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INTRODUCTION 

The rapid industrial growth in the developing world has introduced many environmental 

pollutants as a significant factor affecting human health. One of the big challenges of the 

third millennium is the management of radioactive waste and the protection of humans and 

the environment from its chemical and radiological toxicity. Since the 1940s large quantities 

of anthropogenic radioactive waste were accumulated primarily due to the mining and milling 

of uranium ore and its subsequent processing for nuclear energy and weapon production [1]. 

In Eastern Germany alone, several hundreds of millions of cubic metres radioactive 

liabilities, in particular waste rock material and tailings, were left behind after the cessation of 

uranium production [2]. Up to date about 70% (September 2010) of the contaminated sites 

above ground were rehabilitated [3], which primarily includes a capping to prevent from 

direct radiation as well as from the release of radon gas or radioactive dusts. However, none 

of the rehabilitated sites is sealed at the bottom, allowing an accidental release of uranium 

from these tailings into the ground water by erosion and leaching processes at any time [4]. 

The aqueous phase is the only conceivable transport medium for uranium, present in soils, 

sediments, and other geological formations. In order to estimate the possible extent of 

uranium transport within the aqueous phase, it is important to predict the reactions of 

uranium compounds, which are dissolved or suspended in groundwater, with the surrounding 

inorganic and organic material. For this purpose it is essential to know the chemical and 

biological factors determining physicochemical uranium speciation as well as the long-term 

stability of the compounds and complexes which are formed under certain conditions. The 

most relevant chemical parameter regarding uranium mobility is the redox potential, because 

it predominantly determines the oxidation state of this radionuclide. Uranium can occur in the 

oxidation states of +3, +4, +5, and +6. However, U(III) and U(V) are very unstable at 

common environmental conditions and thus tetravalent and hexavalent uranium compounds 

are by far the most frequent in nature. U(IV) has a strong tendency to precipitate, usually in 

form of the oxide mineral uraninite (UO2), whereas U(VI) generally forms soluble and thus 

mobile complexes. In addition to the oxidation state, the interaction mechanisms of uranium 

with the environment are strongly influenced by pH-dependent hydrolysis reactions, which 

alter its solubility and influence the sorption to inorganic particles [5]. Further, site specific 

parameters, that play a crucial role for the speciation of uranium in aquatic systems, are the 

ionic strength as well as the type and the concentration of inorganic ligands. Besides the 

chemical parameters, biotic factors influence uranium migration in nature as well. In 
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particular, the indigenous microbial community can significantly change uranium mobility. 

The bioavailability of this radionuclide, e.g. its ability to interact with surrounding 

(micro)organisms, after its release into the pore and ground water depends on its 

concentration and physicochemical speciation [6]. Previous studies showed reasonable 

evidences suggesting that UO2
2+ and UO2OH+ are the most bioavailable chemical forms of 

U(VI). In contrast to that, bioavailability is dramatically reduced for uranyl complexes 

formed with inorganic ligands (e.g. carbonates, phosphates) or with humic substances [6].  

Several studies were performed exploring the microorganisms that inhabit such 

radionuclide-contaminated environments, by using culture-independent, molecular 

approaches, such as 16S rRNA gene analyses [7-11], also combined with phospholipid fatty 

acid (PLFA) analysis [12]. In addition, a more recent study focused in particular on the 

metabolically active microbial community of radionuclide-contaminated subsurface 

sediments from the “Oak Ridge Field Research Center” (Oak Ridge, Tennessee, USA), which 

was assessed by comparing RNA and DNA clone libraries [13]. The authors demonstrated 

that in particular several groups of heavy metal tolerant nitrate-reducers, belonging to the 

phyla Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes, are well adapted to such 

polluted environments [13]. However, a comparison of the microbial communities of 

different radionuclide-polluted sites suggests that the composition is site-specific and depends 

on geological and physicochemical parameters. Nevertheless, it was consistently 

demonstrated, that these environments are not hostile, but inhabited by a large variety of 

microbial populations. 

