity. However, considgrafl these parameters, it is obvious that
most bacterial strains possess significantly hidghieding capacities than the cells of the
studied here archaeon. Hu and co-workers [196] dsirated thaPseudomonaaeruginosa
CSU possesses a capacity to bind about 100 mg ty/gidmass at pH 2.4 within the first
minutes of the treatment with uranyl nitrate. AretfPseudomonastrain was shown to
accumulate about 60 mg U/g dry biomass at pH 3tbinvone hour [102]. The high uranium
binding capacity of bacteria is attributed to trmmplex cell wall structures, which are rich
on uranium-binding ligands [157]. The only cell Wwabmponent ofS. acidocaldariugs its
cytoplasma membrane-anchored proteinaceous suegee (S-layer) [80, 180]. Because of
the low content of negatively charged amino acii® (hol% aspartate and 1.8 mol%
glutamate) and especially because of the absenplasphorylated sites, this glycoprotein
should be almost ineffective in uranium complexatai the studied acidic conditions. As
demonstrated earlier, uranium can pass througipahes of the S-layer lattices and can be
complexed by the reactive groups of the underhbrapolymers [150]. As in the case of
S. acidocaldariusno outer membrane or peptidoglycan compounds aesept, the
cytoplasma membrane is the only source offeringsphate, carboxyl, amine, or hydroxyl

groups for U(VI) complexation and protection of ttedls from poisoning.

XAS studies

XANES analyses of the uranium in the investigatathges showed a peak at 17,188 eV
(data not shown) which can be assigned to U(VIY[138his finding indicates that the U(VI)
added to the samples was not reduced to U(IV).

The measured U, -edgek’®-weighted EXAFS spectra of the uranium-treated sathples
and their corresponding Fourier transforms (FT)slr@wn in Figure 2.3, along with the best
fits. The EXAFS spectrum of one relevant model coomu containing organic phosphate
(UO.-fructose(6)phosphate) is shown in the figure al [488]. The structural parameters
obtained from the fitting procedure are summarised@iable 2.2. The results indicate that at
both conditions studied (pH 1.5 and 3.0) the ad=brd(VI) has the common linear trans-
dioxo structure: two axial oxygen atoms at a distanf about 1.77 to 1.78 A (FT peak at
R+A ~ 1.3 A), and an equatorial oxygen shell at 280.85 A (FT peak at R¥~ 1.8 A).
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Figure 2.3.U L,-edgek’>-weighted EXAFS spectra (left) and the correspogdinurier transforms (right) of the uranium
complexes formed byS. acidocaldariusDSM 639 at pH values of 1.5 and 3.0 and of the ehocbmpound
UO,-fructose(6)phosphate [158].

The FT peak, which appears at/R+ 3 A consists of the contribution of the Wz@nultiple
scattering path and the back-scattering of phogghatoms. This distance is typical for a
monodentate coordination of U(VI) by phosphate [16%e phosphate groups implicated in
the coordination of U(VI) at the studied acidic daion (pH 1.5 and 3.0) seems to have
predominantly organic origin since the EXAFS spgathown in Figure 2.3 share a high
similarity with the spectrum of U&fructose(6)phosphate [158].

In both samples, the addition of a shell of onegexyscatter at a distance of R = 2.86 or
2.88 A (U-Qqy) improve significantly the fit. Such a distancevibeen uranium and oxygen
atoms is not related to direct bonding but theyiaterpreted in several systems as scattering
contributions from neighboring ligand shells knoas “short contacts” in crystallography
[82, 84].

The structural parameters of the U(VI) complexesifed byS. acidocaldariugt pH 1.5 and

3 are similar to those formed at corresponding pHd@ions by different bacterial strains
belonging to the Gram-positive [84] and Gram negati82] bacteria. These structural
similarities indicated that at highly acidic conalits (pH ranging between 1.5 and 3) the local
coordination of U complexes formed by the microloills is universal and independent from
microbial domain. In all cases, studied at theséi@apH values, U(VI) was coordinated in a

monodentate binding mode with an average U-P bastdrite of about 3.60 A. Because at
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these conditions the carboxylic groups exist maimythe protonated form [155], their

interactions with U(VI) are excluded.

Table 2.2.Structural parameters of the uranium complexaséorby the cells db. acidocaldariu®SM 639

Sample Shell N? R[A]® o’ [A7° AE, (eV)
pH 1.5 U-Oyy 2.0 1.77(1) 0.0022(2) -12.0(6)
U-Oeqs 3.9(3) 2.35(1) 0.0066(7)
U-Oeq: 1.2(2) 2.87(1) 0.0038
U-P 4.6(5) 3.62(1) 0.0080
U-Ogqr-P (MS) 9.7 3.74 0.0080
pH 3.0 U-Oyy 2.0 1.78(1) 0.0023(2) -13.4(7)
U-Oeqs 4.1(4) 2.30(1) 0.0047(5)
U-Oeq; 1.2(2) 2.86(1) 0.0038
U-P 3.3(6) 3.59(2) 0.0086¢
U-Ogqr-P (MS) 6.6° 3.70 0.0080
UO,-fructose(6)P U-Oy 2.0 1.77(1) 0.0013(10) 0.1(7)
[158] U-Ocq; 4.8(5) 2.30(1) 0.020(4)
U-Oeqz 1.3(2) 2.88(1) 0.0040

Standard deviations as estimated by EXAFSPAK arergin brackets

2 Errors in coordination numbers are + 25%

P Errors in distance are + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

€ Coordination number (N) linked twice to the N bétU-P path.

" Radial distance (R) linked to R of the U-P patitading to the model of m-autunite.

Time-resolved laser-induced fluorescence spectrogmo studies

In order to verify the results obtained by EXAF&rallel samples of th8. acidocaldarius
DSM 639 cells treated with U(VI) were analysed bganplementary and very sensitive
method allowing discrimination between differemgfainds implicated in the uranium binding,
namely TRLF-spectroscopy. The TRLFS analysis of slaenples treated with uranium
demonstrated three strong and almost identicalstomidands at 498.3, 520.3 and 543.6 nm
(pH 1.5) and at 498.7, 520.0 and 543.6 nm (pH @&@). 2.4 and Table 2.3). The red shift of
about 10 nm in the emission bands compared to tbbsee free uranyl ion (Fig. 2.4 and
Table 2.3), which is the predominant (>99%) uramigpecies in the added uranium
solutions (Table 1), indicates that the added Uv&s complexed by the archaeal cells. As
evident from the data presented in Table 2.3 tlmidascence emission maxima of the
uranium complexes formed at pH 1.5 and 3.0 cormegpeell to those determined from the
complexation of U(VI) by various organic phosphatenpounds such as sugar phosphates

[169], phospholipids [161] as well as lipopolysaagties [163]. In addition, similar emission
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maxima were also found in the TRLFS studies of gin@nium complexes build by the

acidophilic bacterial straiA. ferrooxidang159].
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Figure 2.4.Luminescence spectra of the uranium complexes by, acidocaldariu©SM 639 at pH 1.5 and
3.0.

Besides the position of the emission maxima theayleasf the luminescence was used to
distinguish the uranyl species present in the édeaell samples. The luminescence lifetimes
were determined by using the function I(t)o= D I; * exp(-tk;) were | is the background
signal, measured after a delay time of 2 mihd signal factors of the uranium compoungls,
the corresponding luminescence lifetime and t thkaydtime. The time-resolved studies of
the initial uranium solutions revealed in both $mos a mono-exponential luminescence
decay. The determined lifetimes were 1.92 + 0.12ap 2.01 £ 0.19 us at pH 1.5 and 3.0,
respectively, which are in accordance with the hestcence lifetime of the free uranyl ion,
determined in former studies [165, 197]. Lifetimmeakyses of both cell samples, incubated at
pH 1.5 and 3.0, demonstrated a tri-exponential yle€ghe uranium luminescence indicating

a mixture of three different luminescent uraniura@ps, respectively (Table 2.4).
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Table 2.3.Main U(VI) luminescence emmission maxima of theniwen complexes build b$. acidocaldarius
DSM 639 and those of some model compounds, asasél-Bacteria complexes for comparison.

Sample Main luminescence emission Lifetime(s) (us)
maximd

UO,** (Initial solution, pH 1.5) 489.5 511.0 534.3 1.92 +0.12

U(VI) + S. acidocaldariugpH 1.5 498.3 520.3 543.6 Table 2.4

U(VI) + S. acidocaldariupH 3.0 498.7 520.0 543.6 Table 2.4

Uranyl phosphoryl complexes

UO,-DMGP [161] 497.4 519.3 542.4 1.0£0.1;20+2
UO,-fructose(6)phosphate [158] 497.1 519.0 543.3 0.13 + Q05
UO,-AMP [192] 497 519 542 n.d.

Lipopolysaccharide complexes [163]

R-O-PQH-UO," 497.2 518.9 542.4 8.3+0.6
R-0-PQ-UO, 498.1 519.6 542.9 1.2+0.4
[R-O-POJ,-UO,> 499.7 521.0 544.3 13.3+1.4

Bacteria [159, 198]
Acidithiobacillus ferrooxidan&TCC 33020 496.3 517.5 541.6 45+ 4

2 Error of emission bands is + 0.5 nm

Table 2.4.Calculated U(VI) luminescence lifetimes.

pH 1.5 pH 3.0
Species 11) 0.36 £ 0.05 us 0.55+£0.04 us
Species 21) 2.80+£0.21 ps 3.79 £0.40 ps
Species 31) 35.3+£9.7 us 35.9+4.6 us

The calculated lifetimes of the uranium lumineseeirt these samples indicate one very
short lifetime of 0.36 and 0.55 ps, a second hietiof 2.8 and 3.8 us at pH 1.5 and 3.0,
respectively, and a third notably longer lifetimfeabout 35 ps. However, fitting procedures
of the emission maxima after different delay tirdesnonstrated no shift of the luminescence
bands, indicating a high structural similarity bétformed complexes.

The short lifetimes of 0.36 us and 0.55 us caledldor the two samples (pH 1.5 and 3.0)
indicate a quenching of the uranyl luminescenceartyntra-molecular energy transfer from
the radionuclide to low laying electronic states thfe binding ligands exhibiting

polyelectrolyte and aromatic structures [198]. Camaple short lifetimes were found for the
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complexation of U(VI) with organic phosphate ligan@able 2.3) [163, 169]. The second
lifetime of about 3 ps agrees well with the lumireasce lifetimes calculated earlier in our
laboratory for the organic phosphate complexesdboyl acidophilic strains of the bacterial
speciedA. ferrooxidansandThiomonas cuprin§l98]. Several years later significantly higher
luminescence lifetimes of about 25 or 45 ps werasueed for the organic uranyl phosphate
complexed formed by the strains Af ferrooxidang159]. These lifetimes correspond to the
here measured lifetime of 35 us. The formerly meskuifetimes of the organic uranyl
phosphate complexes, formed by the same bactém@ahs of A. ferrooxidansdiffered by a
factor of ten between the two mentioned studie®,[198]. It is interesting that in the present
work the TRLF analyses of the uranium complexesildbby the archaeal strain
S. acidocaldariudDSM 639 revealed both, the uranyl phosphate spegith the short and
those with the long lifetime in the same samplee ©hcurrence of different lifetimes in the
two former studies, was attributed to the significaifferences in the experimental
conditions as for instance, the concentration ef HCIO, solution and the amounts of the
biomass treated [159]. Indeed, a comparison ofdbpective experimental set-up most likely
explains the different results found in the twovioes studies [159, 198] and also in this
study. In contrast to the above mentioned two stil59, 198], NaClQinstead of HCIQ
was used in the treatments with U(VI). However, thest relevant difference might be the
ratio of uranium to biomass, which differs sigrdfittly between these three studies: 0.5 mM
U/0.1 g dry biomass/L [159], 0.05 mM U/0.27 g dnprhass/L [198] and 0.5 mM/0.5 g dry
biomass/L (this work). Thus Merroun and co-workgr§9] used 5 times more uranium
related to the biomass as in our study, whereaakPand co-workers [198] used about 5
times less uranium related to the biomass cond@niraAs found by Koban and Bernhard
[161] the occurrence of different lifetimes can &eplained by the formation of uranyl
complexes with different metal-to-ligand ratio, iasvas demonstrated for the 1:1 and 1:2
uranyl-lipopolysaccharide complexes (Table 2.3) 3[16According to this, the U(VI)
luminescence lifetimes found in the three studigs®[ 198] this work] can be explained by
the formation of two organic uranyl phosphate sgecdiffering in the number of phosphate
groups coordinated to the U(VI) ion. The data ssgghat the formation of these two
complexes strongly depends on the ratio of urartiitihe biomass. At low U:biomass ratio
preferentially uranyl phosphate complexes exhigitinlifetime of about 3 pus are build [198]

whereas at higher U:biomass ratios formation ofldimg-living (25 to 45 ps) complexes is
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advanced as well (this study). At further increassts the long-living complexes are built
exclusively [159].

To proof that the drying procedure involved in fireparation of the samples did not change
the speciation of the formed uranium complexes,alg® performed TRLF spectroscopic
analyses of the uranium-treated cells in solutibime luminescence spectra recorded after
selected delay times from the sample incubatedHad.p, representative for both samples, is
presented in figure 2.5. In contrast to the saddichgles, we observed a significant red shift of
the luminescence emission maxima with increasiegdiiay time in the liquid samples. This
observation can be explained by desorbed uraniunchmvas weakly bound to the cell
surface functional groups. The released uranyl iares highly luminescent and as above
mentioned they exhibit emission maxima which areated at about 10 nm Ilower
wavelengths than those of the uranium complexekl linyi the archaeal cells (Fig. 2.4 and
Table 2.3).

fluorescence intensity

g

W2
T T T T T T T T

T
460 480 500 520 540 560 580
wavelength [nm]

o

1

Figure 2.5. U(VI) luminescence spectra recorded after diffedglay times (0.1 us, 3 ps, 6 ps, 9 us, 12 us,
15 ps, 25 ps — from top to the bottom) from cedipgnsions o8. acidocaldariu®SM 639, treated with U(VI)

at pH 3.0. Dotted lines indicate the position oé tluminescence emission maxima calculated from the
corresponding solid sample for comparison.

The overlapping luminescence of the formed urarmomplexes and the released uranyl ions

causes a shift of the emission maxima to lower wamgth and therewith hindered a proper
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determination of the luminescence emission maxiftheformed uranium complexes in the
solutions. Because the free uranyl ion has a lusaece lifetime of about 2 ps its influence
on the total luminescence spectrum decreases mgteasing delay times. For this reason it
was possible to measure accurately the luminescemtission maxima of the complexes

exhibiting long luminescence lifetimes (Fig. 2.5drable 2.5).

Table 2.5.U(VI) luminescence emission maxima determinedraftferent delay times from cell suspensions
of S. acidocaldariu®SM 639, treated with U(VI) at pH 3.0.

Delay time Main luminescence emission maxima [nm]

0.1 us 495.0 515.6 539.5
2.0 us 495.4 516.3 539.3
6.0 us 496.6 517.8 541.7
9.0 us 497.8 518.9 541.7
12 ps 498.0 519.2 542.0
15 us 498.2 519.1 541.8
25 pus 498.5 519.5 542.4
Solid sample 498.7 520.0 543.6

Time-resolved analyses of the liquid samples demtnatesl very similar luminescence
lifetimes compared to those of the solid cell saapllThe calculated luminescence lifetimes
were 0.22 £ 0.09 us, 4.43 £ 0.98 us and 32.3 #14.@t pH 1.5 and 0.24 £ 0.09 ps, 5.75 £
0.85 us and 36.3 + 1.4 ps at pH 3.0, respectivglitionally we found lifetimes of 2.02 +
0.28 us and 2.13 + 0.23 ps in the samples incubaitgzH 1.5 and pH 3.0, respectively,
which were assigned to the free uranyl ion.

The detection of three different U(VI) luminesceri¢etimes in the liquid as well as in the
solid samples and the position of the main lumiaase emission bands after longer delay
times in the liquid samples, strongly suggests tiratspeciation of the uranium complexes in
the solid cell samples is identical to that in ol Therefore we assume that the use of solid
samples is advantageous as it enables a bettemiedtion of the luminescence emission
maxima of short-living complexes by avoiding theenfiering luminescence of the free uranyl

ion.
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CONCLUSIONS

In this work interactions of U(VI) with the acidothermophil archaeon Sulfolobus
acidocaldariusDSM 639 were studied at pH values of 1.5 and 3.&&hvhare in the range of
the physiological optimum of the strain. Our resudemonstrate that the strain possesses a
rather low tolerance to U(VI) in comparison to the far studied acidophilic bacteria. The
strain is able to accumulate limited amounts ohiwa of up to 18 mg U/g dry biomass and
22 mg Ul/gdry biomass at pH 1.5 and 3.0, respdgtivBoth, EXAFS and TRLF
spectroscopic analyses demonstrate that the coatmaxof U(VI) by the cells of the
archaeors. acidocaldariu®©SM 639 at both studied pH values occuesorganic phosphate

groups.
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ABSTRACT

Microorganisms, along with the abiotic physicochesthfactors, strongly influence migration
of uranium in nature. In contrast to the well-ilvgated interactions of bacteria with
uranium, the influence of archaea on the naturbbbeur of this radionuclide is still not
well-studied. In this work the interactions of tlaeidothermophilic archaeoS8ulfolobus
acidocaldariuswith U(VI1) at pH 4.5 and 6 were investigated. Wantbnstrated that at these
pH values, U(VI) is rapidly complexed by the archlaeells. A combination of XAS, FT-IR
and TRLFS revealed that at pH 4.5 mainly organiosphate and carboxylic groups are
involved in the U(VI) complexation. These results an contrast to those published for most
bacteria which at this pH usually precipitate U(\f)inorganic uranyl phosphate phases. As
demonstrated by TEM, only a minor part of the addé@dl) is biomineralized extracellularly
in the case of the archaeon studied in this workstVbf the U(VI) accumulates were
localized in a form of intracellular deposits whistere associated with the inner side of the
cytoplasma membrane. The formation of these depasitattributed to an uncontrolled
uptake of U(VI) as a result of the increased calmbrane permeability, most likely caused
by the stress of the non-optimal pH and uraniumcttyx Observed differences in U(VI)
bioaccumulation between the studied archaeon aruderde can be explained by the
significant differences in their cell wall structsras well as by their different physiological
characteristics. After the treatment of the archaetls with U(VI) at pH 6, however, a
formation of uranyl phosphate mineral phases, dsarcase of most bacteria, was observed.
Our results demonstrate that at moderate acididitons S. acidocaldariusmmobilizes

U(VI) via biosorption and biomineralization processes.
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INTRODUCTION

The secure final storage of uranium-containingjoactive wastes remaining from mining
and milling activities, as well as from nuclear ey production is the goal of many
international research programs. In particular tdomsequences resulting from potential
release of this highly toxic radioactive heavy retto the environment are under detailed
investigation. For the development of effective eeimtion strategies of contaminated sites
as well as for reliable risk assessment for futegeositories, consolidated knowledge about
the behaviour of uranium in the environment is geaey. Besides the interactions with
inorganic components such as minerals and rockgporganisms have been shown to play
an important role in the migration behaviour othadionuclide [19, 98]. A large number of
studies were performed to investigate the procassed/ed in the uranium accumulation by
bacterial cells, which mainly involves biosorptidh00-102], bioreduction [104], and
biomineralization [88, 89]. Moreover, the speciatiof the formed uranium complexes and
their structural parameters at molecular scale leen determined [83, 84, 154, 199, 200].
However, little is known about the mechanisms o thranium accumulation and the
structural parameters of the uranium complexes ddray representatives of the second
microbial domain of life, the Archaed. Archaea have been shown to be present in various
soil and water ecosystems, and they play an importde in the global cycles of matter [79].
They differ in many aspects from bacteria and toell walls are significantly simpler than
those of bacteria. For example, the cell wall @& thermoacidophilic archaed@ulfolobus
acidocaldarius the strain investigated in this work, consistyyaf two proteins [201], the
outermost surface layer (S-layer), called “SlaAhndathe integrated into the cytoplasma
membrane, anchoring protein, called “SlaB” [81]. Hdditional cell wall structures, like
peptidoglycan or lipopolysaccharide layers cover tiells, in contrast to bacteria. Hence,
differences in the interaction mechanisms with wnancan be expected. The knowledge
about the interaction mechanisms of archaea wnium is limited to only a few studies.
For instance, it was shown, that the hyperthermimpdiichaeorPyrobaculum islandicurhas
the ability to reduce U(VI) to poorly soluble U(IV31]. Furthermore, the halophilic
archaeonHalobacterium halobiumaccumulates high amounts of this radionuchda a
U(VI) complexation by phosphate groups at the seliface [178]. Recently, we have
demonstrated the U(VI) complexatiaia organic phosphate groups I8y acidocaldarius
under highly acidic conditions between pH 1.5 anavBich cover the physiological growth
optimum of this organism [133]. In the present gtuthe influence on uranium exerted by

this acidophilic archaeon is investigated at moeagidic pH values of 4.5 and 6, relevant
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for many metal-polluted environments where the gmes ofSulfolobalesalready had been
demonstrated [181, 182].