As mentioned before, these microbial communities are able to interact with uranium and 

other metals in multiple ways (Fig. 1), due to the large variety regarding metabolism and cell 

surface structures. The latter provide a highly efficient matrix for metal complexation. Some 

studies demonstrated that the binding at surfaces of microbial cells is even more efficient than 

that at inorganic soil components, like minerals [14-16]. The high metal complexation ability 

of microbial cells is primarily based on two facts: the high surface-to-volume ratio and the 

usually large number of metal binding ligands, which are provided by the organic cell surface 

polymers, e.g. peptidoglycan, lipopolysaccharides, proteins, and glycolipids. These ligands 

primarily include negatively charged, functional groups, such as deprotonated phosphate, 

carboxyl, hydroxyl, amino and sulfhydryl groups. The adsorption of aqueous metal cations 

onto these functional groups, the so called biosorption process, is rapid, reversible and simply 

based on physical adsorption, ion exchange or chemical sorption of the positive charged 
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metal ion to the negatively charged cellular ligands. Hence, it is controlled only by the 

pH-dependent protonation status of the functional groups at the cell surface, and by the 

affinity of these functional groups for the specific aqueous metal, whereas biosorption does 

not depend on the cell metabolism. The abiotic nature of the biosorption process had 

previously been verified by similar affinities of bacterial cells and their isolated cell walls to 

aqueous heavy metals cations [17]. The temperature effect on the biosorption process is small 

compared to the other influencing factors, given that the temperature does not damage the 

structural components of the cells [18].  

 

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

Besides the “passive” biosorption, which is exclusively based on the affinity between the 

biosorbent (cell structures) and sorbate (uranium), metabolism-dependent processes can also 

alter uranium migration behaviour. Such “active” processes can act mobilising and 

immobilising and involve biotransformations such as oxidation and reduction, an uptake 

inside the cells or a complexation by microbially generated compounds (Fig. 1). The term 

biotransformation, in general, includes all chemical modifications of a compound caused by 

the metabolic activity of organisms. In the case of uranium and other metals, it primarily 

involves microbial oxidation and reduction processes. The microbe-mediated uranium 

oxidation under aerobic conditions was demonstrated for some acidophilic microorganisms, 

e.g. for the archaeal species Sulfolobus metallicus [20] and Metallosphaera sedula [21] as 
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well as for the bacterial strain Acidithiobacillus ferrooxidans [22]. Under anaerobic 

conditions nitrate can be used, instead of oxygen, as electron acceptor as it was shown for the 

anaerobic U(IV) oxidation conducted by Thiobacillus denitrificans [23]. In contrast to that, 

many anaerobic microorganisms can transfer electrons under anaerobic conditions from an 

electron donor to U(VI) and thus reduce the radionuclide to U(IV). Suzuki and co-workers 

studied U(VI) reduction in a sediment sample from the inactive open pit uranium mine 

“Midnite”(Stevens County, WA, USA) [24]. After incubation for one month at anaerobic 

conditions, uranium was detected in form of U(IV) accumulates at the surface of microbial 

cells, bringing the authors to the conclusion that uranium was reduced by the enzymatic 

activity of these microorganisms [24]. Indeed, by now the reduction of U(VI) to insoluble 

uraninite under anaerobic conditions has been described for a large variety of bacteria [25-

29]. Some strains like Geobacter metallireductans and Shewanella putrefaciens are even able 

to cover their whole energy demand by the electron transfer to U(VI) [30]. In addition, 

uranium reduction was also demonstrated at high temperatures of about 100 °C, performed 

by the hyperthermophilic archaeon Pyrobaculum islandicum [31]. 

Another mechanism that influences uranium transport in natural systems is the complexation 

of this radionuclide by inorganic and organic compounds released from microbial cells. In 

this regard, it is differentiated between those uranium-binding ligands which enhance 

solubility and mobility, and those which reduce them. The release of the latter can cause 

biomineralization of uranium. By definition, the term “biomineralization” includes the 

precipitation of insoluble mineral complexes, formed due to the release of microbial 

generated inorganic ligands, like phosphates, sulphides, and carbonates. A well-studied 

example for a corresponding mechanism is the complexation of uranium by orthophosphate 

and the concomitant formation of low soluble uranyl phosphates. The release of 

orthophosphate is attributed to the activity of various enzymes, summarized as phosphatases, 

which release inorganic phosphate (PO4
3-) from organic phosphate compounds. Respective 

enzyme activities have been described for a large variety of aerobic and anaerobic bacteria as 

well as for some archaea [32-34]. In addition to the inorganic ligands capable for uranium 

complexation, microorganisms can also produce organic compounds which may alter 

uranium mobility. One class of corresponding compounds are humic substances (humics) 

which are released due to the microbial degradation of complex organic matter. They are very 

resistant to further biodegradation and thus accumulate within the environment [35]. Humics 

were separated operational, differing in acidity and chemical composition, in humin 
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(insoluble fraction), humic acid (soluble under alkaline conditions), and fulvic acid (soluble 

at all pH conditions) [36]. In particular the latter two are known to interact efficiently with 

uranium and, thus, can influence the migration of uranium in nature [37-43]. Humics may 

also be involved in U(VI) reduction by providing an electron shuttle, i.e. they serve as 

terminal electron acceptor in microbial respiration pathways and subsequently donate these 

electrons to U(VI) [44]. A similar mechanism most likely underlie the U(VI) reduction 

described for Deinococcus radiodurans, which is able to reduce U(VI) in the presence of the 

humic acid analogue anthraquinone-2,6-disulfonate (AQDS), whereas no uranium reduction 

occurred without it [45].  