Thermoacidophilic organisms belonging to the gefudfolobus which were originally
isolated from geothermal springs, are globally rdisted in nature [76]. The growth of
thermophilic Sulfolobusspecies close to a future repository is feasildleabhse of the heat
released by the decay of the radioactive wastechwhiill increase the temperature of the
surrounding engineered barriers and host rocksrnidemechanical models indicated that
the temperature in the immediate vicinity of a i@y will increase up to more than 100 °C
within the first 100 years [202, 203]. This heatingl favour the growth and multiplication
of thermophilic microorganisms. As a result of thgriowth the pH of the local environment
may be reduced due to the production b6, [182]. The latter will ensure optimal growth
conditions for these organisms. Hence they may playmportant role in the immediate
vicinity of a repository and they are relevant fiask assessment of final storage for
radioactive wastes. Moreovefulfolobus strains were also shown to resist moderate
temperatures without any negative consequences rapily start growing at higher
temperatures, favourable for this archaeal strEsd].

The objective of the present work was to inveséig#ie interactions of the archaeal strain
S. acidocaldariuPDSM 639 with uranium at moderate acidic pH valaed to elucidate the
possible role of archaea in the biomineralizatiérihis radionuclide. For this purpose we

used a combination of wet chemistry, microscopit symectroscopic methods.

MATERIALS AND METHODS

Cultivation and archaeal cell sample preparation

S acidocaldariusDSM 639 was purchased from the “German CollectibMicroorganisms
and Cell Cultures” (DSMZ, Braunschweig, Germany} anultivated under heterotrophic
conditions in a mineral salt medium [185] suppletednwith 0.1% Bacto™ tryptone and
0.005% Bacto™ yeast extract. Due to the formatibmsoluble precipitates, which might
have an undesired influence on further analysegjegest from the addition of Fefhith no
detrimental effect on the growth of the strain. Pieof the medium was adjusted to 2.5 and
the cultivation temperature was 70 °C. Growth wasnimored by measuring the optical
density at a wavelength of 600 nm. After reachimg ¢nd of the logarithmic growth phase
(ODggo ~ 0.45), the microbial cells were harvested by trdigation (10000 g, room
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temperature, 15 min) and parallel portions wersathtwice with 0.1 M solutions of the
background electrolyte (NaClr NaCl) with the appropriate desired pH. Afterdsathe
cells were suspended in the corresponding eletérsiylution; the pH of the cell suspensions
was checked and if necessary adjusted to the degaleies. After removing the washing
solution, uranium (UgNOz3), or UOCI,) was added, diluted in a 0.1 M solution of the

background electrolyte with the corresponding pH.

U(VI) bioaccumulation

For bioaccumulation studies different amounts @f tlells (1 to 55 mg dry biomass) were
incubated in triplicate for 48 hours on a rotarglgr with 10 ml of a 5 - 1OM uranyl nitrate
solution diluted in 0.1 M NaCI9(pH 4.5). At pH 6 the uranium concentration wasueed

to 5- 10 M to prevent the formation of uranyl hydroxide giEtates. For a better
comparison the amount of accumulated uranium wasaa@ed to the dry biomass, which
was determined by weighting parallel samples attging for 48 hours at 70 °C. Kinetic
studies were also performed in triplicate, usingianass concentration of (0.5 £ 0.05) g/L.
After defined incubation periods at room tempemtthe cells were removed from the
uranium solution by centrifugation and the unbol{¥1) in the supernatant was measured
by inductively-coupled-plasma mass-spectroscopgguain Elan 9000 system (PerkinElmer,
Waltham, MA, USA). Control reactions without celigere treated in the same way to
exclude abiotic uranium removal from the soluticlue to precipitation and/or chemical

sorption at the used test vials.

X-ray Absorption Spectroscopy (XAS)

For XAS measurements, 50 mg of the cells wereddeaith U(VI) for 48 hours in a similar
way to those used for the uranium accumulationissudifter the contact with U(VI) the
cells were washed twice with 0.1 M NaGlét pH 4.5 or 6, respectively. Subsequently they
were dried for three days at 35°C in a vacuum ov@&facutherm VT 6025,
Heraeus-Instruments, Hanau, Germany). After thaitsimples were powdered and mounted
on Kapton tape. Six layers of sample-covered tapee\gtuck on the top of each other and
subsequently shrink-wrapped. The described sanmgleapation based on soft desiccation,
which does not influence the structural parametérthe formed uranium complexes, was
developed several years ago by Merroun and co-w®[ié2] in order to avoid uncontrolled
biological processes, that can influence the fdtairanium, in the cell samples during

transportation and possible storage on the way fifmenlaboratory to the X-ray beamline.
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Such processes could involve, for example, celislyssulting in pH changes, release of
enzymes or even development of non-prokaryoticciidas (fungal, for instance). One
additional advantage of the used sample prepargtionedure is that one and the same
sample can be analysed many times by using diffemeethods. The latter is of great
importance for analyses of complex systems, asdah®les investigated in this study.

The XAS measurements were performed at the Rosdem#amline (ROBL) at the
European Synchrotron Radiation Facility (ESRF), retde, France [134]. Samples were
measured at room temperature in fluorescence maieg ua Si(111) double-crystal
monochromator and a 13-element germanium fluorescesetector. The energy was
calibrated by measuring the yttrikiedge transmission spectrum of an Y foil and defini
the first infection point as 17038 eV. Six (pH 4a5)d eight (pH 6) W;,-edge fluorescence
spectra were recorded and averaged, respectivalyse§uently dead-time correction was
applied. The region from about 45 eV below to 60atdve the absorption edge of each scan
was isolated for the X-ray Absorption Near Edgai&tire (XANES) analysis. The pre-edge
background was subtracted, and the absorptioniceeff was normalized to equal intensity
at 17230 eV so that all spectra could be plottethersame scale.

The EXAFS oscillations were isolated from the raaveraged data by removal of the
pre-edge background, approximated by a first-opsdynomial, followed by grremovalvia
spline fitting techniques and normalization usingietoreen function. The ionization energy
for the ULy -electron, ki, was arbitrarily defined as 17185 eV for all agm@ spectra. The
EXAFS spectra were analysed according to standaotedures using the program
EXAFSPAK [135]. The theoretical scattering phasd amplitude functions were calculated
from modelsvia the software FEFF8.2 [136]. All fits included tleur-legged multiple
scattering (MS) path of the uranyl group, Wx@-O,« The coordination number (N) of this
MS path was linked to the N of the single-scattg 8S) path U-Q. The radial distance (R)
and Debye-Waller factoof) of the MS path were linked at twice the R @idf the SS path
U-Oax respectively [137]. During the fitting procedum, of the U-Qx SS path was held
constant at two. The amplitude reduction factor vaetd constant at 1.0 for FEFF8.2
calculations and EXAFS fits. The shift in thresh@dergy,AE,, was varied as a global
parameter in the fits. The level of significance $elected scattering paths was calculated
using the F-Test [204].
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Fourier-Transform Infrared-Spectroscopy (FT-IR)

For IR measurements sodium chloride was used dgyfmamd electrolyte instead of sodium
perchlorate, and uranyl nitrate was replaced byyirahloride to avoid the vibration bands
arising from perchlorate and nitrate groups. Thenma preparation was performed
analogously to that for XAS measurements. In adidjtparallel cell samples were incubated
at highly acidic conditions (pH 1.5 and pH 3) widind without the addition of uranium
(0.5 mM). Roughly 10 mg of the dried U(VI)-treatadd untreated cell samples were mixed
with 300 mg potassium bromide, grounded in a higlepiency vibration mill (Perkin Elmer,
Waltham, MA, USA) and pressed to a translucentetabt a pressure of 10 Torr under
vacuum. Spectra were recorded in a frequency rémye 4000 crit to 600 cn with a
spectral resolution of 4 ¢hrusing a Vertex 80v vacuum FT-IR spectrometer (BruRptics,
Ettlingen, Germany). A background spectrum (evaiapectrometer without sample) was
subtracted automatically from the acquired spe&naty-four scans were averaged for each
sample. Spectra recording and data evaluation wer®rmed using the software package

Opus 6.0 (Bruker Optics, Ettlingen, Germany).

Time-Resolved Laser-induced Fluorescence Spectroggo(TRLFS)

Small portions of the powdered XAS samples werel dee luminescence measurements of
the uranium complexed with the cells of the studiethaeal strain. The samples were placed
in a quartz micro cuvette and TRLF spectroscopi@asueements were performed at room
temperature by using home-built equipment. Fromdhmple incubated at pH 4.5, TRLF
spectra were recorded between 444 and 594 nm asiNg-YAG laser system (Spectra
Physics, Santa Clara, CA, USA) [187] with an intgnsf 0.3 mJ. The central wavelength of
the spectrograph was set to 520 nm and the gatth widthe ICCD camera was 5 us
(complete detection system: HORIBA Jobin Yvon Gmbbarmstadt, Germany). For
time-resolved measurements a digital delay gene(BG535, Stanford Research Systems,
Sunnyvale, CA, USA) was used. Before each seriemezfsurements the background signal
was measured 2 us after the laser pulse and aftisveatomatically subtracted from each
spectrum.

For the sample treated at pH 6, which had a lowanium concentration, the luminescence
of the uranium complexes was measured with a Nd-Yager system (Inlite 1, Continuum
Electro-Optics Inc., Santa Clara, CA, USA), with exctitation wavelength of 266 nm and a
significant higher intensity of 1.35 mJ. The cehtkavelength of the spectrograph (Acton
Research 1236 OMA 500 mm, Princeton Instruments®dVA, USA) and the gate width
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of the ICCD camera (Roper Scientific, Princetontrinments, Stuttgart, Germany) of this
laser system were 507.3 nm and 20 ps, respectiV&litF spectra were recorded between
421 and 600 nm.

The spectrographs of both systems were calibragddgua mercury lamp with known
emission lines. Luminescence was excited in bothpsas by 50 laser pulses. Subsequently,
101 U(VI) luminescence spectra (each calculatedmraging three single measurements)
were recorded after defined delay times. For amrate determination of the luminescence
lifetime(s) of the uranium complexes two seriesredasurements were performed for each
sample. One of them was performed with a stepdfitiee delay time of 200 ns to determine
uranium species exhibiting short luminescence itifes. For the calculation of longer
lifetimes yet a second series was recorded witAydiines of 5 us and 0.5 ps for the samples
incubated at pH 4.5 and 6, respectively. The obthinminescence data were processed by
using Origin 7.5 (OriginLab Corporation, NorthamptdViA, USA) including the PeakFit

module 4.0.

Enzymatic assay

The activity of the acid phosphatase (APase) wdserahned by the “Acid Phosphatase
Assay Kit” from Sigma-Aldrich (Saint Louis, USA).hE assay is based on the enzymatic
hydrolysis of p-nitrophenyl phosphate tp-nitrophenol, a chromogenic product with an
absorbance maximum at 405 nm. One unit of APase defised as the amount of the
enzyme that hydrolyzes 1 pmol pfnitrophenyl phosphate per minute. Deviant from the
manufacturer’s instructiong;nitrophenyl phosphate was dissolved in 0.1 M NaGled pH

of the solutions was brought to 4.5 or 6, respettivin addition, g-nitrophenyl phosphate
solution with pH 3 was prepared to measure the ratig activity at the physiological pH
optimum of the investigated strain. For each pHigdahree samples, each containing 2 mg of
freshly grown cells of. acidocaldariusvere washed four times with 0.1 M NaGI(®H 3,

4.5 or 6). At each washing step pH was controlledl i necessary readjusted to the required
values. After that, the cells were suspended inpl0@1 M NaClQ with the corresponding
pH. The cells of three more samples were killed h®ating at 121°C for 20 min and
afterwards studied analogically at pH 3. 50 pl freach of the cell suspensions was
transferred to 50 pb-nitrophenyl phosphate solution with the same pldnt@®l reactions
without cells were prepared to quantify and lagdketaccount of the spontaneous hydrolysis
of p-nitrophenyl phosphate at the different pH valu&ier incubation for 30 min at room



Chapter 11l 93

temperature, the reaction was stopped by the addai 200 pl 0.5 M NaOH. Subsequently
the cells were spun down and the supernatantseoséimples were used to quantify the
producedp-nitrophenol at 405 nm. APase activity in the dii®t samples was calculated

according to the protocol of the manufacturer.

Colorimetric determination of phosphate

Phosphate was quantified by colorimetric measurésnasing malachite green. This dye
complexes inorganic phosphate groups in the preseheolybdate and forms a complex
which can be determined at a wavelength of 660188][ The phosphate reagent containing
ammonium molybdate and malachite green was prepsatescribed by Ekman and Jager
[140]. Eleven potassium dihydrogen phosphate swisti(O - 20 uM) were prepared and
served as a standard. For the test about 5 medtilfr grown cells 06. acidocaldariusvere
suspended in triplicate in 10 ml uranyl nitrateusioin. In addition, parallel samples without
uranium were prepared. Samples were shaken food&hat room temperature. After that
the samples were centrifuged and the amount ofjaoc phosphate in the supernatant was
determined. For this purpose 100 pul of the phosphedgent was added to 100 ul of the cell
supernatants as well as to the standard solut®araples were incubated for 20 min at room
temperature and subsequently the absorption otdngplex was measured at 660 nm and
quantifiedvia the determined standard curve. As a control, piatgpconcentrations of the
initial solutions were checked and correspondindues were subtracted from the

concentrations determined in the supernatantseof¢ll samples.

Live/Dead staining

After the uranium treatments at pH 3, 4.5 and 64f®rours, the archaeal cell suspensions
were centrifuged at 4 °C and 10000 g for 10 mirieAfhat, the cells were washed twice with
0.9% NaCl and subsequently suspended in 330 [Heosame solution. 1 pl of the staining
solution, containing a mixture of two fluorescertyees (SYTE 9 and propidium iodide)
(Live/Dead® Bad.ight™ Bacterial Viability Kit L-7012, Molecular Probesnc., Eugene,
OR, USA) was added to the samples. After incubatiaime dark and on ice for 15 min, the
samples were centrifuged once again and the supetn@ontaining the unbound stains was
removed. Cells were suspended in 25 pl 0.9% Na@lexamined with an Olympus light
microscope (Olympus Europa Holding GmbH, Hamburgrn@ny) - BX-61, combined with
BX-UCB (control box) and U-RFL-T (power supply fthe 100 W mercury lamp) - along

with the accompanying imaging software “cell*P"uéiescence was excited by light with
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wavelengths between 420 and 460 nm, using a suigerband filter mirror unit (U-MSWB,
Olympus Europa Holding GmbH, Hamburg, Germany).

Microscopic analyses

The mineral formation in the samplesSfacidocaldariugreated with U(VI) was studied by
using a motorized epifluorescence microscope (OlnBX-61; Olympus Optical Co.
GmbH, Hamburg, Germany). Digital pictures of thenp&es, treated for 48 hours with uranyl
nitrate solutions (pH 4.5 and 6) and subsequendghed with 0.1 M NaClQwere taken in
phase contrast mode. Luminescence of the uraniumerals was excited using a
fluorescence mirror unit (U-MNUZ2; Olympus Opticab.GGmbH, Hamburg, Germany) with
excitation wavelengths between 360 and 370 nm.

In addition, the cellular localization of the uram accumulated by the cells was performed
by using Transmission Electron Microscopy (TEM) @oned with Energy-dispersive X-ray
spectroscopy (EDX) at the “Centro de Instrumentat@ientifica” of the University of
Granada (Spain). For this analysis, each about ®indpe cells were treated with 10 ml
uranyl nitrate solution (pH 4.5). After incubatifor 48 hours the archaeal cells were rinsed
twice with 0.1 M NaClQ@, with the corresponding pH. A third washing stegsvperformed
with 0.1 M sodium cacodylate buffer (pH 5.2) follesv by a prefixation with 2.5%
glutardialdehyde in the same buffer. After that gdamples were washed three times with
0.1 M cacodylate buffer and postfixed for 60 mindatC in the dark using 1% osmium
tetroxide in distilled water. The samples were dihted with ethanol and subsequently
infiltrated in a resin (EMbed 812; Electron Micropy Sciences, Hatfield, PA, USA). After
polymerization of the resin at 60 °C, ultrathintsmts (50-70 nm) were cut using a diamond
knife on an Ultracut-R microtome (Leica MicrosystenWetzlar, Germany). The ultrathin
sections were mounted on copper grids and contrasith lead citrate according to the
method described by Reynolds [138]. Parallel TENMh@ias were prepared which were not
contrasted with lead citrate. Finally all samplesr@vcoated with carbon. TEM observations
were made using a “High Resolution Philips CM 20@hsmission electron microscope at an
acceleration voltage of 200 kV. EDX analyses, whicbvide elemental information, were

performed at the same voltage using a spot sizenaf and a live-counting time of 200 s.



Chapter 11l 95

RESULTS AND DISCUSSION

U(VI) bioaccumulation

The studies on the bioaccumulation of uranium shbtimat the cells oS. acidocaldarius
accumulate significant amounts of this radionuclican the acidic solutions. As evident
from Figure 3.1 the amount of uranium bound to ¢bls strongly depends on the biomass
concentration. The negative correlation betweeseheo parameters can be explained by
the agglomeration of the microbial cells, whichueels the surface contacting with U(VI).
This was confirmed by microscopic analyses (notwst)o For kinetic studies we used a
biomass concentration of (0.5 £ 0.05) g/L. The ysed demonstrated a rapid complexation
of uranium by the cells (Fig. 3.2), which is a tygdi feature of the biosorption process at

functional groups on the cell surface [19].

1007 .
o pH4.5 (Y, =510 M)

o pH6.0 (4, =5-10°M)

o°)
<

mg U/gdry biomass
(o3}
<

40

dry biomass (g/L)

Figure 3.1.U(VI) accumulation by the cells &. acidocaldariusafter 48 hours at pH 4.5 and 6 as a function of
biomass concentration.

Already after an incubation of five minutes sigoéint amounts of U(VI) (7.6 = 2.2) and
(10.8 £ 0.7) mg U/g dry biomass were bound by tekscat pH 4.5 and pH 6, respectively
(Fig. 3.2). Also the binding capacity is stable smme hours at both pH values (Fig. 3.3), a
significant increase was observed after longerbatons at pH 4.5. The binding capacity of
the cells after an incubation of 48 hours at thisl pvas determined to be
(41.3 £ 3.4) mg/gy viomass This value is about twice as high as those UBiijling capacities

determined in our laboratory for the strain undghly acidic conditions [133]. The binding
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capacity after 48 hours at pH 6 was calculatecet@26.1 + 1.5) mg Ulg, viomass HOwever, it

was limited to this value, due to the lower U(Vbncentration used in this sample.

50
45 4 @ pH45(Y,;=5-10'M) -
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Figure 3.2.U(VI) accumulation by the cells &. acidocaldariust pH 4.5 and 6 as a function of time (biomass
concentration = 0.5 £ 0.05 g/L).

Limiting the data to the biosorption process aidbig-capable functional groups at the cell
surface, which mainly takes place within the firshutes to hours of incubation, the cells of
S. acidocaldariusadsorb about (14.6 + 3.5) mg uranium per gram lidoynass within one
hour of incubation at pH 4.5 (Fig. 3.2). This valgewell in line with the results of U(VI)
sorption studies performed with the strain at hightidic conditions [133]. The amount of
uranium bound to the cells at pH 6 within one hisutigher (~19 mg U/g, viomas) COMpared
to the binding capacity at pH 4.5, which is mokely due to the uranium complexation at
additional deprotonated and therefore binding-ckgplimctional groups at the cell surface. In
particular carboxylic groups provided by the negati charged amino acids of the S-layer
protein might be involved in the uranium compleaatiat increased pH values. This
assumption is supported by titration studies of ttedl surface ofBacillus subtilis
demonstrating a pKvalue of about 4.8 for the carboxylic groups [205)irther studies of
uranyl surface complexes on this strain pointedtbat the reversible adsorption of O
onto deprotonated carboxylic groups is the only matsm that can reasonably explain an
increase of U(VI) adsorption by increasing the pHhe range between, 2.5 and 5 [155].

The capability of U(VI) biosorption demonstratedr fthe cells of the archaeal strain

S. acidocaldariugs significantly lower than those determined fbe tcells of bacteria at
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corresponding pH values. For instance, it was detnated thatChryseomonassp.
accumulates about 60 mg W@iomassfrom a uranyl nitrate solution (4 ~0.42 mM, pH 4)
within one hour [156]. Studies oBacillus sphaericuATCC 14577 revealed amounts of
more than 70 mg uranium which were adsorbed atdliesurface per gram of dry biomass
(Uinit= 0.14 mM, pH 4.5, biomass concentration = 0.5 dA54]. An even higher binding
capacity were determined f®seudomonas fluorescend@ CC 55241 (92 mg ULg, biomasy
within an incubation of two hours at pH 5 0.125 mM) [178].

The high uranium binding capacity of bacteria is¢rilmited to the large number of
uranium-binding ligands of their multilayer cell Watructure [157]. In contrast to that, the
only cell wall component 0. acidocaldariuss its cytoplasma membrane-anchored surface
layer (S-layer) [180]. Because of the low contemtnegatively charged amino acids
(1.2 mol% aspartate and 1.8 mol% glutamate) aneoéslly because of the absence of
phosphorylated sites, this glycoprotein shouldlbeat ineffective in uranium complexation.
Interestingly, Francis and co-workers [178] demiaietd an unusually high uranium binding
capability for the neutrophilic haloarchaeblialobacterium halobiun{114 mg U/gry biomas)

at pH 5, although its cell wall is also limited @oglycosylated S-layer protein. However, in
contrast to that ofS. acidocaldarius this S-layer is enriched in carboxylic amino acid
residues [180]. According to Francis and co-worlai&] these negatively charged amino
acids support proper protein folding in the hight sanditions at which the strain is living.
Besides that, the high amount of negatively chaayado acids, should be also involved in
the initial binding of U(VI) by the S-layer dfl. halobium because they represent the main
binding sites for U(VI) at the studied pH of 5. Tin@al U(VI) accumulation in the strain was,
however, in a form of deep uranyl phosphate depasito the cytoplasma membrane [178].
Another reason for the low uranium binding cap#abiif S. acidocaldariusalong with the
low content of negatively charged amino acids ®fStlayer, might be the significantly lower
amount of polyphosphate granules in its cells imgarison to many other microorganisms
[193]. The role of these granules in supplying @ffee uranium-binding orthophosphate
ligands was demonstrated by Renninger and co-we[Béj.

The significant increase of the binding capacitgrathe longer incubation of 48 h at pH 4.5,
which was not detected in the studies at highlydiacconditions [133], indicated that
uranium was in this case accumulated by more tm@npoocess: a rapid biosorption at the
cell surface and additional slower processes, whictur at the later stages of the cell

treatments.
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XAS

The X-ray absorption spectra recorded from the iuran complexes formed by
S. acidocaldariugt pH 4.5 and 6, as well as the correspondingdesvatives of the spectra
are illustrated in Figure 3.3. For comparison, Xagy absorption spectra recorded from two
reference solutions are presented as well. Thek stotution of U(VI) was prepared by
dissolving sodium diuranate in 7M HCO Part of this solution was reduced
electrochemically to U(IV) at a mercury pool cateodhe uranium oxidation state in the
solutions was confirmed by UV/Vis spectroscopy (stodwn). The spectra obtained from the
investigated cell samples showed a peak at 17188deghed line in Fig. 3.3) which is
assigned to the contribution of the multiple saaitgof the two axial oxygen atoms of U(VI)
[137]. In addition, the maximum of the first deriv@s and the intensity maximum of the
absorption edge, i.e. the white line, were obsemdabth samples at positions characteristic
for U(VI) (compare the dotted lines in Fig. 3.3neke findings show that the added U(VI)

was not reduced in the samples to U(IV).

uv)

UVl
pH 4.5
pH 6

normalized absorption

u(v)

u(vI)
pH 4.5
pH 6

17130 17150 17170 17190 17210 17230
photon energy (eV)

Figure 3.3.UraniumL,;-edge X-ray absorption spectra (top) and theit fiesivatives (bottom) recorded from
the uranium complexes formed By acidocaldariust pH 4.5 (orange) and pH 6 (green). The X-ray iqiigm
spectra of the reference solutions of U(VI) andW(leach at a concentration of 4 -0l in 1 M HCIO,, are
shown in the figure as well. All spectra were ndinga to an equal intensity at 17230 eV. The peakked by
the dashed line is assigned the multiple scattecorgributions of the axial oxygen atoms of U(Vhdathe
dotted lines represent the peak maxima of the Xatzgorption spectra of U(IV) and U(VI) as well asge of
their first derivatives.
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The isolated ULy -edge k*-weighted EXAFS spectra and their corresponding rieou

Transforms (FTs) of the uranium-treated cell sas)pddong with the best calculated fits are
illustrated in Figure 3.4. In addition, the specwé two relevant model compounds,
UO,-fructose(6)phosphate (organic uranyl phosphate) rmeta-autunite (inorganic uranyl

phosphate) are given for comparison.

| I I I I L I T IR NI B P
X [
= UO,-fructose(6)phosphatel
<
Acidithiobacillus ferrooxidangH 2.0
r {3 S/LEMOS) -P(MS)
Acidithiobacillus ferrooxidangH 4.5
P {3 (F?/LSMOS) -P(MS)
S. acidocaldariupH 1.5
{u -0, (MS)
/ UP/UO P(MS)
S. acidocaldarius pH 4.5 .
e {B S/L%S) -P(MS)
S. acidocaldarius pH 6.0
“/ UP/UO P(MS)
meta-autunite
/{B I?/U'\gS P(MS)
- 1T T 1T T T 7T T 7T T 7T T 7T T 1T 77
3 6 9 12 0 1 2 3 4 5 6
k[A] R +A[A]

Figure 3.4. Uranium L,,-edge k>-weighted EXAFS spectra (left) and the correspondiogrier Transforms
(right) of the uranium complexes formed I8/ acidocaldariusat pH 4.5 and 6 and those of the model
compounds U@fructose(6)phosphate [158] and meta-autunite [1&8Bf spectra of the uranium complexes
formed byS. acidocaldariuat pH 1.5 [133] and those formed by the acidopltificterial strair\. ferrooxidans

at pH 2 [162] and pH 4.5 [87] are shown as well.
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For the sample incubated with uranium at pH 6, ttative fit results were obtained using
theoretical phase and amplitude functions calcdlatgh the FEFF8.2 code from the crystal
structure of meta-autunite Ca(WefPQy), - 6 HO [186]. The EXAFS spectrum of the
sample incubated at pH 4.5 was fitted using theehddscribed by Merroun and co-workers
[150]. This model contains fragments of two molesulmeta-autunite and uranyl triacetate.
The structural parameters obtained from the fitpngcedures are summarized in Table 3.1.
The Fourier-transformed EXAFS data of the sampteilvated at pH 4.5 showed FT peaks at
radial distances of R+ ~1.3 A and RA ~1.8 A representing the shells of two axial (O
and of about five (Neq= 5.0 + 0.6) equatorial (U-&) oxygen atoms at radial distances of
1.78 A and 2.35 A, respectively (the data of thellsfit with only one U-Qq shell are not
presented in Table 3.1). However, the large Debydiéi/ factor of 0.016 Afor the U-Qq
shell (not shown) indicated the existence of mér@ntone type of oxygen atoms in the
equatorial plane. Hence, the U43hell was split in two components: the first JyGhell
(U-Ogqy) at distance of 2.33 A and the second one (@t a somewhat longer distance of
2.50 A. These two shells are not represented agaeppeaks in the FT since their distances
span a R range which is not large enough to beedisd as individual peaks in the EXAFS
spectrum, for whictak = 9.3 A in accordance withR > mt/(2AK).

During the fitting procedure the coordination numsbef the two equatorial oxygen shells
were linked to each other and stabilized to a tatehber of five, as it was calculated by the
shell fit with only one U-@, shell. The U-Q,1 bond distance corresponds to the previously
reported values for oxygen atoms of organic phasplyggoups bound to uranyl in a
monodentate binding mode in the casé\oidithiobacillus ferrooxidan$§87, 162]. The high
similarity of the EXAFS spectra obtained from theanyl complexes formed by this
acidophilic bacterium to that of U@ructose(6)phosphate (Fig. 3.4), allowed the argttio
conclude that uranium was bound exclusively by oigaphosphate groups [162].
Corresponding complexes were also exclusively founthe samples o8. acidocaldarius
treated with U(VI) at highly acidic conditions (Fig.4, Chapter II) [133]. Assuming the
presence of corresponding complexes also in the $tedied sample incubated at pH 4.5, we
introduce a shell of phosphorous atoms in the sfiel{Table 3.1). The radial distance
obtained for this shell was 3.61 A, which is ché&dstic for the proposed monodentate
U(VI) complexation mode [169] and well in line withose radial distances calculated for the

U-P shells of the uranium complexes formedacidocaldariust highly acidic conditions.
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Table 3.1. Structural parameters of the uranium complexesméar by the cells o8. acidocaldariusat pH 4.5
and 6, as well as those of the two model compoul@sfructose(6)phosphate and meta-autunite.

Sample Shell N2 R (A)° o’ (A?° AEy (eV)
UO,-fructose(6)phosphate U-O,, 2.0 1.77(1) 0.001(1) 0.1(7)
pH 5.5 [160] U-Oeqs 4.8(5) 2.30(1) 0.020(4)
pH 4.5 U-Oay 2.0 1.78(1) 0.0026(1) 3.7(7)
U-Ou (MS) 2.0 3.56 0.0052
U-Oeqs 3(1) 2.33(2) 0.008(3)
U-Oeq 2 2.50(5) 0.010(2)
U-C 1.8(4) 2.91(1) 0.0038
U-P 1.1(5) 3.61(4) 0.0080
U-Ogqr-P (MS) 2.2 3.71 0.0080
pH 6 U-Oay 2.0 1.77(1) 0.0030(2) -2.6(9)
U-O, (MS) 2.0 3.54 0.006(
U-Ogc 4.3(3) 2.25(1) 0.0053(6)
U-P 2.8(7) 3.57(2) 0.0080
U-Oeqr-P (MS) 5.6° 3.66' 0.0080
meta-autunite [169] U-O,y 2.2(2) 1.76 0.0045 -11.0
U-Ogc 3.9(2) 2.29 0.0026
U-P 2.3(3) 3.60 0.00¢

Standard deviations as estimated by EXAFSPAK arergin parenthesis

&Error in coordination number is + 25%

® Error in distance is + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

® Radial distance (R) and Debye-Waller facts) {inked twice to R and? of the of the U-@ path
f Coordination number (N) linked to the N of Ugopath (Ny.oeqrNu-0eq=5)

9 Coordination number (N) linked twice to the N bé&tU-P path

" Radial distance (R) linked to R of the U-P patigaading to the used structural model

However, as shown in Figure 3.4, the EXAFS spectofithe S. acidocaldariusells treated
with uranium at pH 4.5 differs from the above men&d spectra oA. ferrooxidansat pH 2
and 4.5 as well as that 8f acidocaldariust pH 1.5. This indicates that at this pH not caly
monodentate binding of U(VI) to organic phosphateugs occurred. The EXAFS
parameters of the sample incubated at pH 4.5 #nrerraomplex and suggest, in combination
with other methods two additional U(VI) complexatimodes. As demonstrated by TEM and
FT-IR (see below) a small amount of the added UM&s precipitated in inorganic uranyl
phosphate phases. Moreover and to a higher extartpxylic groups of organic molecules
at the cell surface are involved in the uranium plaxation at this pH (see TRLFS section).
In accordance, the calculated longer equatoriatjerybond length of 2.50 A, is in line with
previously reported values (2.45 to 2.51 A) for thdial distance of carbon atoms bound to
U(Vl) in a bidentate binding mode [150, 206]. Camsently, the part of the EXAFS
spectrum, corresponding to the FT peak aAR2.3 A (radial distance of 2.91 A) was fitted
with the scattering contribution of carbon atomsahitwere bidentately bound to uranium.
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However, a shell related to bidentate-coordinat@dan atoms should be fitted only after
thoughtful consideration, since the addition ofoaresponding shell also improves EXAFS
fits, where a corresponding complexation is imphd158, 207], and even in carbon free
systems like uranyl hydrate (see the residual entitownish part of Fig. 3.5). For the latter,
the reduced erroryd) calculated by EXAFSPAK decreases from 0.196 &/ D.by adding
such a simulated U-“C” shell (Table 3.2). The radiatance (R = 2.92 A) of this false U-“C”
shell in uranyl hydrate is very similar to that edhted for the U-C shell of the U(VI)
complexes built bys. acidocaldariusat pH 4.5. Although the coordination number of the

C path, calculated for the U(V8/ acidocaldariusample, is higher (N = 1.8) than that of the
false U-“C” shell in uranyl hydrate (N = 1.2), thifference is not significant enough to

confirm by itself the presence of the U-C shellha studied sample.

Model 1 — without U-C-path
= — Data
----- Residua
6
R +A[A]
Model 2 — with U-C-path
= — Data
----- Residua
4 6 8 10
k[AY R +A[A]

Figure 3.5. Uranium L,,-edgek’>-weighted EXAFS spectra (left) and the correspondiogrier Transforms
(right) of uranyl hydrate. Shell fit was performedth the software EXAFSPAK, without (model 1) andttw
(model 2) the addition of a U-C shell, related tdelntate coordinated carbon atoms with a radiabdie of
~2.9 A (R+A ~2.3 A, highlighted in brownish).
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Table 3.2. Structural parameters of uranyl hydrate obtained fitting procedures, performed using
Fourier-filtered data (R = 0.6 to 3.4 A) with (md@ and without (model 1) the consideration of -€\$hell.

Sample Shell N2 R (A)° o’ (A?)° AE, (eV) r

model 1 U-Ouy 2.0 1.76(1) 0.0021(1) 3.0(4) 0.196
(without U-C shell) U-O,, (MS) 2.0 3.57 0.0042
U-Oeqs 4.7(3) 2.41(1) 0.0072(5)

model 2 U-Oa, 2.0 1.76(1) 0.0021(1) 2.7(4) 0.177
(with U-C shell)  U-Og, (MS) 2.0 3.57 0.0042
U-Oeqs 4.6(2) 2.40(1) 0.0070(5)
u-C 1.2(3) 2.91(1) 0.0038

Standard deviations as estimated by EXAFSPAK arergin parenthesis

2 Error in coordination number is + 25%

P Error in distance is + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

® Radial distance (R) and Debye-Waller factsf) (inked twice to R and? of the of the U-@, path

In order to decide whether the consideration of-@ shell in this sample is reasonable, we
performed the so called “F-test” according to Mickdacz and co-workers [204]. This
statistical test can be used for the comparisotwof different EXAFS fitting models and
evaluating the more likely of them. The EXAFS sighatween 3.18 and 12.48%Awas
Fourier-filtered in the R-range from 0.6 to 3.4 Adasubsequently back-transformed. Shell fit
was applied for model 1 (without U-C path) and mdlgwith U-C path) on the
back-transformed EXAFS signal (Fig. 3.5).

The U-C shell, relevant for the F-test, has thehégy backscattering amplitude at lower
k-values, as it is commonly observed for light baektering atoms. Therefore we performed
the shell fitting for model 1 and model 2 withcaweighting. The fitted structural parameter
for these shell fits agree with those obtainedaf@-weighting in the limits of the errors in
determination of coordination numbers (20%) andialadlistances (0.02 A) (compare
Tables 3.1 and 3.3). For the givienand R-interval the number of independent pararaese
Ning = 2-Ak:AR/m = 16 [204]. For model 1 (without U-C path) ten graeters were fitted,
while for model 2 (with U-C path) two additionalrpaneters were included in the fit {\on
and Ramoy (Table 3.3). With the number of the fitted paréene the degrees of freedom
were calculated for both models € 6,v,= 4). Basing on the reduced standard deviations of
the two shell fits £y%1 = 7.076 - 10 and Ay’ = 2.953 - 10) a F-value of F =2.79 was
calculated [204]. According to these parameterspitodbability that model 2 is better than
model 1 is P = P(Ry, vi- v2) = P(2.79, 6, 2), i.e. 86%. Hence, model 2 (witfCUbath) is,
with a score of 86%, the more conceivable modethdgh the value of 86% is not

absolutely decisive, we introduced the C backsgagecontribution in the shell fit, mainly
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because this is in accordance with our TRLFS regaie below), which clearly demonstrate
that in the sample incubated at pH 4.5 U(VI) wasplexed by the carboxylic groups of the
studied archaeal cells. Additional arguments supppr the consideration of the
C-backscattering contribution in the shell fit dfet studied sample can be found in the
literature. As already mentioned, Fowle and co-wmsl155] have demonstrated that at pH
4.5 most of the carboxylic groups of microbial cedllls exist in their deprotonated form and
are implicated in U(VI) complexation. In additioRpssberg and Scheinost [208], studying
U(VI) interactions with acetic acid, demonstratgdusing EXAFS that U(VI) complexation
by deprotonated carboxylic groups occurs even atgities below 4.

The presented results about the U(VI) complexabiprS. acidocaldariusat pH 4.5 are in
contrast to the previously observed pH-independentplexation of U(VI) solelyia organic
phosphate groups by the acidophilic bacterAunfierrooxidangn the range from pH 2 to 4.5
(Fig. 3.4) [87, 162]. In addition, the results diffalso from those obtained from neutrophilic
bacteria, which at this pH immobilizes U(VI) predoamtly in meta-autunite-like mineral
phases [70, 83, 199, 200].

Table 3.3.Structural parameters of the uranium complexeméar by the cells 08. acidocaldariust pH 4.5.
Fitting procedure was performed using Fourier4fdte data (R = 0.6 to 3.4 A) with (model 2) and with
(model 1) the consideration of a U-C shell.

Sample Shell N2 R (A)° o’ (A%)°  AE, (eV) Ay?y
model 1 U-O,, 2.0 1.78(1)  0.0026(3) 3.8(7) 7.076 - 1d
(without U-C shell) U-O,, (MS) 2.0 3.56 0.0052
U-Oeqs 2.5(8) 2.32(1) 0.007(4)
U-Oeq; 2.5 2.48(2) 0.010(4)
U-P 1.3(5) 3.59(4) 0.0080
U-Oeqr-P (MS) 2.6 3.69 0.0080
model 2 U-Oay 2.0 1.78(1)  0.0025(2) 2.2(5) 2.953-1d
(with U-C shell)  U-O,, (MS) 2.0 3.56 0.0050
U-Oeqs 3(1) 2.32(1) 0.009(3)
U-Oeq; 2 2.49(6) 0.014(7)
U-C 1.9(3) 2.92(1) 0.0038
U-P 0.8(3) 3.62(4) 0.0080
U-Ogqr-P (MS) 1.6° 3.72 0.008¢

Standard deviations as estimated by EXAFSPAK arergin parenthesis

& Error in coordination number is + 20%

® Error in distance is + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

® Radial distance (R) and Debye-Waller facts) (inked twice to R and® of the of the U-@, path
" Coordination number (N) linked to the N of Ugopath (Ny.oeqrtNu-0eq=5)

9 Coordination number linked twice to the N of thePUpath

" Radial distance (R) linked to R of the U-P patigaading to the used structural model
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The EXAFS spectrum of the uranium complexes forimgdhe cells treated at pH 6 differs
significantly from all above discussed spectra.sTépectrum has a high similarity to that
measured from the inorganic uranyl phosphate minengta-autunite [169, 209]. The
structural parameters obtained for the uranium dexes formed at pH 6 confirmed this
result (Table 3.1), e.g. the coordination numbethef U-Q, is nearly four and the radial
distances of the U-@: (2.25A) and U-P shells (3.57 A) are, in analogy those of
meta-autunite, significantly shorter than thosecwated for the organic phosphate
complexes (Table 3.1) Therefore it is obvious #itahis pH most of the added uranium was
complexed by inorganic phosphate groups. This figdiuggested the precipitation of poorly
soluble uranyl phosphate complexes. We suggestttieainorganic phosphate groups were
released by the cells &. acidocaldariusas a result of the pH stress. Interestingly, Rifie
peak at about RA+~2.3 A (bond distance of 2.85 A) was also founthim sample treated at
pH 6 and the addition of a shell of about one carbtom at this bond distance improves
significantly the fit (not shown). However, as abawentioned this alone does not prove the
bidentate complexation of U(VFia carbon atoms. And although the carboxylic groups,
which are present at the cell surface and othércoelpounds, are deprotonated at pH 6, the
obtained EXAFS parameters (short Wqbond distance of 2.25 A, in combination with a
low Debye-Waller factor) as well as the resultstité TRLF spectroscopic studies (see
below) are inconsistent with the presence of uraayboxylate complexes in this sample and
strongly designate that in this case uranium isusieely boundvia inorganic phosphate and
precipitated in a form of meta-autunite-like mirlgrhases.

FT-IR

The FT-IR spectra of the uranium-treated samplessd of the control samples without
U(VI), as well as the corresponding difference $@eare illustrated in Figure 3.6 in the
range from 1800 cthto 800 crit.

All recorded spectra exhibit common absorbanceufeat which occur independently of the
pH and the presence of uranium. The first two, m@siminent bands located at around
1655 cnt and 1570 cil are characteristic for the amide | and amide Hdseof the proteins,
respectively [210]. They represent t{€=0) stretching mode (amide 1) and a combination
of the 8(N-H) bending mode as well as th€C-N) stretching mode (amide 1l) arising from
peptide bonds. The absorption band located at &#53can be assigned to the bending
modes of CH and CH groups [211]. The band around 1235cprobably attributes to the
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vadP=0) mode of phosphate groups [212]. However, rdmrtions from the (N-H)
deformation mode of the amide group (amide Il Maxte also expected in this region [213].
The IR range between 950 ¢rand 1150 ci can be attributed to various vibration modes
arising from functional groups like phosphate anlplsate, as well as from sugar rings [159,
210-212, 214]. These groups and compounds are athestic for various cellular

components, and constitute potential binding $aesiranium or other metals.
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Figure 3.6. FT-IR spectra obtained from the uranium-treated antreated cells o8. acidocaldariusat
different pH values and the difference spectrawated from the spectra of the U(VI) treated calisus the
corresponding spectra of untreated cells{j8]5- 10* M, beside at pH 6: [W};= 5 10° M).

The bands at 1720 ¢hand 1278 ci, which are only present as shoulders in the spectr
recorded at low pH arises from théC=0) andd(C-O-H) vibration modes of protonated
carboxylic groups, respectively [215]. The disappeaae of these shoulders with increasing
pH, and the simultaneous appearance of a band é&rt@8v crit, assigned to the(COO)
mode, indicates the change of the protonation sihtéhe carboxylic groups. [212]. The
expected band of thedCOO) mode (1550 to 1600 chris hidden under the amide Il bands.
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To clearly determine the chemical groups whichiawelved in the uranium complexation,
difference spectra between the uranium-treated aelll the control samples were calculated.
In all samples, the band of the asymmetric stratghvibrationvy(U-O) of the uranyl ion is
shifted to lower wavenumbers, compared to thahefunbound uranyl ion [216], confirming
the complexation of the uranium by the cells. Unsiigong acidic conditions (pH 1.5 and
pH 3), the absorption maximum is located at aro®@d cm® whereas at pH 4.5 the band is
split into two bands showing up at 919 and 906'c#t pH 6, a single band showing an
absorption maximum at 907 ¢his observed.

The frequency of the3;(UO,) mode correlates with the molecular environmenthef uranyl
unit. It is commonly known that an increasing numbé electronegative ligands in the
equatorial plane of the uranyl unit generates areesing bathochromic shift of the(UO,)
absorption band compared to the fully hydrated [@h7]. Infrared spectra of uranyl(VI)
minerals containing relatively strong electronegatigands and a manifold coordination to
the uranyl unit, such as carbonate, generally sswangly shifted absorption bands of the
v3(UO,) mode [217]. Consequently, the observed bathocierehift of the uranyl band in the
spectra at pH 4.5 (split band) and pH 6 obvioustlidates an enhanced complexation of the
uranyl ions. According to the results from XAS enpents, the enhancement of the U(VI)
complexation, which occurred at pH 6, can be ergldi by a biomineralization of this
radionuclide in a form of uranyl phosphate pha3dwse inorganic phases are obviously
present also in the sample treated at pH 4.5, ditiad to the complexes formed at highly
acidic conditions (see the split peak in Fig. 3B)e presence of different uranyl phosphate
complexes in the samples is verified by the difieee spectra which show a significantly
different band pattern in the spectral region & ffhosphate groups between 1250 and
950 cm* at pH values> 4.5, compared to that at highly acidic conditioAspH 1.5 and 3
enhanced absorptions were detected in this FT-iglome (Fig. 3.6). The latter is in
accordance to the difference spectra of the orgamainium phosphate complexes formed by
three eco-types of the acidophilic bacterial stragidithiobacillus ferrooxidang159]. In
contrast to this, the difference spectra obtairedhfthe samples incubated at pH 4.5 and
pH 6 showed reduced absorptions in this regiormessmting great changes of the origin of
the phosphate groups. The spectral changes obsbwadrared spectroscopy at pH4.5
indicate that a formation of uranyl phosphate mahphases occurs.

Moreover, the data suggests the involvement of aatdbte groups in the uranium
complexation at pH 4.5 due to two significant mimiat 1397 cm and 1578 ci in the
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difference spectra calculated for pH 4.5. Corredpumn minima, which are very close to the
absorption bands of the symmetric double stretchimdjthe antisymmetric stretching modes
of carboxylate groups, respectively, were not dy mery weakly observed in the difference
spectra of all other samples. From the reductiothe$e vibration modes due to the addition
of uranium, the assumed involvement of deprotonai@dboxylic groups in the uranium

complexation at pH 4.5 is supported.

TRLFS

Another powerful and very sensitive method whidiovas distinguishing between different
functional groups implicated in the uranium bindisgrRLF spectroscopy. Besides the high
sensitivity, a big advantage of this method isgbssibility to identify and distinguish single
uranium species in a multi-component system, likierabial cells. In Figure 3.7 the
luminescence emission spectra of the U(VI) compmexermed by the cells of
S. acidocaldariusat pH 4.5 and pH 6, respectively, are shown. Thgesponding peak

maxima are summarized in Table 3.4.

fluorescence intensity

pH 4.5

I :' I ! I ! ! I ! I
460 480 500 520 540 560 580
wavelength [nm]

Figure 3.7.Luminescence spectra of the uranium complexesddryS. acidocaldariugt pH 4.5 and 6. For a
better comparison the position of the calculateakpaaxima of the sample incubated at pH 4.5 aretpoiout
by dotted lines. The dashed line indicates thetijposbf the luminescence peak exclusively detedtethe
sample incubated at pH 4.5.
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Table 3.4.Luminescence emmission maxima of the uranium cexrgs formed bys. acidocaldariuat pH 4.5
and 6 as well as those of some model compoundaramilim complexes formed by bacteria.

Sample Luminescence emission maxifia Lifetime(s)
(us)
UO,** (pH 1.5) 473.1 489.5 511.0 534.3 559.6 1.92+0.12
U(VI) + S. acidocaldariupH 4.5 469.8 4829 499.2 5200 5427 568.0 0.71+0.03
4.08 £0.72
108+1.4
39.7+5.9
U(VI) + S. acidocaldariupH 6 488.0 502.6 523.1 5454 5742 3.97+0.76
Organic uranyl phosphate complexes
UO.-fructose(6)phosphate [158] 478.9 497.1 519.0 543.3 568.9 0.13+005
UO,-DMGP [161] 4815 497.4 519.3 5424 567.5 1.0; 20
UO,-[NH3CH,CH,OPQy]" [161] 483 498.0 518.4 541.3 565.9 3.1+0.6
UO,-AMP [159] 497 519 542 569 n.d.
Uranyl lipopolysaccharide complex
R-O-PQ-UO; [163] 4815 498.1 519.6 5429 567.5 1.2+04
Bacteria [154]
Bacillus sphaericus 498 519 542 569 n.d.
Bacillus sphaericug¢decomposed cells) 502 524 548 574 n.d.

Uranyl phosphate minerals
saleeite [165] 489.0 501.1 522.1 545.7 570.9 23+0.2
meta-autunite [165] 491.3 501.8 5229 546.9 5722 0.74+0.1

Uranyl carboxylate complexes
(R-COO)-UO, [167] 466.0 481.6 498.1 5180 539 566 0.7+0.1
R-CO0O-UQ " [167] 73+x1.4

&Main luminescence emission bands were pointedybibld letters
P Error of emission bands is + 0.5 nm

As evident from these results the recorded spestnéit a significant bathochromic shift of
more than ten nanometres in comparison to the kesoignce spectrum of the aqueous uranyl
ion (Table 3.4). The main luminescence emissionimaof the formed uranium complexes
at pH 4.5 correspond well to those determined lierdomplexation of U(VI) by phosphate
groups of various organic model compounds, such @sspholipids [161],
lipopolysaccharides [163] and sugar phosphates|[t58hly similar luminescence emission
maxima were also found in comparable cell sampleS. acidocaldariusncubated at lower
pH values of pH 1.5 and 3 [133]. In addition, tmeigsion maxima are well in line with those
obtained from TRLFS studies of the uranium compdegpeoduced by the bacterial strain
Bacillus sphaericu$l54]. The authors of the two latter studies denransd that the added
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uranium was predominantly bound by organic phospbedups [133, 154]. However, in the
case of the here studied sample incubated at pHHe5Sspectrum also exhibits a distinct
luminescence peak at 469.8 nm, which cannot bgressito uranyl phosphate complexes. A
similar peak at about 466 nm was recently deteatedliminescence spectra of uranyl
carboxylate species formed at phosphate-free pmp¥idan [167]. Hence, the detected
emission maximum may rather be assigned to urampoxylate complexes.

The U(VI) luminescence properties of the samplelliated at pH 6 differ significantly from
those of the sample incubated at pH 4.5. The faguluminescence emission maxima
exhibit an additional bathochromic shift of 3 tou® in comparison to the spectra of the cell
sample incubated at pH 4.5. In agreement with th& Xand FT-IR studies the emission
maxima correspond well to those of meta-autunitab(@ 3.4) as well as other uranyl
phosphate minerals [165]. Almost similar emissiomxima were also obtained from
decomposed cells d@acillus sphaericugTable 3.4) [154]. In accordance to our resules th
authors of the latter study assumed that the quoreting luminescence spectrum arises from
inorganic uranyl phosphate complexes @(MIPQy),), formed due to the liberation of
inorganic monophosphate from the decomposed ceflssobacterial strain [154].

Besides the position of the emission maxima theaylexd the luminescence was used to
distinguish between the different uranyl speciessent in the archaeal cell samples. The
luminescence lifetimes were determined by using fingction I(t) = b+ Y I; * exp(-th)
where } is the background signal, measured after a detay of 2 ms, Ithe signal factors of
the uranium compounds,the corresponding luminescence lifetime and dilay time.

The lifetime analysis of the sample incubated adpbirevealed four luminescence lifetimes,
which were determined to be= (0.71 £ 0.03) pst= (4.08 £ 0.72) usys= (10.8 £ 1.4) us
andt,= (39.7 £ 5.9) us. However, we could not deteagaicant shift of the luminescence
emission maxima depending on the delay time. Watiard to the calculated errors, two of
the calculated lifetimes, 14) are well in line with those determined in studpesformed in
our laboratory on uranium accumulation By acidocaldariusat pH values around the
physiological optimum of this strain (pH 1.5 and [R)33]. Due to the formation of
corresponding uranium complexes also at highly iacmbnditions and the consistent
emission maxima, the lifetimes, and 14 were assigned to organic uranyl phosphate
complexes, which differ in their metal-to-ligandticaand/or in the binding of U(VI) to
deprotonated or protonated phosphate groups assdesd earlier [133]. The lifetime of (4.08
+ 0.72) us agrees also well to the luminescenedrties calculated for the organic phosphate
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complexes formed by the acidophilic bacterial sg&i. ferrooxidansandThiomonas cuprina
[198]. Further studies on one of these straiisférrooxidansATCC 33020) revealed a
significantly longer lifetime of about 45 ps [159hich is very similar to the longest
luminescence lifetime, of (39.7 = 5.9) us found in this study.

The uranium species exhibiting luminescence lifegnof t;= (0.71 £ 0.03) ps ands;=
(10.8 + 1.4) us were almost identical to thoseheftecently investigated uranyl carboxylate
complexes formed at phosphate-free peptidoglyc&Y][1Therefore these lifetimes were
assigned to uranyl carboxylate complexes causiagiuminescence emission maximum at
469.8 nm. A short luminescence lifetime, comparablg, was also calculated from parallel
samples incubated under highly acidic conditionsafier Il). In the latter case, this short
lifetime was assigned to uranyl phosphate complexgggesting that; had also arisen from
corresponding complexes. However, a bi-exponed&ahy with similar lifetimes to; andts
was also observed for the U(VI) luminescence betwé85 and 470 nm. This finding
strongly supports the assumption thatindt; arose from uranyl carboxylate complexes, as
this region of the spectrum is exclusively deteedirby the luminescence of the first
emission band, which is characteristic for thesamexes. Besides this first emission band,
the remaining spectrum of the uranyl carboxylatenglexes is masked by the highly
luminescent uranyl phosphate complexes.

For the uranyl complexes formed at pH 6 only orfetithe of (3.97 +0.76) us was
calculated, which we therefore clearly attributetihe® formed uranyl phosphate mineral
phases. The lifetime agrees well to those obtaineth TRLFS studies of various uranyl
phosphate minerals (Table 3.4) [165]. Howevers @lso very similar to one of the lifetimes
calculated from the sample incubated at pH 4,5 4.08 + 0.72 us). As mentioned above, a
very similar lifetime was also calculated from pialacell samples incubated at lower pH
values where the presence of corresponding urdmy$pghate mineral phases was excluded
[133]. This suggests the formation of organic (aghly acidic conditions) and inorganic
(pH 6) uranyl phosphate species with similar luregence lifetimes. With regard to this
finding as well as to the XAS and FT-IR resultsisitobvious that at pH 4.5 the calculated
lifetime of t,= (4.08 £ 0.72) us is most likely the result of dhecay of these two different
uranyl phosphate species. Hence, the TRLFS redeitonstrate that at pH 4.5 at least four,
but rather five different uranyl complexes werenied; three different uranyl phosphate and

two uranyl carboxylate complexes.
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In contrast to this, the TRLFS studies confirmeel éixclusive formation of inorganic uranyl
phosphate mineral phases at pH 6. Even thoughmbiiod is outstanding due to its high
sensitivity, we could not detect any organic uraogmpounds at this pH. This finding,
combined with the fast removal of uranium from swution observed at pH 6 (Fig. 3.2),
suggests that at this pH uranium was initially bua the functional groups of the cell
surface biopolymers and after longer incubationsmexed by inorganic phosphate groups
which seems to possess a higher complexing catyathiiin the organic ligands. A similar
process was recently shown fér. aeruginosal[89]. In this case uranium was initially
adsorbed to the cells of this bacterial straimmfbrm of uranyl hydroxides. However, after a
longer incubation uranium was predominantly comgteky orthophosphate liberated by the
cells. Our results obtained by a combination of E®A FT-IR-, and TRLF- spectroscopic

analyses confirm the very high affinity of U(VI) toicrobially-generated orthophosphate.

Acid phosphatase assay and determination of phospteaconcentration

To clarify the origin of the inorganic phosphatewgps which are responsible for the uranium
complexation, we used an enzymatic assay. It isfkmelwn that inorganic phosphate groups
were liberated at acidic conditions by the actiwfyvarious enzymes summarized as acid
phosphatases (APases) [218]. A corresponding enzlatk also been purified from
S. acidocaldariug33]. The authors of the latter study demonstrateat the isolated acid
phosphatase 0§. acidocaldariuspossesses pH and temperature optima of 5 and ,70 °C
respectively [33]. At moderate temperatures of Glfie enzyme has a significantly lower
but detectable activity, which is about 10% of tha70 °C. In contrast to this study, we used
intact cells ofS. acidocaldariugor determining the APase activity at room tempae The
obtained APase activities at the studied pH val(es 3, 4.5 and 6) are presented in
Figure 3.8.

As evident from the figure, the considerably highesivity was calculated for the sample
incubated at pH 3, which equates to the physiogiptimum of the strain. The reduced
APase activity at pH 4.5 is most likely a resulttbé stress due to the non-optimal pH
conditions. The latter assumption was supportedlibg/Dead staining which demonstrated
an increased rate of cell death (Fig. 3.9). At pHr6addition, the enzyme by itself is

inhibited and possesses a lower activity [33].
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Figure 3.8.Acid phosphatase activity &. acidocaldariugt different pH values. Heat-killed cells were diss
a control to calculate the abiotic conversiompafitrophenyl phosphate.

We also determined the amount of orthophosphatbansupernatants of the cell samples
after incubation for 48 hours in 0.1 M NaGI(®H 3, 4.5 or 6) with and without the addition
of uranyl nitrate (Fig. 3.10). As expected from thBase activity studies, we observed a
significant release of orthophosphate from thescelio the supernatant at pH 3. The higher
amounts of phosphate in the control samples ineabat pH 4.5 and 6, compared to that
incubated at pH 3, are at first view inconsistenthwhe results obtained by the APase
activity studies. However, Live/Dead staining destosied a significant higher amount of
cells exhibiting damaged cell envelopes at pH 48 & (~45% and ~50%, respectively),
compared to the sample incubated at pH 3 (~10%). @9). The increased cytoplasma
membrane permeability of some cells may lead temimanced release of phosphorylated
organic compounds which serve as substrates fartttmeal APase.

Although a significant release of inorganic phogpharom the cells was demonstrated at
pH 3, we observed, considering the error bars, ifferédnces between the uranium-treated
and untreated cell samples. This finding exclutiesformation of uranyl phosphate mineral
phases at this pH, which is in accordance to spsobpic studies of the uranium complexes
produced by5. acidocaldariugt pH 1.5 and 3 [133]. The absence of U(VI) bicanadization
might be explained by the lower release of orthgphate and/or a general inhibition of the

mineral formation at highly acidic conditions. Tla¢ter assumption is supported by a recent
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study demonstrating that uranyl phosphate minexadsrather unstable at acidic pH values
[86].

Figure 3.9. Microscopic pictures o6. acidocaldariustained with the Live/Dead Kit after the treatmerith
uranium at pH 3 (A), pH 4.5 (B) and pH 6 (C) for W8urs. Pictures were taken at 1000-fold magnificain
fluorescence mode using a fluorescence mirror (IMMSWB; Olympus Optical Co. GmbH, Hamburg,
Germany) with excitation wavelengths between 420460 nm. For the differentiation of live and dealls a
mixture of two stains was used. Green fluorescéncaused by SYTO 9, a stain which generally labklsells

in a population. In contrast, the red fluoresceains propidium iodide, penetrates only cells widdmaged cell
membranes, causing a reduction in the SYTO 9 fhamaece when both dyes are present.

In contrast to that, the uranium-treated and utetegaamples incubated at pH 4.5 and pH 6
differed significantly from each other. Phosphatmaentration in the supernatant of the
uranium-treated sample incubated at pH 4.5 wasceztito more than 80% compared to the
control sample. In the sample incubated at pH 6difference in phosphate concentration
was about 65%. This removal of phosphate from theshatant was assigned to the
precipitation of inorganic uranyl phosphate compkxn both samples. The reason for the
lower removal of phosphate from the uranium-treaachples at pH 6, compared to that at
pH 4.5, is most likely due to lower uranium concatibn used at this pH.

Our findings demonstrate that inorganic phosplrasnonsible for the uranium complexation

at moderate pH values (pH 4.5 and 6), is releasethé cells ofS. acidocaldariusas a
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consequence of both, increased cytoplasma mempeaneability and the APase activity of
the strain.
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Figure 3.10 Amount of orthophosphate released by the cellS.afcidocaldariusnto the supernatant after an
incubation of 48 hours in dependency on pH angtkseence of uranium.

Microscopic Analyses

The formed uranyl phosphate minerals were locallaedsing light microscopy. As evident
from the results presented in Figure 3.11, the minghases formed after 48 hours exhibit a
needle-like structure with a length of up to 2 Fig(3.11-A). In addition, they show a green
luminescence after excitation with ultraviolet ligfFig. 3.11-a), as it is well-known for
autunite and other secondary uranium minerals [2h9parallel samples, which were stored
after the treatments with uranium for a longer temel °C, a further mineralization of U(VI)
was observed. As shown in Figures 3.11-B and 3,lafter two weeks bigger uranyl
minerals with more complex morphology, consistiig@veral needle-like crystals, started to
appear. The formed minerals continued to grow aftel @&ix months the single crystals
exhibited a length of up to 10 um (Fig. 3.11-C ahd
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Figure 3.11. Light microscopic pictures of the uranyl phosphataeral phases formed by the cells of
S. acidocaldariust moderate acidic conditions after an incubatiwrd8 hours (A and a), two weeks (B and b)
and six months (C and c). All pictures were takefq@0-fold magnification in phase contrast mode BAand
C) and in fluorescence mode using a filter unitwekcitation wavelengths between 360 and 370 nrh émd
c).

In order to improve uranium detection in the sampieubated with U(VI) for 48 hours we
additionally performed TEM analyses coupled withXeBy using this method we observed
in the sample treated at pH 4.5 contrasting elaetiense uranium accumulates, which were
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localized intracellularly, associated with the @lesma membrane (Fig. 3.12-A). These
deposits probably represent a part of the formgamc uranium complexes and contained
only low amounts of uranium. Therefore, these deposere exclusively detected in the
parallel TEM samples, which were not contrastedhvgad citrate (Fig. 3.12-A).

u
UMMU@M&LMNM&# i

27 36 45 54 63 72 8l 90

Figure 3.12. TEM micrographs of ultra-thin sections 8f acidocaldariusncubated with 0.5 mM U(VI) at
pH 4.5 for 48 hours. Uranium accumulates were kxtat the inner surface of the cytoplasma membp@has
well as in extracellular accumulates (B). EDX-spectf selected uranium accumulates, marked with
arrowheads, were recorded to confirm the presehaeeaium (a and b).

As evident from the presented EDX spectrum (Fig, #ee most likely organic complexes

consist besides of uranium (U) of phosphorous () aygen (O). The peaks for C, Cu, Os,
Pb and ClI are a result from the TEM sample prearaind the copper grid used to support
the ultra-thin cell sections. The presence of Sults from the oil in the diffusion pump of the

column of the used TEM system. Such intracelluleanium deposits were exclusively

detected in apparently empty cells. This indicatest the formation of these uranium
deposits is a consequence of the increased cytoalagembrane permeability due to the cell
death. Overall such uranium deposits were deteotide to ten percent of the cells.

We did also observe some extracellular uraniumainimg complexes most likely

representing the inorganic mineral phases (FiR-B)JL As evident from the corresponding
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EDX spectrum they contain high amounts of uranijy @nd as in the case of the organic
complexes, phosphorous (P) and oxygen (O) (Fi@-B)1

Hence, TEM studies revealed that the increasedirgndf this radionuclide which was
observed after longer incubations of 48 hours atstindied moderate pH of 4.5 is primarily
based on an uncontrolled uranium uptake by the datharchaeal cells, which exhibit an
increased permeability of the cytoplasma membrame, consequent intracellular U(VI)
binding by functional groups, provided by the cyasma membrane and other cellular
structures. In addition, and to a much lesser éxtea extracellular precipitation of inorganic
uranyl phosphate minerals contributed to the irseddJ(VI) binding after 48 hours.

As already suggested within the bioaccumulatiorultes we did not observe uranium
deposits at the S-layer which is the only cell vealinponent in the studied archaeon. This is
in contrast to bacteria which have a thick peptigcan layer (in the case of Gram-positive
bacteria) or a complex multi-layered cell wall {me case of Gram-negative bacteria) both
rich in uranium binding ligands, which may protélaé bacterial cells from the toxicity of
uranium [150]. It was approved that the basic fiomcbf the S-layer of. acidocaldariuss

to keep the cell shape at extreme conditions sschigh temperatures (about 70 °C) and
acidity (pH about 2) [220, 221] but as demonstrdtgd EM obviously not to bind metals.
Unfortunately, our efforts to localize uranium bigNM in the sample incubated at pH 6 failed
most likely due to ten-times lower uranium concatidn used, compared to that used for the
sample incubated at pH 4.5. The formation of unanminerals in the sample incubated at
pH 6 was, however, clearly demonstrated by lighdragcopy.

CONCLUSIONS

Results obtained in this study allow to concluds #t moderate acidic conditions, typical for
environments polluted with uranium, U(VI) can bemwbilized by thermoacidophilic
archaeal strains of the speci&s. acidocaldarius which are indigenous in heavy
metal-polluted environments. At pH 4.5, U(VI) isumal to organic phosphate groups, which
are also involved in the U(VI) complexation at lovp# values. In addition, the unusual cell
wall structure of S. acidocaldariuswhich in contrast to bacteria consists only of a
proteinaceous S-layer, allowed the spectroscoptectien and the determination of the
structural parameters of U(VI) complexes formedtbg carboxylic groups. After longer
incubations at these non-optimal for the archagalrsconditions an increased cytoplasma
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membrane permeability was observed, which resaltmniuptake of U(VI) into the cells and
a subsequent binding by functional groups of theaaellular structures. TEM also revealed
extracellular uranium accumulates which might hawerganic origin. However, the
spectroscopic data clearly demonstrated that tUaiext archaeal cells bind the main part of
U(VI) via organic functional groups. This result is in castrto the previously studied
interactions of acidophilic bacteria with U(VI), ete the binding occurs in a pH-independent
way, e.g. only organic phosphate groups participatbe complexation process at pH 2 and
at pH4.5 as well. Moreover, the described procdsters also from the observed
precipitation of U(VI) mainly in inorganic phospleaphases by all neutrophilic bacteria, at
this pH. In the case @&. acidocaldariughis function seems to be limited at pH 4.5, maybe
due to the non-optimal temperature conditions anith® fact that this archaeon contains less
polyphosphate bodies which are the source of tlzgreatically-produced orthophosphate
implicated in the process of biomineralization. fdiere, the results of the present study
suggest that the mechanisms of interaction andxidiettion of U(VI) by the cells of the
studied here archaeal stra#n acidocaldariudiffer significantly from both acidophilic and
non-acidophilic bacteria. At pH 6, however, urapiibsphate mineral phases were, as in the
case of most bacteria, the only uranium complegaad after the treatment of the cells with
U(VI) for 48 hours. This can most likely be expkathby the lower amount of uranium in the

solution along with the higher release of orthoitnage from the cells.
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Chapter IV

Complexation of uranium by S-layer and cell ghostsf Sulfolobus

acidocaldarius.

T. Reitz, M. L. Merroun, A. Rossberg, A. Barkleit,
R. Steudtner, and S. Selenska-Pobell
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ABSTRACT

U(VI) binding by two cell envelope fractions &. acidocaldarius both maintaining the
shape of the cells, was investigated by using tiese®lved laser-induced fluorescence
spectroscopy and X-ray absorption spectroscopy,bowed with biological methods. The
first fraction, refereed as “SlaA-layer ghosts”,nssted of the outermost proteinaceous
surface layer o8. acidocaldariugalled “SlaA-layer”. The second fraction, referesed“cell
envelope ghosts”, consisted of cytoplasma membeare another inserted in it S-layer
protein, called “SlaB”, anchoring the SlaA. We dersimate that at highly acidic conditions
(pH 1.5 and 3), covering the physiological optimoimthe archaeal strain, the “SlaA-layer
ghosts” do not bind U(VI), while the “cell envelogghosts” bind U(VI) via organic
phosphate groups similarly to whole cells. Hence,aadic conditions the outermost
SlaA-layer does not provide protective functionaiagt U(VI) to the cells of this acidophilic
archaeon.

In contrast to the whole cells, the U(VI) bindingde of the cell envelope ghosts at moderate
acidic pH (pH 4.5 and 6) is not significantly chadgAt these pH values a complexation of
U(VI) by the SlaA-layer ghostga its carboxylic groups is stimulated. At these uofzrable
for S. acidocaldariusconditions the fraction of the extremely stabl@/Slayer ghosts is
strongly increased due to the death of a consiteet of the cells. The latter indicates that
in moderate acidic environments the “SlaA-layer gghatructures may influence migration
of U(VI).

Keywords: Sulfolobus acidocaldariysS-layer, Cell envelope ghosts, Interactions with
U(Vvl), X-ray absorption spectroscopy, Time-resolvelhser-induced fluorescence

spectroscopy
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INTRODUCTION

Highly ordered and self-assembling proteinaceoutase layers (S-layers) are widespread
structures of the prokaryotic cell envelopes [22@]2 In Gram-positive bacteria they are
usually anchored to the peptidoglycan and in Gragmative mostly to their outer membrane
[91, 224, 225]. In many archaea, as in the casdhef studied in the present work
acidothermophilic crenarchae@ulfolobus acidocaldariysS-layers represent the only cell
wall component and provide mechanical, osmotic posskibly thermal stabilization of the
cells, crucial for their survival in harsh enviroental conditions [220-222, 226]. Despite
their occurrence in a wide range of prokaryotesuniorm function was attributed to the
known up to date S-layers. For many bacteria, mrast to most archaea, S-layers are not
essential for their survival and can be even ledaboratory. Their maintenance on the cell
surface in natural conditions can be, however, eoted with various important
environmental functions, such as a barrier for-lggiit enzymes [223] and shields against
predators [227]. S-layers support the invasive ggemf various pathogenic bactena their
protection against humoral immune defence of thecited organisms [228] and play
important role as a virulence factor [223].BacillaceaeS-layers serve as adhesion sites for
cell-associated exoenzymes [91] or as metal [98;2Z21] and even radionuclide binding
surfaces [150, 231]. For the latter case an intiegegprotection mechanism against U(VI)
toxicity was postulated, which is based on the higinium binding capacity of the S-layer of
the uranium waste pile isolaacillus sphaericugG-Al12 [150]. The authors of the latter
study demonstrated that after the saturation wimium the S-layer was discarded from the
cell surface and replaced by newly-synthesizedy&rléattices which continue to bind the
radionuclide [150].

It was published that the S-layers of most bactkviag at moderate conditions possess
tetragonal (p4) or oblique (p2) lattices regularitshile the S-layer lattices of extremophilic
archaea usually exhibit p6- or p3-symmetry [220§ as a rule they are much more stable
[226]. Their function as an exoskeleton structwhich gives the archaeal cells defined and
invariable shape at various harsh conditions wagntty postulated [221]. The possible
function of archaeal S-layers against toxic metdals radionuclides was not yet studied.

The cells of the studied archaeal strain are coverth a detergent-resistant proteinaceous S-
layer, called SlaA-layer [81]. The outermost Sladr possesses p3-symmetry and is fasten
to the archaeal cellga another, integrated into the cytoplasma membramehoring protein
[90], recently called SlaB [81]. The SlaA-layer very stable against high temperature,
proteases, and detergents. Therefore standardcptioh procedures result in the isolation of
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empty SlaA-layer ghosts with the shape of the d@iB2, 233]. These ghosts can be only
mechanically (e.gvia sonication) disrupted in monolayer sheets, whiah @@mparable to
those yielded usually from bacteria without mecbahdisintegration. Due to the extreme
stability of the SlaA-layer such empty ghostsSfacidocaldariusmay also be present in
natural systems.

In this study the interactions were investigatedJ(¥1) with purified SlaA-layer ghosts and
with cell envelope ghosts &. acidocaldariusconsisting of cytoplasma membrane covered
with SlaB- and SlaA-protein layers. The comparisbithe obtained results with those about
the recently published interactions of whole celfsS. acidocaldariuswith uranium [133,
164] allow to clearly differentiate the role of tisdaA-layer in the bioaccumulation of this

radionuclide.

MATERIALS AND METHODS

Preparation of the SlaA-layer ghosts and the cellrelope ghosts

S acidocaldarius (strain DSM 639) was purchased from the GermanleCobn of
Microorganisms and Cell Cultures - “Deutsche Sammmlutr Mikroorganismen und
Zellkulturen” (DSMZ, Braunschweig, Germany) andtmated at pH 2.7 and 70 °C in a
large-scale fermentation system (Pilot System, ippl Biotechnology Inc., Foster City,
CA, USA) equipped with a 70 L bioreactor, a bio-zolier (Model ADI 1010), and a control
unit (ADI 1075) with three pneumatic pumps (acidsé, and antifoam), stirrer controller,
and rotameters. The automatic control of pH, teaipee and dissolved oxygen during the
fermentation process resulted in an efficient ghoaft the strain, which assured high yields
of cell envelope structures. After reaching the esfdthe logarithmic growth phase
(ODgop~0.9), the archaeal cells were harvested by usingontinuous flow centrifuge
(10000 g, 15 min) (CARR ViaFugé Pilot 9010, Kendro, Newtown, CT, USA). For cell
lysis, the biomass was suspended in 10 mM HEPEfm{fH 7), containing 2 mM EDTA
and 0.15% SDS, and stirred for one hour at roonmpégaiure, according to Michel and
co-workers [201]. After the addition of 4 mM MgClreleased DNA was digested by
DNase |. Preparation of the SlaA-layer ghosts wadopmed in the following way: To
achieve complete removal of the cytoplasma membeaakethe additionally anchored in it
SlaB protein, the cell lysate was treated with 2®SSand stirred overnight. After a
centrifugation of the suspension (40000 g, 30 nimg,lower dark part of the resulting pellet
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was discarded, whereas the upper white part wagesded in HEPES buffer (pH 7)
containing 2 mM EDTA and 2% SDS and incubated fom@n at 60 °C. This washing
procedure with hot SDS was performed one more tiAfeer that the suspension was
centrifuged and the upper part of the resultingepetonsisting of the purified outermost
S-layer sacculi, i.e. SlaA-layer ghosts, was sudeénn distilled water (pH ~6.4). SDS was
removed from the SlaA-layer ghosts by eight wagpstwith distilled water. In order to
obtain “cell envelope ghosts”, i.e. empty cell shsaconsisting of the cytoplasma membrane
covered by the SlaB and SlaA-layers, an aliquotthaf thick mucilaginous suspension,
obtained after a shorter cell lysis (20 min), wagatly centrifuged for 30 min at 40000 g
without any further SDS treatment. After that tipper beige layer was selectively suspended
and washed five times with distilled water. Bothl emvelope fractions were stored at 4 °C

and microscopically checked for microbial contartimabefore use.

SDS-PAGE analysis of the SlaA-layer and the cell galope ghosts

The protein content of both cell envelope fractig8taA-layer ghosts and cell envelope
ghosts) was analysed by using denaturing sodiumeajddsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) according to Laemmli1[13n a Mini-PROTEAN® I
electrophoresis cell system (Bio-Rad Laboratoridgynich, Germany). For complete
solubilisation, the SlaA-layer and the cell envelghosts were initially incubated in sodium
carbonate buffer (20 mM, pH 10) for 20 min at 45&€ording to Grogan and co-workers
[232] and subsequently heated (95 °C) for 5 miisidS sample buffer [131]. The proteins
were separated on a 10% separation gel. Becaue dbw content of basic amino acids
(0.3 mol% arginine, 0.3 mol% histidine and 2.2 mdigine) [220] the common Coomassie
Brilliant Blue dye is unsuitable to stain the Sdayrotein ofS. acidocaldariusTo increase
sensitivity we stained the SDS gel with colloidaldthassie Brilliant Blue G-250 [234].

SlaA-layer stability assay

The pH stability of the isolated SlaA-layer ghosts studied in two buffer systems, in order
to cover a pH range from pH 1 to 12 - Sérensertiatel buffer (0.1 M citric acid, 0.2 M
NaOH; pH adjusted with 0.1 M HCI) and Theorell-3tagen-buffer (33 mM citric acid,
33 mM phosphoric acid, 57 mM boric acid, 34.4 mMQ¥8 pH adjusted with 0.1 M HCI).
200 pg each of the purified SlaA-layer ghosts veergpended in 2 ml of the buffer solutions.
The tested pH ranges were pH 1 to 4 for Sorensstrate buffer and pH 2 to 12 for the
Theorell-Stenhagen-buffer (step size in both cases0.5). The suspensions were incubated
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for 48 hours on a rotary shaker at room temperanceafterwards absorption spectra of all
samples were recorded in the range from 245 ton#®Qusing a UV/Vis spectrometer
(TIDAS 100, J&M Analytik AG, Esslingen, Germany) tvithe accompanying software
TidasDAQ. The integration time was set to 250 md 20 single spectra were accumulated
for each sample. Background was recorded by mewpsuai buffer solution without
SlaA-layer protein and automatically subtractedmfrahe spectra of all samples. For
comparison, untreated SlaA-layer ghosts suspendetistilled water and SlaA-monomers
were measured as well. The latter were produceal digsociation of the SlaA-layer ghosts at
60 °C in 0.1 M phosphate buffer (pH 9) [201].

Biochemical analyses of the SlaA-layer ghosts

Potentiometric titration experiments were carriad ander inert gas ()l atmosphere at
25 °C. About 75 mg SlaA-layer ghosts were suspendechrbonate-free deionised water,
supplemented with sodium perchlorate to assur@iic strength of 0.1 M. The suspension
was initially acidified with carbonate-free HGJCo a starting pH of about 2.7 and
subsequently titrated with carbonate-free 10 mM NaQTitrisol, Merck, Darmstadt,
Germany). The pH was continuously measured withltelBne 16 pH electrode (Schott,
Mainz, Germany). The dynamic titration procedures\parformed with an automatic titrator
(TitroLine alpha plus, Schott, Mainz, Germany), nored by the accompanied software
(TitriSoft 2.11, Schott, Mainz, Germany), and asaly with the Software Hyperquad2006
[235].

The amount of phosphate groups of the SlaA-proteas quantified by colorimetric
measurements, according to [140]. Phosphate waasedl from the SlaA-layer ghosts by
alkaline hydrolysis. 100 ul 2 M NaOH were addedl@® pl SlaA-layer ghost suspension,
containing about 4.5 mg SlaA-protein, and subsetiypi@rcubated at 100 °C for 15 min. The
reaction was stopped by the addition of 100 uIM.HCI. After cooling down to room
temperature, 100 pl phosphate reagent [140] wasdatidthe samples. After that, they were
incubated for 20 min at room temperature and sulesgty the absorption of the formed
complex was measured at 660 nm. In addition, thal tamount of phosphorous in the
SlaA-layer ghost fraction was measured using indelgt-coupled-plasma

mass-spectroscopy (ICP-MS) according to Merrouncadorkers [150].
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Treatments with U(VI)

Parallel portions of the SlaA-layer ghosts and eaeNelope ghosts were rinsed twice with
0.1 M NaCIQ at pH 1.5, 3, 4.5, and 6, respectively, and dftat suspended in the respective
NaClQ, solution. The pH of the suspensions was checkedifanecessary adjusted to the
desired values. After the complete removal of tlesiing solution, uranyl nitrate diluted in
0.1 M NaClQ with the corresponding pH was added. The final ceotration of the
SlaA-protein in the samples was 0.5 mg/mL and dfatranium was 5 - 1OM, beside at
pH 6, where it was reduced to 5 >IN to prevent the formation and precipitation obfy
soluble uranyl hydroxide species. Samples werebaiad at room temperature for 48 hours
on a rotary shaker. Subsequently, the SlaA-layestghwere removed from the solutions by
centrifugation (30000 g, 30 min) and the unbourghium in the supernatant was measured
by ICP-MS using an Elan 9000 system (Perkin ElmWgltham, MA, USA). Control
reactions without SlaA-layer ghosts were treatethensame way to exclude abiotic uranium
removal from the solution, due to precipitation /@nahemical sorption at the used test vials.
The amount of accumulated uranium was normalizedht dry biomass, which was
determined by weighting parallel samples after miyyfor 48 hours at 70 °C. Isolated cell

ghosts were treated analogically.

Time-Resolved Laser-induced Fluorescence Spectroggo(TRLFS)

After the contact with U(VI) for 48 hours the Sla#yer ghosts as well as the cell envelope
ghosts were washed twice with 0.1 M Nag¢l@ pH 1.5, 3, 4.5, and 6, respectively, and
subsequently suspended in the corresponding wasbkwigtion. Room temperature
measurements of the suspensions were conductedquedz micro cuvette by using a
Nd-YAG laser system (Spectra Physics, Santa Clafg,USA) [187] with an intensity of
0.3 mJ. The central wavelength of the spectrogragé set to 520 nm and the gate time of
the ICCD camera was between 30 and 50 ps (comgatextion system: HORIBA Jobin
Yvon GmbH, Darmstadt, Germany). For time-resolvedasurements a digital delay
generator (DG535, Stanford Research Systems, Sal@y®vA, USA) was used. The number
of laser pulses for excitation (30 to 70) was adjdslepending on the amount of uranium in
the samples. Before each series of measurementmtkground signal was measured 2 ms
after the laser pulse and automatically subtraftted the spectra.

For luminescence measurements at cryogenic condjt®ml each of the SlaA-layer ghosts
suspensions were filled into plastic cuvettes, sgbently sealed with parafilm and placed

horizontally in a freezer (-20 °C) over night. Imdngtely before measurement, the frozen
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sample was removed from the cuvette and transfarrea specifically designed sample
holder (metal block with one hole to insert the pemand three windows for laser
irradiation). Temperature of the measuring systeas decreased to 153 K using a cryostat
(RDK 10-320) with an ultra-pump station (PT50 KINRIO KF), a compression unit (RW2)
and a low temperature controller LTC60 (completsteay: Oerlikon Leybold, Dresden,
Germany). A Nd-YAG laser system (Inlite Il, Contuma Electro-Optics Inc., Santa Clara,
CA, USA), providing a wavelength of 266 nm, wasdu$ar the luminescence excitation in
the samples. The central wavelength of the speepbgwas 515 nm and spectra were
recorded between 429 and 600 nm using an ICCD-@arfraodel 7467-0008, Princeton
Instruments, Trenton, NJ, USA) with a gate widti2qfs.

The spectrographs of both systems were calibragidgua mercury lamp with known
emission lines. 101 U(VI) luminescence spectral{ezaiculated by averaging three single
measurements) were recorded after defined delagstieconvolution of the emission
spectra and luminescence lifetime calculations vpemormed using Origin 7.5 (OriginLab
Corporation, Northampton, MA, USA) including theaR€it module 4.0.

X-ray Absorption Spectroscopy (XAS)

For XAS measurements, about 50 mg of the SlaA-lgyests were treated with U(VI) for
48 hours. After the contact with U(VI) the SlaA-&yghosts were washed twice with 0.1 M
NaClQ, at pH 4.5 and 6, respectively. Subsequently thesewdried for three days at 35 °C in
a vacuum oven (VT 6025, Heraeus-Instruments Vacothelanau, Germany). After that the
samples were powdered and mounted on Kapton tapdayrs of sample-covered tape
were stuck on the top of each other and subsequesiitink-wrapped. The XAS
measurements were performed at the Rossendorf BeaniROBL) at the European
Synchrotron Radiation Facility (ESRF), Grenobleartee [134]. Samples were measured at
room temperature in fluorescence mode using a $j(dduble-crystal monochromator and a
13-element germanium fluorescence detector. Theggneas calibrated by measuring the
yttrium K-edge transmission spectrum of a Y foil and definthe first infection point as
17038 eV. Six ULy -edge fluorescence spectra of each cell sample weerded and
averaged. Subsequently dead-time correction wasdppor XANES analysis the pre-edge
background was subtracted and the absorption ceaffiwas normalized to equal intensity
at 17230 eV so that all spectra could be plottedhensame scale. XANES spectra of two
reference solutions, one of U(VI) and another ohdJ@V), each at a concentration of
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4.10°M in 1 M HCIO,, were recorded as well. The stock solution of t&/1) was
obtained by dissolving sodium diuranate in 7 M HgI®art of this solution was reduced
electrochemically to U(IV) at a mercury pool cateodnd reduction was confirmed by
UV/Vis spectroscopy. The EXAFS oscillations werelased from the raw, averaged data by
removal of the pre-edge background, approximated byst-order polynomial, followed by
Ho-removalvia spline fitting techniques and normalization usinyiatoreen function. The
ionization energy for the Wy -electron, i, was arbitrarily defined as 17185 eV for all
averaged spectra. The EXAFS spectra were analysmilding to standard procedures using
the program EXAFSPAK [135]. The theoretical scatigrphases and amplitude functions
were calculated from a structural model of uranigcetatevia the software FEFF8.2 [136].
During the fitting procedure, the coordination nianfN) of the U-Q single scattering (SS)
path was held constant at two. N of the W+@ultiple scattering (MS) path was also fixed at
a value of two and the radial distance (R) as aglihe Debye-Wallewf) factor were linked
twice to those of the U-QSS path. The second shell of carbon atoms {JUa@s fitted with
the SS path as well as the MS paths, B¢ and U-G-C,-C;. During the fitting procedure,
the coordination numbers of these two MS paths Wweked twice and once to that of the
U-C, SS path, respectively. The radial distance of b8 paths was linked to that of the
U-C, SS path. The amplitude reduction factor was haldstant at 1.0 for FEFF8.2
calculations and EXAFS fits. The shift in threshadergy,AE,, was varied as a global

parameter in the fits.

RESULTS AND DISCUSSION

Properties of the purified SlaA-layer ghosts and th cell envelope ghosts

Both isolated cell envelope fractions $f acidocaldariusvere checked microscopically for
the presence of non-lysed cells or other contamoinst As evident from the light
microscopic pictures of the two cell envelope fi@ts shown in Figure 4.1, no intact cells
were present in the purified SlaA-layer ghost aeltlenvelope ghost fractions. The ghosts of
both fractions had a translucent appearance, itwgcahat they were free of cellular
compounds and they both possessed the shape asiddha the whole cells, perceptibly due
to the presence of the outermost SlaA-layer, olshouesponsible for the shape and
mechanical stability of the cells of the studiedamism (Fig. 4.1).
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Figure 4.1.Light microscopic pictures of th®. acidocaldariusells (A), of the isolated SlaA-layer ghosts (B),
and of the cell envelope ghosts (C). Pictures wagden at 1000-fold magnification in phase contragtie.

The protein composition of both cell envelope fiats was checked by using denaturing
SDS-PAGE. As shown in Figure 4.2, only one band azserved in the lane corresponding
to the purified SlaA-layer ghosts (Fig. 4.2, lang This band represents the denatured
SlaA-protein monomers which form the highly arrashgeotein lattice of the SlaA-layer. The
molecular mass of about 150 kDa is well in linehntihose obtained in former studies [188,
201], as well as with the molecular weight, caltedafrom the primary structure of the
SlaA-protein [220, 222].

M M 3

Figure 4.2. SDS-PAGE protein gel stained with colloidal CoonadBrilliant Blue G-250. 1) 15 ug of the
SlaA-layer ghosts; 2) 10 pg of the cell envelopesg; 3) 30 pg of the cell envelope ghosts; M)giromarker
- Pagerule? SM0661 (Fermentas GmbH, Sankt Leon-Rot, Germany)

As anticipated, the same protein band was observede sample prepared from the cell
envelope ghosts (Fig. 4.2, lanes 2 and 3). In muidiseveral further protein bands were
present in the cell envelope ghost fraction. Thetnpoominent of these additional bands has

a molecular mass of about 60 kDa which correspdondthat of the SlaB protein [90]
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anchoring the SlaA-protein to the cytoplasma memdrdhe rest of the protein bands most
likely represent integral membrane proteins orging attached to the cytoplasma membrane.
The pH stability of the SlaA-layer was studied, dugge the maintenance of the proteinaceous
layer of the SlaA-layer ghosts in polymeric fornridg the U(VI) sorption experiments is of
importance for drawing correct conclusions to matusystems. Dissociation into
SlaA-protein monomers may lead to complexationhef added U(VI) at functional groups
which are masked in the polymeric form. As we uaedncubation time of 48 hours for the
U(VI) sorption experiments, stability of the Slaayer was checked after incubations of 48
hours at different pH conditions. UV/Vis spectrgsgademonstrated that the SlaA-layer
ghosts were stable at all acidic conditions (dowmpid 1) as well as at neutral and slightly
basic pH conditions up to pH of 8 (Fig. 4.3).

(=

SlaA-layer, * As representatives for all recoded spectra betvgg 1 and 0-7 .2
ghosts* | | pH 7.5, the spectra recorded from s%mples incq}:lﬁﬁttpﬂi - g
pH 8.0 15 pH3,pH45andpH 6 arei ustratlgcb.6 é

# As representative for all recoded spegtra
between pH 9 and pH 12, the spectrg.5
recorded from the sample incubated at

pH 9 is illustrated
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Figure 4.3.UV/Vis spectra recorded from the SlaA-layer ghadtsr incubations at different pH values for 48 h
at room temperature. The preservation of the polynsructure is exemplary shown by the sampleshated

at pH 1.5, 3, 4.5 and 6 together with an untre&ed\-layer ghosts sample solved in water (greectspm).
The SlaA-monomer control sample (red spectrum) visdaimed by incubation of the SlaA-layer ghostsGt®

in 0.1 M phosphate buffer (pH 9) according to Micied co-workers [201].

The spectra recorded from these samples corresgydwell to that recorded from native
SlaA-layer ghosts, suspended in distilled water.e&glent from the results presented in
Figure 4.3, the spectra of the native SlaA-layeosh as well as those recorded after

incubations at pH 1.5, 3, 4.5, and 6 shows an gbsarmaximum at around 277 nm and a
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light diffusion at lower wavelengths. At pH 8.5 tl&aA-layer ghost polymers started to
dissociate into monomers, which is indicated bgduction of this light diffusion effect. At
pH 9 and above the SlaA-layer ghosts are dissatiati® SlaA-protein monomers, which
exhibit exclusively the peak at 277 nm (Fig. 43pnsistently, the spectra recorded from
these samples (pH 9 to pH 12) show a high simylaot that of SlaA-protein monomers,
which were produced from polymers by an incubator60 °C in 0.1 M phosphate buffer
(pH 9) according to Michel and co-workers [201]. Axtension of the incubation time from
48 to 60 hours did not change the results regaritiagtability of the SlaA-layer ghosts (not
shown). These findings indicate that the SlaA-lagkosts are stable at the experimental
conditions at which their capability to interacttiviU(VI) was studied, namely room
temperature, pH range from 1.5 to 6, and incubdtioe of 48 hours.

The results of the potentiometric titration meaments are presented in Figure 4.4. Dynamic
titration, starting at the acidic pH, ensured tthat native, polymeric form of the SlaA-layer
ghosts was preserved, at least in the most relgtamange (pH 1 to 6), which was used in
the U(VI) sorption experiments. The best fit of thiation data was obtained using a
three-site model. The presence of ionisable growph pK, values of (4.78 £ 0.08),
(6.31+£0.04) and (8.03+0.09) and correspondingncentrations of (6.83 £ 0.66),
(11.8 £0.2), and (5.74 + 0.48) mol/ra@h-protein Was demonstrated.
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Figure 4.4.Titration results recorded from the proteinacedag®$ayer ghosts 08. acidocaldariusn the range
from pH 2.6 to pH 10.1. The best fit, calculatedusing the software “Hyperquad” (continuous linajlahe
corresponding residual (bottom) are shown, as well.
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With respect to the pH range used for the uranionpten studies, the functional groups
represented by the first pvalue of 4.78 + 0.08 might be partly involved imetU(VI)
complexation at pH 4.5 and, in particular, at pHIBis pK, value can be assigned to
carboxylic groups of aspartic and glutamic aciddess [163, 236]. According to the primary
structure of the mature S-layer protein [220], $patic acid residues and 27 glutamic acid
residues provide a total number of 45 binding-cémabarboxylic groups per mol of
SlaA-protein. However, the potentiometric titratidata suggest, that only 15% of these
groups are available in the native form of the Slayer ghosts polymers.

The functional groups represented by the, pK6.31 play only a minor role in the U(VI)
complexation at the studied conditions. The, gén be attributed to the imidazole ring of
histidine [236]. The third pKof (8.03 = 0.09) most likely concerns amino gro{@36] or
possibly hydroxyl groups [205] which are, howewvast relevant at the pH conditions during
the U(VI) sorption experiments.

The presence of phosphate groups which may prdviding sites for uranium and other
heavy metals [150] was checked by colorimetric mesments as well as by phosphorous
determination using ICP-MS. Both methods clearlyndestrated the absence of phosphate
groups in the SlaA-layer ghost fraction, which nsagreement with previous studies [222]
and thus verified the high purity of the SlaA-lagdmosts.

U(VI) sorption by the SlaA-layer and the cell envalpe ghosts

As demonstrated in Figure 4.5 the uranium bindiagacities of the two cell envelope
fractions differed significantly. No removal of wmiam was observed by the purified
SlaA-layer ghosts from the solutions at pH 1.5 ahtl 3. This indicates that the U(VI)
complexation in this case was very low and belogvdhtection limit of the technique. Small
amounts of U(VI) were bound by the SlaA-layer ghast pH 4.5 (2.1 + 0.6 mggein and
pH 6 (5.5 + 1.1 mg/goein). These values correspond to a binding capacifl & + 0.4) and
(3.5 = 0.7) mol of uranium per mol of SlaA-protest pH 4.5 and 6, respectively. With
respect to the total amount of binding capable @waylate groups (6.83 + 0.66) mol/nagh.
protein determined by titration studies, only about th# bf these available functional groups
were involved in the U(VI) complexation at pH 6thalugh all of them should exist in their
deprotonated form. The latter can be explained miawourable placement of some of the
carboxylic groups in spaces of the highly ordewrgtide of the SlaA-layer ghosts which are
inaccessible for the relatively big uranium atofke significantly lower amount of U(VI)

bound at pH 4.5 can be attributed to the high, pilue of the carboxylic groups of the
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aspartic and glutamic acid residues of the Sla&ilagrotein. Hence, not all carboxylic
groups of the SlaA-protein in the SlaA-layer ghoats deprotonated at this pH and/or
accessible to U(VI), i.e. capable to bind it.
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Figure 4.5. U(VI) binding capacities of the SlaA-layer ghostise cell envelope ghosts and whole cells of
S. acidocaldariusat different pH values (biomass concentration @&st 0.05 mg). Incubation time was
48 hours for the SlaA-layer ghosts and the celedpe ghosts and one hour for the living cells.

In contrast to the SlaA-layer ghosts, the cell émwe ghosts bind significantly higher
amounts of U(VI). After 48 hours of incubation & f.5, 3, 4.5 and 6 the bound uranium per
gram dry biomass of cell envelope ghosts was (#4.%) mg, (13.6 £2.4) mg, (17.3 £ 2.1)
mg, and (22.3 £ 1.9) mg, respectively. These vatmesespond well to the binding capacity
of U(VI) by whole cells ofS. acidocaldariusat corresponding experimental conditions
(Fig. 4.5, Chapter Il and I1).

The comparison of the binding capacities of theAS&yer ghosts, cell envelope ghosts and
whole cells ofS. acidocaldariuslemonstrates that at acidic conditions which gtéeral for
the studied acidophilic archaeal strain no compgleraof U(VI) occurs by its outermost
proteinaceous SlaA-layer. At pH 4.5 and 6 the Skfer ghosts bind about 15% and 25% of
the total amount of U(VI) complexed by the wholellsserespectively. As shown in
Figure 4.5, the uranium binding capability of thell @nvelope ghosts was comparable to
those of the whole cells. These findings indichtd the main part of U(VI) is complexed by
S. acidocaldariusat functional groups of the cytoplasma membrand/anthose of

associated with it proteins.
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TRLFS studies on the U(VI) complexes formed at th&laA-layer and the cell envelope
ghosts

As already demonstrated by the sorption studiesUfd) was bound by the SlaA-layer
ghosts ofS. acidocaldariusat highly acidic conditions (pH 1.5 and 3). Indinwith this
finding we could only obtain very weak luminescespectra featuring main emission bands
around 489, 510, and 532 nm (not shown) which vassigned to traces of the free uranyl
ion in the solution (Table 4.1), caused by a desampof weakly bound to the SlaA-layer
uranium and/or an insufficient washing procedure.

In contrast to that, the luminescence intensitthefuranium complexes formed at pH 1.5 and
3 by the cell envelope ghost fraction of the stdd&chaeon was much higher (Fig. 4.6)
which is in agreement with the higher amount ofhiren bound by this fraction. As evident
from the peak fitting results presented in Tablg the corresponding luminescence emission
maxima of these two samples were shifted to theméd about 9 nm compared to those of
the free uranyl ion. The emission bands correspeeall to those of U(VI) complexed at
phosphate groups of organic compounds, such ag gigesphates [158], phospholipids
[161], phosphorylated nucleosides [159], and lipggaccharides [163] (Table 4.1).

- | L | L | L L | L | | L

= - Data

I3 \/ — Fit

£

(¢}

(8]

c

(O]

: 7 S~ _|pH15

: N D

g / T~ pH3

£ . \

p __/ \\ pH 4.5
3.,,,;/ A \. pH 6
.............................. [ Ee— Y o X2

[ ! [ ! [ ! ! [ ! [ [ !
460 480 500 520 540 560 580
Wavelength [nm]

Figure 4.6. Luminescence spectra of the U(VI) complexes formédthe cell envelope ghosts of
S. acidocaldariust room temperature at pH 1.5, 3, 4.5, and 6 disas¢hat of the free uranyl ion. For a better
comparison the position of the calculated peak maxof the sample incubated at pH 1.5 are pointechpu
dotted lines.
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Table 4.1.Luminescence emmission maxima of the U(VI) compseformed by the cell envelope ghosts and
the SlaA-layer ghosts @&. acidocaldariusas well as those of the uranium complexes formedhwole cells of
the strain and selected uranyl model complexes.

Sample Emission peak Main luminescence Reference
below 470 nm emission maxima

Uranyl ion
UO,** (pH1.5) 488.9 510.5 534.0 This work
Cell envelope ghosts
Uranyl complexes formed at pH 1.5 498.1 519.7 543.8 This work
Uranyl complexes formed at pH 3 498.7 519.6 542.5 This work
Uranyl complexes formed at pH 4.5 498.3 519.0 541.1 This work
Uranyl complexes formed at pH 6 497.8 519.3 541.0 This work
Uranyl phosphoryl complexes
UO,-fructose(6)phosphate 497.1 519.0 543.3 [158]
UO,-DMGP 497.4 519.3 5424 [161]
UO,-AMP 497.0 519.0 542.0 [159]
R-O-PQ-UO, 498.1 519.6 542.9 [163]
Whole Cells (Chapter II/111)
Uranyl complexes formed at pH 1.5 498.3 520.3 543.6 [133]
Uranyl complexes formed at pH 3 498.7 520.2 543.6 [133]
Uranyl complexes formed at pH 4.5 499.2 520.0 542.7 [164]
Uranyl complexes formed at pH 6 502.6 523.1 5454 Chapter 11l
Uranyl carbonate mineral
Bayleyite 506.9 527.6 551.4 [237]
SlaA-layer ghosts
Uranyl complexes formed at pH 4.5 (153 K  463.8 492.9 513.7 536.2 This work
Uranyl complexes formed at pH 6 (153 K) 462.4 494.7 514.4 535.9 This work
Uranyl carboxylate complexes
Uranyl acetate 462.9 494.6 514.3 535.9 [166]
Uranyl acetate253 K) 463.7 495.3 515.2 537.5 b
(R-CO0)-UO, 466.0 498.1 518.0 539.0 [167]
Uranyl hydrolytic species
(UO,)(OH)** 498.3 519.7 5434 [238]
(UO2)5(OH)s" 496 514 535 [239]

& Error of emission bands is + 0.5 nm

® Gotz, Christian (personal communication)

The luminescence spectra recorded from the celelepe ghost fraction incubated with
U(Vvl) at higher pH values (pH 4.5 and 6) exhibitsdeseparated peaks (Fig. 4.6).

Nevertheless, peak fitting results showed highlyilsir luminescence emission maxima
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compared to those found at pH of 1.5 and 3 (Tall¢ &'his indicates that at the four pH
values studied (1.5, 3, 4.5, and 6) the added Ul complexed in an analogous way. The
emission maxima of the U(VI) complexes obtainedrfrine four samples are very similar to
those formed by the whole cells 8f acidocaldariust highly acidic conditions (pH 1.5 and
3) [133], at which U(VI) was complexed solelja organic phosphate groups, and also to
those formed by the whole cells at the moderatdi@a@H of 4.5, at which U(VI) was
complexed mainlywia phosphate groups of organic origin (Table 4.14]1®n the basis of
this finding we propose that the organic phosplitaips play a significant role in the
complexation of U(VI) by the cell envelope ghosts anly at pH values of 1.5 and 3 but also
at pH 4.5 and 6. However, it is important to memtibat the luminescence emission of
organic uranyl phosphate complexes is much stronigen that of uranyl carboxylate
complexes, and for this reason the formation oflalter complexes at pH of 4.5 and 6 may
be underestimated by using TRLFS.

In addition to the position of the emission maxirttee decay of the luminescence was used
to distinguish the uranyl species present in thepdas of the treated cell envelope ghosts
(Table 4.2). In each of the two samples treateth wianium at pH 1.5 and 3 time-resolved
studies revealed three different luminescenceirifes - one of about 3 us, a second one of
about 25 us, and a third one of about 100 ps (TaBke

Table 4.2.Luminescence lifetimes calculated from room terapee TRLF spectroscopic measurements of the
U(VI) complexes formed at the cell envelope gho$tS. acidocaldariust different pH values.

pH 1.5 pH 3 pH 4.5 pH 6
Lifetime 1 (1) 2.61+0.25 pus 3.06 £ 0.25 ps 2.81+0.28 us 2.8%¢
Lifetime 2 () 25.7+1.6ps 23.0+19ps 245+21 ps 22.8+3.3 s
Lifetime 3 (t3) 103 +6 ps 97.3+5.1 s 92.1+8.9 s 108 £ 13 ps
Lifetime 4 (4) 9.15+1.35 ps 12.1£1.8 ys

2 Lifetime was fixed during the fitting procedure

This suggests that the same three luminescentwmaspecies were formed in these two
samples. Fitting procedures of the recorded spaftea a delay time of 30 us (excluding the
short-living species) and after a delay time of p@Q(including exclusively the spectra of the
long-living species) resulted in identical posisoaf the main emission bands, within the
margin of error (x 0.5 nm). This indicates that theee uranyl species formed at pH 1.5 and
3 share a high structural similarity. The two séptifetimes of about 3 us and 25 ps are well
in line with those of uranyl complexes formed byolehcells ofS. acidocaldariusit the same

pH values of 1.5 and 3, in which organic phosplgitips are implicated [133]. The third
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luminescence lifetime of about 100 us was, howewnet,observed in the mentioned study
performed with whole cells. One possible explamafar this long lifetime could be that the
luminescence signal represents a uranyl complemddr at a binding site, specifically
accessible in the cell envelope ghost sample, & ghe inner site of the cytoplasma
membrane, which in the whole cells is inaccesditteJ(VI). Moreover it is also possible,
that some uranyl ions could be captured in thelbaking ghosts and as a result the ratio of
U(VI) to phosphate groups could be increased ingite ghosts that can influence the
structure of the additionally formed uranium conxgle as well. On the basis of the above
mentioned consistency of the main emission bandkisthird uranyl species to those of the
already described two ones, we suggest that U@VI) is complexedria organic phosphate
groups as well. The different lifetimes of the #raranyl phosphate complexes can be
explained on one hand by the various origins ofdiganic phosphate groups which can be
supplied by different types of biomolecules of tleell envelope ghosts, such as
phospholipids, phosphorylated peptides, or lipopatgharides. On the other hand, diverse
complexes containing different number of phosplutaips coordinated to U(VI) can also
exhibit different luminescence lifetimes [161, 163]

The described three uranyl phosphate species wemgedl also in the cell envelope ghosts
sample treated with U(VI) at pH 4.5 (Table 4.2). ielaver, an additional U(VI) species
characterized by a luminescence lifetime of (9.45.35) us was found in this sample. This
lifetime is similar to that (10.8 £ 1.4) us caldald recently for the uranyl carboxylate
complexes formed by whole cells $f acidocaldariug164]. In addition, a similar lifetime of
(7.3 £ 1.4) us was obtained for the uranyl glutaatdi complexes, formed at phosphate-free
peptidoglycan predominantly at pH 4.5 (Table 4157].

In the case of the cell envelope ghosts samplebated at pH 6, four lifetimes, three,
corresponding to the uranyl phosphate species aerdfar the uranyl carboxylate species,
were found as well. In this case, however, thetslsbtifetime §1) had to be fixed during the
fitting procedure most likely due to a very low amo of the short-living species in this
sample.

Hence, the low separation of the absorption peakise TRLF spectra of the samples treated
at pH 4.5 and 6 in comparison to those of the spaeueasured from the samples incubated at
highly acidic conditions (pH 1.5 and 3), might lsused by the overlapping luminescence of
uranyl phosphate and uranyl carboxylate specieseder, another explanation for the shape
of the recorded spectra could be the formationgofaéic uranyl hydroxide complexes. The
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latter, highly luminescent complexes are usuallynied at moderate acidic pH, possibly after
desorption of weakly bound to the cell envelopesgharranium into the washing solution. In
particular, the hydrolytic species (Y@OH)s" and (UQ),(OH),*" are formed at the studied
pH values (Table 1), according to a calculationhwihe speciation code EQ3/6 using
uranyl(VI) hydrolysis formation constants of Gudlaont and co-workers [75]. The presence
of these hydrolytic species would lead to an oygrilag of different luminescence emission
bands (Table 4.1) and therefore could also expl@row separation of the absorption peaks
in the TRLF spectra at pH 4.5 and 6. The luminesedifietimes of these hydrolytic species
had been determined to be about 23 us g{OH)s") and about 9.5 ps ((UR(OH),*")
[238, 239]. Hence, they agree very well to twold tifetimes €, andts) determined for the
U(VI/cell envelope ghosts complexes and can tloeesfiot be distinguished from them.

The TRLFS results of the uranium complexes formedthe cell envelope ghosts of
S. acidocaldariusdemonstrate that at highly acidic conditions (pt3 and 3) U(VI) is
predominately boungia organic phosphate groups. With increasing the@#.% and 6, the
carboxylic groups of the cell envelope proteins rasp play a role in the uranium binding.
As mentioned above, we were also able to demoastranium binding by the SlaA-layer
ghost fraction at moderate acidic conditions (pH dnd 6) (Fig. 4.5). On the basis of the
performed titration analyses (Fig. 4.3) this midig attributed to the increased part of
deprotonated carboxylic groups in the SlaA-protairthese two pH values. However, we
were not able to confirm this assumption by periagTRLF spectroscopy measurements at
room temperature. Both samples exhibit, in gendoa¥, luminescence properties and the
recorded spectra did not allow to detect any pneb@iund U(VI) complexes (not shown).

In order to reduce dynamic quenching effects aedethith to increase the sensitivity of this
spectroscopic method we performed the TRLF measamesmof U(VI)/SlaA-layer ghost
complexes formed at pH 4.5 and 6 at cryogenic ¢mmdi (153 K). As evident from the
spectra presented in Figure 4.7 there are threglgldistinguishable luminescence emission
maxima and in both cases (pH 4.5 and 6) they wayletly shifted to the red in a way similar
to those found for uranyl acetate, measured at roemperature as well as at lower
temperature (Table 4.1). In addition, a small hstinct peak located at about 463 nm was
found in both samples which is also considered raicative for uranyl carboxylate
complexes (Table 4.1). The U(VI) luminescence dexfape two uranium-treated SlaA-layer
ghost samples was fitted with a bi-exponential andexponential decay function,
respectively. From the SlaA-layer ghost sample lated at pH 4.5, luminescence lifetimes
of (23.7 £ 1.3) us and of (234 = 15) us were calad (Table 4.3).
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Figure 4.7.Luminescence spectra recorded at low temperat®@K) of the uranium complexes formed by the
SlaA-layer ghosts 08. acidocaldariusat pH 4.5 and 6. For a better comparison the iposdf the calculated
peak maxima of the sample incubated at pH 4.5 @ireqdl out by dotted lines.

The lifetime of (23.7 £1.3) us is attributed toethormed organic uranyl carboxylate
complexes, which was confirmed by a lifetime fittbe data between 460 and 466 nm, a
region of the spectrum which is exclusively inflaed by the luminescence of the first
emission band. A corresponding lifetime of (23.2.4) us was also calculated from the
SlaA-layer ghosts sample incubated at pH 6, intgigathe formation of identical uranyl
carboxylate complexes. It is important to stresat tsome aquatic uranyl carbonate
complexes, which might be formed in the solutiothég pH, also can generate an emission
band between 660 and 665 nm. However, significdotiger luminescence lifetimes of 800
to 1000 us were described for these aquatic uraaybonate complexes at cryogenic
conditions in the literature [240, 241]. Moreovéetpresence of the latter complexes is
excluded at the lower pH of 4.5 at which, accordingalculations with EQ3/6, no aquatic
uranyl carbonate complexes are formed (Table 1& @&ktremely long lifetimes of (234 +
15) us and (141 % 6) pus found in the samples tdeatepH 4.5 and 6, respectively, were
attributed to one or a mixture of uranyl hydrolySpecies, as the emission maxima after
longer delay times are shifted to higher wavelengivards the positions of the uranyl
hydrolytic species. Moreover, long luminescencetiliies of more than 100 ps were recently
described for aquatic U(VI) hydroxide species bygsryo-TRLFS [240].
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Table 4.3.Luminescence lifetimes calculated from low tempee TRLF spectroscopic measurements of the
U(VI) complexes formed at the SlaA-layer ghost§Soacidocaldariugt different pH values.

pH 4.5 (153K)  pH 6 (153 K)

Lifetime 1 (1) 23.7+1.3 us 23.0+£2.4 us
Lifetime 2 () 234 + 15 us

Lifetime 3 (3) 4.21 +£0.44 ps
Lifetime 4 (t4) 141 £ 6 pus

In addition, one more luminescence lifetime of {4420.44) us was calculated from the
sample incubated at pH 6, which could result frasthbanother aquatic uranyl complex in
the solution or from an additional U(VI)/SlaA-protecomplex formed at these conditions at
which, as demonstrated by the titration experimem®re carboxylic groups of the
SlaA-protein are deprotonated. The results dematestrthat the use of cryogenic techniques
opens up new possibilities to investigate the U@8mplexation by organic ligands of the

microbial cell surfaces.

XAS studies

In order to obtain information regarding the molecwstructure of the uranyl carboxylate
complexes which were formed at pH 4.5 and 6 bySllaé\-layer ghosts, we performed X-ray
absorption spectroscopy. X-ray absorption spe@rabe divided into four sections: The pre-
edge, the X-ray Absorption Near Edge Structure OES), the Near Edge X-ray Absorption
Fine Structure (NEXAFS) and the Extended X-ray Apton Fine Structure (EXAFS). The
XANES region (£ 10 eV around the absorption edge)viges information about the
oxidation state of uranium. The samples were medswas dried powder to avoid
uncontrolled biochemical processes, which can emfae the fate of uranium in the samples
during their transportation to the beamline. Thengla preparation is based on soft
desiccation, which does not influence the struttypa@rameters of the formed uranium
complexes, as it was demonstrated by Merroun angvackers [162]. As shown in
Figure 4.8, the absorption edge, i.e. white linkthee X-ray absorption spectra of both
samples is located at ~17166 eV and therewith spards well to the edge position of the
U(VI) reference solution. In addition, a peak lexhiat 17188 eV, arising from the multiple
scattering contribution of the two axial oxygenmsoof U(VI) [137], was observed in both
spectra (Fig. 4.8, dashed line). These findingarbledemonstrate that uranium is present in
both samples as U(VI).



142 Chapter IV

Normalized Absorption

17130 17150 17170 17190 1721017230
Photon Energy (eV)

Figure 4.8. UraniumL,,-edge X-ray absorption spectra recorded from tlamium complexes formed at the
SlaA-layer ghosts 08. acidocaldariusat pH 4.5 and 6 together with those of two refeeesolutions, one of
U(Vl) and another one of U(IV). For comparison, thesitions of the white line of U(IV) and U(VI) are
illustrated by dotted lines. The position of thesatption peak (~17188 eV), which represents thetiphel
scattering path of the axial oxygen atoms of U({¥Inarked by a dashed line.

The NEXAFS (10-50 eV above the edge) and EXAFSn{frs0 eV above the absorption
edge) regions comprise information about the l@alironment of the uranium atoms and
therewith about the molecular structure of the fdntomplexes. The isolated IL;-edge
k*-weighted EXAFS spectra and their correspondingriEod ransforms (FT) are shown in
Figure 4.9. Quantitative fitting of the spectra wesformed by using the theoretical phase
and amplitude functions calculated with the FEFK&@e from a structural model of uranyl
triacetate. The best calculated fits for both sas@ire also shown in Figure 4.9 and the
corresponding structural parameters are summaiizédble 4.4.

As already suggested by the results of the TRLESiess, the EXAFS spectra recorded from
both samples strongly resemble to each other, wtoalirms the formation of highly similar
uranium complexes at both investigated pH valuesddition, the EXAFS spectra are well
in line with that of uranyl triacetate and even adinidentical with the recently recorded
EXAFS spectrum of an aquatic 1:2 U(VI)/succinatenptex [171] indicating that similar
U(VI) complexes were formed at the archaeal S-laybe most prominent peak of both FTs
located at R A ~1.3 A is assigned to the single backscatterinde()-Q,) of the two axial
oxygen atoms of U(VI). The multiple scattering plthO.U-Oay) of this axial oxygen shell

is also quite important for the fitting of uranylXBFS spectra and have an intensity
maximum in the FT at RA ~2.9 A. The second peak of both FTs is attributedhe
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scattering contribution of the oxygen atoms in dugiatorial plane. Fitting results of both
investigated samples revealed four to five equaltortygen atoms at a radial distance of 2.42
to 2.44 A. In addition, a shell (UL containing two to three carbon atoms was fittec a
radial distance of 2.90 A. This distance is typifzal the U-C shell of U(VI) complexed by
the two oxygen atoms of a carboxylate group indebiate binding mode. A corresponding
complexation mode was already suggested by the EXgtkdies of the uranium complexes
formed by whole cells 08. acidocaldariusat pH 4.5 [164]. However, the EXAFS spectra,
obtained from whole cells, were rather complex attbngly dominated by U(VI),
monodentately bound to organic phosphate groupscéjea proper determination of the
structural parameters of the U(VI) complexes forraedarboxylate groups was impossible in
these samples. The formation of comparable comp)e@@ssessing a bidentate coordination
of uranium by carbon atoms was also demonstratexuities with bacterial cells and their

S-layer proteins [150].

SlaA-layer + U(VI) — pH 4.5

X(KK®
FT

¢

O

O

g

Q

Cl
U-0,,(MS)
U-C, (SS & MS

SlaA-layer + U(VI) — pH 6

Uranyl disuccinatg

Uranyl triacetate

K [A-] R +A [A]

Figure 4.9. Uranium L,,-edge k>-weighted EXAFS spectra (left) and the correspogdiourier transforms
(right), along with the best shell fits, of the mittm complexes formed at the SlaA-layer ghosts of
S. acidocaldariust pH 4.5 and pH 6 as well as those of the twoehodmpounds uranyl disuccinate [1&t]d
uranyl triacetate.
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Table 4.4.Structural parameters of the uranium complexandorat the SlaA-layer ghosts $f acidocaldarius
at pH 4.5 and 6, as well as those of the model comgis uranyl disuccinafe71] and uranyl triacetate.

Sample Shell N2 R (A)° o’ (A?)° AEy (eV)
pH 4.5 U-Oay 2.0 1.77(1) 0.0021(1) 2.9(4)
U-Oy (MS) 2.0 3.54 0.0042

U-Oec 5.0(4) 2.42(1) 0.014(1)
U-C, 2.8(2) 2.90(1) 0.0038
U-C, 2.8 4.37(1) 0.0038
pH 6 U-O,, 2.00 1.77(1) 0.0020(1) 3.4(5)
U-O, (MS) 2.0 3.54 0.0046
U-Ogc 4.4(5) 2.44(1) 0.011(1)
U-C, 2.6(3) 2.90(1) 0.0038
U-C; 2.6 4.36(1) 0.0038
Uranyl disuccinate U-O,, 2.0 1.77(1) 0.0021(2) 3.5(5)
U-Oy (MS) 2.0 3.54 0.0042
U-Ogc 4.4(5) 2.44(1) 0.009(1)
U-C, 2.3(3) 2.90(1) 0.0038
U-C, 2.3 4.37(2) 0.0038
Uranyl triacetate U-Oay 2.0 1.78(1) 0.0022(1) 4.9(4)
U-O4 (MS) 2.0 3.56 0.0044
U-Ogc 4.8(3) 2.47(1) 0.0064(6)
U-C, 3.1(3) 2.89(1) 0.0038
U-C, 3.1 4.38(1) 0.0038(1)

Standard deviations as estimated by EXAFSPAK arergin parenthesis

& Errors in coordination numbers are + 25%

® Errors in distance are + 0.02 A

¢ Debye-Waller factor

4 parameter fixed for calculation

® Radial distance (R) and Debye-Waller facts) (inked twice to R and® of the of the U-@, path
" Coordination number (N) linked to the N of U-@ath

A second shell of carbon atoms (J}@ssigned to the C-atom bearing the carboxyliaigro
was detected at radial distances of 4.37 A and A.B6the samples incubated at pH 4.5 and
6, respectively. As mentioned above, the obtairtectiral parameters of both samples are
well in line with respect to the calculated errdree only differences which can be discussed
were observed in the Us@shell. At pH 6 a radial distance of 2.44 A and ebpe-Waller
factor of 0.011 A were calculated for this shell and agree very wvtellthe structural
parameters calculated for the recently investigateshyl disuccinate complex (Table 4.4).
As pointed out by the authors of the latter stute, uranyl ion is bound bidentately in this
complex to two carboxylic groups and additionalkhibits two fully hydrated equatorial
oxygen atoms. This structure was also proposedettheé most probable one for the 1:2
uranyl acetate complex by using Infrared and Rasmectroscopy [242]. The calculated
structural parameters of the U(VI)/SlaA-layer glsosample incubated at pH 6 (R = 2.44 A,
o° = 0.011 &) can thus be explained by a split WsGhell comprising four equatorial oxygen

atoms which are bidentately bound to carbon (phbtischaracteristic distance ~2.47 A,
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[168]) and one or two equatorial oxygen atoms wleikists in their hydrated form (published
characteristic distance 2.41 - 2.42 A[209, 243)).

In contrast to that, the lower radial distance 228 along with the higher Debye-Waller
factor (0.014 A) calculated for the U-§9 shell of the U(VI) complexes formed at pH 4.5
suggest that U(VI) is predominantly bound to ontiee @arboxylate group. This assumption is
supported by highly similar structural data (R 424, * = 0.012 K) obtained for the U-Q
shell of uranyl monoacetate [171]. However, thehhigordination number calculated for the
U-C; shell is not in agreement with this complexationdel. This implicates, probably,
another complexation mode of uranyl, unknown beliel bidentate binding mode, to the
carboxylate groups of the SlaA-protein at pH 4rBrdred and Raman spectroscopic studies
of uranyl acetate complexes [244] revealed thatlJ¢en be bound to carboxylate groups in
a bidentate, and additionally in a pseudo-bridgiomplexation mode. The UzQdistance of
such pseudo-bridged structures was estimated t3%2.40 A [245] and could therewith
explain both, the lower radial distance and thé&iddebye-Waller factor of the Ugshell.
The XAS studies demonstrate that U(VI) forms insehere complexes at the carboxylate
groups of the SlaA-layer ghosts at the studied maddeacidic conditions, predominantly in a
bidentate binding mode. According to the structyalameters, the existence of 1:2 uranyl
carboxylate complexes was demonstrated in the samplubated at pH 6. Besides these
complexes, the formation of additional uranyl candate complexes was proposed for the

sample incubated at pH 4.5.

CONCLUSIONS

In this study, the complexation of U(VI) by two fdifent cell envelope fractions of
S. acidocaldarius refereed as “SlaA-layer ghosts” and “cell enveloghosts” was
investigated. The comparison of the binding capaoit the two cell envelope fractions
clearly revealed that the major part of the comgteld(VI1) is bound to functional groups of
the cytoplasma membrane. At highly acidic condgigpH 1.5 and 3) uranium was only
complexed by the cell envelope ghosts, whereasomplexation by the purified SlaA-layer
ghosts was observed. By using TRLFS we demonsttatddorganic phosphate groups are
responsible for the U(VI) complexation by the calhvelope ghosts. These results
demonstrate that the proteinaceous SlaA-lay&. @icidocaldariusioes not play a protective

role against uranium at highly acidic conditionsiahhcorrespond to the physiological
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optimum of the strain. With increasing the pH t& 4nd 6 the carboxylic groups of the

proteins from the cell envelope ghosts increasicglytribute in the uranium binding.

The SlaA-layer ghosts complex U(VI) only at pH 4ahd 6. At these pH values the

carboxylic groups of the SlaA-layer are partly ($13) or completely (pH 6) deprotonated,

that enables the formation of uranyl carboxylatmplexes. The XAS studies revealed that
the complexation mode of the uranyl complexes far@iethe SlaA-layer ghosts corresponds
well to that of uranyl disuccinate. Thus at moderatidic conditions, the migration of

uranium may be influenced by the outermost Slafidayoreover, the extremely stable

fraction of the SlaA-layer ghosts produced at thesavourable for the strain conditions can

influence uranium behaviour by itself as well.
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ABSTRACT

Gold nanopatrticles were produced by using the 8rlaghosts of the acidothermophilic
crenarchaeosulfolobus acidocaldariuas a template. TEM analyses demonstrated that the
size of the nanoparticles was about 2 to 3.5 nmX BBalysis revealed that the nanoparticles
were associated with the surface layer lattice @bl via the thiol groups, which are
characteristic for the SlaA-protein. We suggest tha pores of the SlaA-layer lattice most
likely function as a barrier around the single rarticles and prevent further crystal growth.
XPS analysis clearly demonstrated that the clustenssisted mainly of Au(0). Most
interesting feature of the formed gold nanoparsicie their magnetic behaviour. As
demonstrated by SQUID magnetometry, the studied gahoparticles possess a magnetic
moment of order 0.1g4Au atom. This is the first study demonstrating foemation of
magnetic gold nanoparticles on a not-modified, ratbiotemplate, in a clean and

environmental friendly way.
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INTRODUCTION

During the last decade, the production, chara@Bom and application of nano-sized
particles of noble metals have become a fast dpwejotopic of modern science and
technology. These particles are an effective bribgéveen bulk materials and atomic
structures and very perspective for the developrokfitture key technologies. Whereas bulk
material usually exhibits constant physical propsrregardless of its size, due to the low
number of metal atoms at the surface compared aonttimber of atoms in the bulk, the
properties of nanoparticles are often unusual amkxddent on their size and shape. These
variable characteristics of metal particles witkize reduced down to the nanoscale, is based
on an electron redistribution caused by surfaced guantum-size effects [246]. These
effects, in turn, result from the increase of thkative amount of metal atoms at the particle
surface and the reduction of the spatial electromition to small regions of space in one,
two, or three dimensions of these surface-localainins. With regard to these effects, the
catalytic, optical and magnetic properties of nanaled particles can be changed by a
variation of their size and shape [247-250]. Naize< noble-metal particles have become a
subject of intense research and were used forys&dl247, 251, 252], biomedicine [253,
254], as optical bio- and chemosensors [255-258], far environmental remediation [259].
They can be formed by chemical procedures, but laysasing biological substrates. The
latter mentioned, organic substrates are advanisgems they provide a non-toxic and
therefore environmentally friendly matrix for naabfication procedures. Suitable templates
for the formation of noble-metal nanoparticles ammhoclusters are regularly arranged
biomolecules, like DNA [260, 261] or self-assemylichaperonins [262], and virus particles
[263, 264]. Moreover, paracrystalline surface lajfeayer) proteins, which are found at the
cell surface of many prokaryotic microorganismsrevalso used to produce gold, platinum,
and palladium nanoparticles [94, 248, 265-269] aene regularly distributed gold
nanoclusters [233]. Recent studies demonstratechtbiae reduction of noble-metal particles
down to the nanoscale can evoke magnetisms in ihesesically non-magnetic elements
[248, 270, 271]. The S-layer protein of the baelestrainBacillus sphaericud G-A12 was
used as biological matrix for the formation of matyn Pd and Pt nanopatrticles, which had a
size of about 1 nm. [248]. In contrast to that, magnetism was observed, studying gold
nanoparticles formed at the mentioned S-layer prodagnetic gold nanoparticles were, up
to date, exclusively synthesized chemically, siaddl by polymers [272, 273] or k&,
nanoparticles [274]. In addition, some studies @ized the gold nanoparticles by thiol

groups to induce ferromagnetism [275-277], basedhenmethod, first described by Brust
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and co-workers [278]. The thiol groups were showinteract strongly with a gold surface
and induce significant charge redistribution [248], particular, the generation of extra
electron holes in thedtband of the gold atoms located at the surfacelwhiere caused by a
charge transfer to the sulphur atoms of the thioug [277]. Assuming an important role of
thiol groups for magnetization of gold, the abseatéhese groups in the S-layer protein of
B. sphaericusJG-A12 likely explain the formation of non-magmreftjold nanoparticles.
Diluweit and co-workers introduced thiol-groupsord S-layer protein of anoth&acillus
sphaericusstrain and found out that thiol groups stimulatédghanoparticle formation [94].
However, they did not measure magnetic properfi¢iseoformed nanoparticles.

In this work, the S-layer protein, called “SlaA”f the acidothermophilic crenarchaeon
Sulfolobus acidocaldariugvas used as a matrix for the formation and stadiibn of gold
nanoparticles. The rationale for choosing thisy®&igrotein was the indigenous presence of
two sulphur-containing cystein residues per monombese residues provide thiol groups,
usually not present in bacterial S-layer protewsich might, on the one hand stimulate Au
nanoparticle formation and, on the other hand erfee the properties of the formed gold

nanoparticles.

MATERIAL AND METHODS

Gold nanoparticles preparation

SlaA-layer ghosts oSulfolobus acidocaldariugstrain DSM 639) were prepared from fresh
grown cells as described in Chapter IV. For metalion the SlaA-layer ghosts were initially
incubated in gold(lll) solution (HAuGl pH ~2.5) and shaken at room temperature for
24 hours in the dark. All experiments were perfama clean and sterile Greiner
centrifugation tubes. Necessary glassware wasaipty cleaned in “aqua regia” before use.
The used gold tetrachloride concentrations wereM3 and 0.3 mM and those of the
SlaA-layer ghosts 0.1, 0.25, 0.5, and 1 mg/mL. Aftee first step of incubation, the
not-deposited Au(lll) was removed by centrifugatemmd subsequent washing procedures of
the SlaA-layer pellet with triple-distilled watefhe amount of gold removed from the
solution by the SlaA-layer ghosts at different A)(land S-layer concentrations was
calculated after determination of the unbound gptdsent in the supernatant by using
inductively-coupled-plasma mass-spectrometry (ICBYMFor each single approach, a
reference sample (gold solution without SlaA-laygrosts) was prepared, shaken, and
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measured analogically. Gold reduction was perfortnedsing boron hydride dimethylamine
(DMAB) in a concentration of 22 mM. Immediately exftthe addition of DMAB, the
solutions were centrifuged (9000 g, 20 min) and thiained pellets were dried under

vacuum at 35 °C.

Transmission-electron microscopy (TEM) and Energy Bpersive X-ray spectroscopy
(EDX)

For TEM sample preparation, gold nanoparticle-coimg SlaA-layer ghosts were dried,
subsequently dehydrated with ethanol, sonicated deebsited on a carbon-coated copper
grid. TEM observations were made using a high rgsml Philips CM 200 transmission
electron microscope at an acceleration voltage Qff /. EDX analysis, which provides
elemental information, were performed at the sawoitage using a spot size of 70 A and a
live counting time of 200 s. TEM studies were paerfed at the “Centro de Instrumentation

Cientifica” of the University of Granada (Spain).

X-ray Photoelectron Spectroscopy (XPS)

XPS enables to determine the binding energiesamhsitand thus to characterize the bonding
states. Nanoparticle-containing SlaA-layer ghostsevwprepared as described before. Instead
of drying under vacuum, the obtained pellet wagpsnded in triple-distilled water. Two
times about 10 pL of the S-layer suspension wadieapand subsequently dried up on
Si-wafer. XPS measurements were performed usingpaning auger electron spectrometer
(Microlab 310F, Fisons, Ipswich, UK) with field-ession cathode and hemispherical sector
analyser with accessory XPS-unit (Al/Mg - X-ray édbThe X-ray spot had a size of about
2 x 3 mm. Measurements were conducted in CAE msdga pass energy of 10 eV. The 1s

peak of carbon (284.6 eV) was used for energy icdldm.

Magnetization measurements

Magnetization measurements were performed using ugperSonducting QUantum
Interference Device (SQUID) magnetometer. This methllows for measuring the total
magnetic moment of a sample, including all atonmd enolecular magnetic contributions. A
small part of the prepared cell pellets was fixed specially designed sample holder. During
the measurement, the magnetic field was held congBs =2 T) in the superconducting
magnetic field coil while the sample was considyemoved through a pick-up coil system of

the flux transformer connected to the SQUID. Magra¢ibn data were taken at temperatures
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1.8K < T < 300 K using a liquid-He cooled variaidenperature insert installed in the
commercial SQUID-magnetometer setup (MPMS, Quar@sign, Inc., San Diego, USA).
In order to scale the measured magnetic momentseoamount of substance, the weight of
the sample was determined. For calculating the etagmoment arising from each single
gold atom, the proportion of gold in the sample wadditionally calculated on the basis of the
ICP-MS results.

RESULTS AND DISCUSSION

Au(lll) complexation

The calculated amounts of Au(lll) associated witle SlaA-layer in dependency on the
concentration of gold in the solution, as well astbat of the SlaA-layer ghosts in the

sample, are presented in Figure 5.1.

100—:**** * %

2 40:; Relative amount of Au(lIl)
204 determined in the solution after incubation with SlaA

................................................................................................

120 O C,, (Au)=3mM
1004 O Cinit (Au)=0.3mM |

Au binding capacity
(mg/gSIaA-Iayer)
(@]
<
|

[ 1] 1

0.1 025 0.5 1.0 0.1 025 05 1.0
SlaA concentration (mg/mL)

Figure 5.1. Amount of Au(lll) associated with the SlaA-layehagts in dependency on the initial gold- and
S-layer concentration after incubation for 24 haoflsttom). In the upper part of the figure the esponding
relative amount of remaining Au(lll) in the solutids plotted.

The underlying mechanism for the complexation of(IAuis not yet clear. A covalent
binding of Au(lll) to functional groups of the Slagrotein, might be excluded, as these
groups are present in their protonated form atstinelied pH conditions. However, a link

between gold and sulphur atoms at a comparablypldwf 3 has been suggested by previous
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investigations on Au(lll) sorption on seaweed waR&9]. In this case the proposed
mechanism for Au binding involves a reduction ofidgby surface components of the
biosorbent, followed by the retention of the iowia(l) species at the sulphur-containing
sites. A similar mechanism might underlie the gidghosition at the SlaA-layer.

As evident from Figure 5.1, the removal of goldnfréhe solution strongly depends on both
parameters, the initial gold concentration andSla-layer ghost concentration. A reduction
of the concentration of the SlaA-layer ghosts ia sample resulted in a more efficient gold
complexation. The reason for this is the aggregatibthe SlaA-layer ghosts at increased
concentrations, limiting the surface and therewith deposition sites. At the lower gold
concentration (0.3 mM) the removal of Au(lll) frothe solution by the SlaA-layer ghosts
was significantly reduced. This finding is on tivstfview rather incomprehensible, as a large
amount (70 to 90%) of the Au(lll) was still availakin the solutions after the incubation
(Figure 5.1, top). The most plausible explanationthis is that the gold cations were caught
in the SlaA-layer sacculi and kept within them byakly, non-covalent interactions.
Assuming that, the amount of gold associated with $laA-layer sacculi strongly depends
on the initial Au(lll) concentration, as this pareter predominantly determines the number
of gold atoms which diffuse into the SlaA-layer @alc and could be entrapped within. To
what extent the amount of initially complexed Ai)lls relevant for the generation of
magnetic properties in the formed nanoparticlesni® yet examined. However, a
corresponding correlation is conceivable due to féd that we observed no magnetic
properties in a sample with a lower gold/S-layeoportion (35 Mg/gaa-aye). FOr the
production of magnetic gold nanopatrticles, inigald- and SlaA-layer ghost- concentrations
of 3 mM and 0.1 mg/mL, respectively, were showrmeosuitable. We also checked whether
the pH of the gold solution has an influence onitiigal Au(lll) complexation and, as a
consequence of this, possibly on the magnetic betawf the formed gold nanoparticles.
However, we do not observe any significant diffeesin both parameters, using HARCI
solutions at pH values between pH 2.5 and 7.5ghown).

Gold reduction

After the initial retention of Au(lll) within the I8A-layer ghosts and the removal of the
unbound gold, the noble-metal in the sample wasaadly reduced to its metallic form by
DMAB. Immediately after the addition of the electraonor DMAB, the colour of the
SlaA-layer suspension changed from pale yellowate purple. This observation confirmed

the formation of gold nanoparticles and is basedstillation changes of the conduction
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band electrons (surface Plasmon oscillations) [280f colour of gold nanoparticles in
transparent solution depends on the shape andzbdefsgold nanoparticles, because these
parameters determine the surface plasmon resori@tresncies as well as the width of the

plasmon absorption band [281].

Characterization of the gold nanoparticles
The formed gold nanoparticles were visualized byMTEoupled with EDX. Gold
nanoparticles were distributed rather irregulatiytree S-layer lattice and did not reveal a

regular pattern (Fig. 5.2).

Au nanoparticles are associated
with sulphur Cu

Figure 5.2. Transmission electron micrograph and a represgat&iDX spectrum of gold nanoparticles formed
at the SlaA-layer 0$. acidocaldarius

This finding is in agreement with the observatiomd®a by Mark and co-workers who
investigated the formation of self-assembled, erdearrays of gold nanoparticles using the
S-layer ofS. acidocaldariug233]. In contrast to our approach, the authortheflatter study
used another strategy for Au nanocluster formatiayer-coated TEM grids were floated
for 30 min with pre-synthesized, citrate-cappedigmnoparticles with a size of about 5 nm.
However, as mentioned above, an irregular distidbudf gold nanoparticles was observed,

very similar to the results of our nanocluster fatimn procedure.
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The recorded EDX spectra exhibit energy peaks whrehspecific for gold, as well as for
carbon, oxygen, sulphur and copper (Fig. 5.2). ddmdon as well as the copper peak arises
from the carbon-coated copper grid supporting tBTsample. The elements oxygen and
sulphur are structural components of the SlaA-mot€Ehe large sulphur peak suggests that
the gold nanoparticles are associated with the -platein ghostwia the sulfhydryl group of
the protein. The size of the formed particles vhetween 1.8 and 4 nm, whereby most

particles exhibit diameters between 2 and 3.5 nigue 5.3, bottom).
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Figure 5.3. Approximated size of the gold nanoparticles formedthe SlaA-layer ofS. acidocaldarius
determined by transmission electron microscopidyaisa
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X-ray Photoelectron Spectroscopy (XPS) was usetifferentiate the part of metallic gold
from the amount of Au(lll) in the samples. The dpeam shows a rather low signal of the
gold double-peak, due to the low amount of goldeissed with the SlaA-layer (Figure 5.4).
With regard to the position of the 1s peak of carbile measured signal was shifted about

4 eV to higher binding energies.

9800 + — Spectrum a oo
Fitted background 8 E
i Fitted Au peaks E E
9600 +
i | “’H
3 AMM L oA
2 fub v \r\“vw ||| aﬁﬁl'” AV
g TPy fllr i
=] ! ] I
& T Ay \ |
|JL \M U'ir" ' 'mﬁ'gﬂl || / V u \M
9200 + I \ Jﬂ
\y
_ y
9000 I f f f I I f f I
110 100 90 80
Binding Energy (eV)

Figure 5.4. X-ray photoelectron spectrum measured from the galnoparticles formed at the SlaA-layer of
S. acidocaldarius

Nevertheless, the position of the Au 4f (7/2)-peakund 84 eV (~88 eV in Figure 5.4)
clearly demonstrates that most of the gold is priese the samples in its metallic form:
position of Au 4f (7/2) according to the literatuj282]: 84.0 eV (metallic); 85.9 eV (in
Au,0g3). This finding differs significantly from the p&at reduction of Au(lll) to Au(0) found
in gold nanoparticles formed at the S-layer proteitice of the bacterial straiBacillus
sphaericus]G-Al12 [266]. The authors of the latter study destated that only about 40%
of the gold in the samples existed in a form of Bu{The zero-valent oxidation state of gold
additionally supports the assumption that the dbidt linkage does not have the

characteristics of gold sulphide and suggest anatbraplexation mode.
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Magnetic properties of the gold nanopatrticles
Magnetic properties of the formed nanoparticles ewanvestigated by using SQUID
magnetometry - a very sensitive method, which ls &b measure extremely weak magnetic

fields as well as small magnetic moments.
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Figure 5.5. Magnetic moments of the gold nanoparticles forraethe SlaA-layer o8. acidocaldariusscaled
to one gold atom (left) and to the total weighglt). In addition, the SQUID spectrum obtained framon-
magnetic reference sample, differing from the mé#égngample by a significant lower amount of gold, i
presented.

The results presented in Figure 5.5 demonstrate ttiea studied gold nanoparticles are
paramagnetic and possess a magnetic moment of Aot per gold atom. Interestingly,
no magnetic properties were observed in a refersaceple, differing from the magnetic
sample by a significantly lower Au(lll) depositi¢gn 30% of that, calculated for the magnetic
sample). Comparable results, demonstrating thenabsaf magnetism, also arose from gold
nanoparticles formed on the S-layer of the abovetimeed B. sphaericusS-layer, which
possesses no sulphur.

As a control, all samples were checked for iron untges, which could skew magnetic
results. The amount of iron determined by ICP-MS waeach sample below the detection
limit confirming that that the measured signalsarirom the gold nanoparticles. However,
we observed no magnetic properties in a refereacepke, differing from the magnetic
sample by a significant lower amount of gold (35@Bga-iaye), initially associated with the
SlaA-biopolymer (Figure 5.5). The amount of goldially bound by the SlaA-layer likely
influences the size of the later formed gold naniigas and as a consequence of this plays a
decisive role for the occurrence of magnetic proger In addition, no magnetic properties

were observed in gold nanoparticles formed on theady mentioned S-layer protein of
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B. sphaericusIG-A12, which does not possess cystein residuesthramefore without thiol
groups (not shown). We suggest that the describednetic properties of the gold
nanoparticles formed at the SlaA-layer lattice nid&ly depends on both, the presence of
thiol groups and the size of the formed nanopadicivhich in turn can be tuned by varying
the initial gold- and SlaA-layer concentration. Aoding to the literature, these so-called size
and ligand effects determine the structure and murobholes in thal-electron band [271],

which in turn influences the magnetic behaviouthef formed gold nanoparticles.

CONCLUSIONS

In this study we demonstrated that the SlaA-layosts ofS. acidocaldariusare a good
macromolecular template for formation of magnewtdgnanoparticles. Within this process
the thiol groups provided by the SlaA-protein, arest likely essential for both, the initial
deposition of gold within the SlaA-layer ghosts ahd evocation of the gold magnetism.
Moreover, the results strongly suggest an influesfdde nanoparticle size on the occurrence

of gold magnetism.
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Outlook

The results obtained in the studies performed enftame of this thesis demonstrate some
unique and new aspects of microbial interactiorth wranium and gold.

It was shown, that the investigated bacterial teoRaenibacillussp. JG-TB8 has a high
capability to immobilize uranium in oxygenated, recate acidic soilsia mineralization of
this radionuclide, caused by enzymatically releasathophosphate. However, the
phosphatase activity, which is responsible for thter process, is suppressed under
anaerobic conditions. We demonstrated some aerdépandent differences in the protein
expression pattern of the strain. In further stsidibe phosphatase protein of this strain could
be identified by two-dimensional protein gel eleptnoresis, sequenced and finally
over-expressed to enhance U(VI) immobilization.tker research might also investigate the
reasons for the absence of phosphatase activitgruacaerobic conditions. For drawing
conclusions on the impact of this strain in thenuren mining waste pile “Haberland”, it
would also be interesting to investigate whetherdtrain is present mainly in oxic or anoxic
soil compartments of the Haberlandhalde. This @ambestigatedia a direct quantification

of the strain using strain-specific probes or byngsreal-time PCR with strain-specific
primer sets. Moreover, another possibility is tonmar the presence of populations of this
strain in contaminated soils under aerobic and raée conditions within microcosm-scale
studies.

The second microbial strain studied in this worke tthermoacidophilic crenarchaeon
S. acidocaldariusis for some reasons more relevant to radioaetastes, and even to future
repositories, although we demonstrated that tihgnstmmobilizes U(VI) less effective than
the studiedPaenibacillussp. JG-TB8 and other bacteria. Nevertheless, btieeaeasons for
the relevance o8. acidocaldariuss its intrinsic property to preferentially grow law pH
values. Moreover, we demonstrated within this thdébat moderate temperatures do not
completely suppress the enzyme activity ®facidocaldarius These properties allow
metabolic  active S. acidocaldarius populations in  uranium  wastes and
radionuclide-contaminated waters that usually gximioderate temperatures and a moderate
or even highly acidic pH. As it is evident from tresults within this thesi§. acidocaldarius

is able to interact with U(VI) at these conditioressg. at moderate acidic pH the strain
immobilizes U(VI)via biomineralization. However, the results raisedsgjoas which need
further investigation. Future studies may addrdss reasons for the absence of U(VI)
biomineralization at pH 3, although the highestggtatase activity was detected at this pH.
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In order to determine whether the low amount of rddgble organic polyphosphate,
described forS. acidocaldariusor the dissolution chemistry of uranyl phosphati@erals
inhibits mineral formation, an organic phosphaterse should be added to the U/archaea
system. Depending on whether biomineralization geclin this case or not, the low amount
of polyphosphate or the uranium chemistry hindeigabial U(VI) biomineralization. In the
case that the amount of polyphosphates limits threeralization, the strain in combination
with organic phosphate sources (e.g. glycerol-3sphate) may be used as a biological
“tool” for uranium immobilization in contaminateditess. The potential of this strain could,
for example, be studied by performing column expernts. S. acidocaldariusand a
phosphate source may be added to contaminatedosaslsidge and after certain times the
amount of leachable uranium could be determined.

Another interesting aspect &. acidocaldariugs its thermophilic nature, which could be
used to provide information about microbial intéi@ecs with actinides at elevated
temperatures, which are relevant to nuclear wagtesitories, because it is predicted that the
temperature close to the repositories will be digamtly higher than the ambient
temperature. In case of an accidentally releaseadibactive waste material it could be
transported into and subsequently with the grouneivés the chemical behaviour as well as
the thermodynamics of complexation reactions ofiorauclides at elevated temperatures
differs from those at moderate temperatures theantions of actinides with various organic
and inorganic ligands at elevated temperatures eisknown. For studying the impact of
microorganisms on uranium mobility at elevated tempures, future studies could focus on
exactly this topic, using. acidocaldariugs a model organism. From the results presented in
this thesis, one can expect that the phosphatdsétyaof the strain is significantly higher
than that measured at room temperature. This mightlt in a very efficient U(VI)
biomineralization, at least at moderate acidic cooks.

Other topics for future studies are based on theuenproperties of the archaeal SlaA-layer.
As demonstrated in this work, the SlaA-layer ghasts very stable against acidity and
detergents. Besides that, they are also resistgmst high temperatures and decomposition
enzymes, i.e. proteases. Moreover the SlaA-laymesents a highly-ordered, biological and,
thus, non-toxic structural matrix which can be ud$ed a multiplicity of applications in
biotechnology. Although the applicability for uram complexation is limited due to the low
amount of U(VI) binding ligands, we demonstratet tha ions interact with the SlaA-layer,

which can be used to produce gold nanoclusters widresting properties. However, there
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are still open questions regarding the underlyimgmmanisms for the initial Au deposition and
the evocation of magnetic properties which arec®pif on-going research. Moreover, future
studies might focus on the production of bettediapple Au nanoclusters, i.e. the production
of highly ordered nanoclusters with a more consisparticle size. This might be achieved
by dissolving the SlaA-layer ghosts and subsequerglassemble them on different
supporting material to obtain equally SlaA-coatedaces.
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