Other microbially generated compounds which interact highly efficient with metals are 

siderophores. These chelating agents are usually formed by microorganisms in the case of 

iron deficiency, in order to increase iron solubility due to a complexation via functional 

groups, in particular catechol and hydroxamate groups [46]. However, siderophores are 

usually not highly specific. Therefore they also increase solubility and thus bioavailability of 

other metals, heavy metals and radionuclides. A measureable enhancement of uranium 

mobility by the activity of microorganisms was demonstrated by the siderophores pyoverdin 

and desferrioxamin-B [47, 48].  

Finally, microorganisms are also able to take up metals by active processes using metal 

transporters located in their cell walls. In the case of uranium it was speculated that it can be 

taken up wrongly by such transporters as a consequence of a mix up with essential metals, 

e.g. calcium [6, 19]. Once inside the cell, uranium may be bound to, or precipitated within 

intracellular structures. However, by now it is commonly assumed that the accumulation of 

uranium inside microbial cells is based on a passive, metabolism independent transport due to 

an increased permeability of the cell membrane as a result of the toxic stress [49]. Up to date, 

there is no concrete evidence that uranium can be taken up by microorganisms via active cell 

processes. 

Some of the described interaction processes were specifically used for industrial and 

economic purposes. Microbial U(IV) oxidation, for example, has been used for uranium 

bioleaching processes, which is the transformation to and extraction of soluble U(VI) from 

uranium ores [50]. Because of the physicochemical conditions in such mining sites, the 

microorganisms that catalyse bioleaching processes are required to grow in a basically 

inorganic, aerobic, and highly acidic environment. For this reason, extremophilic bacteria as 

well as archaea were frequently detected in commercial bioleaching areas [51] .  
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Besides mining of metals, the before described interactions were intensively studied in the 

last years, in particular focussing on their potential for bioremediation, i.e. decontamination, 

of heavy metal and radionuclide-polluted environments [52-54]. The need for developing 

such microbial-based clean-up procedures is mainly caused by the very high costs, the 

technological limitations and the lack of specificity of the currently available 

physicochemical approaches. In addition, the invasive physical clean-up, which involves 

excavation, transport and disposal of soil as well as pumping and treating of groundwater can 

have negative influences on biodiversity and can even increase human health risks [55]. 

Thus, in situ bioremediation approaches are advantageous, as they are expected to provide a 

cost-effective, more specific and environmental-friendly method for decontamination. 

Moreover, it was shown that the metal recovery using biological approaches is much more 

efficient, allowing the treatment of polluted sites with low concentrations of uranium which 

are not amenable to chemical approaches [56]. Among the biotechnological processes, 

biosorption is limited by the availability of uranium-binding sites. Moreover, insufficient 

specificity and stability of biosorbents turned out to cause little progress in industrial 

application [57]. Therefore, the potential for commercial development and application of 

biosorption is rather weak, and likely will be used in the future only as supporting process in 

remediation procedures [58]. As mentioned above the cellular uptake of uranium is also 

supposed to be a passive process and it is most likely based on increased cell membrane 

permeability of death cells and subsequent adsorption to intracellular structures. Hence, the 

same limits and problems, which are applied for biosorption-based remediation procedures, 

apply for this process as well. And even in the case, uranium would be taken up by an active 

microbial process, the potential of this uptake for bioremediation is strongly limited due to 

uranium toxicity [59]. 

Because of these reasons, many established and novel bioremediation procedures based on 

active processes, conducted by living microbial cells. As a matter of course, the applicability 

of corresponding industrial approaches is primarily determined by the ability of the used 

microorganisms to survive and maintain the desired metabolic pathways under the radiation 

exposition and the chemical toxicity of uranium. Therefore, the use of highly radiotolerant 

microbial strains is advantageous. An eligible, well-studied bacterium is Deinococcus 

radiodurans which maintain its viability in excess of 5000 Gray [60], a dose that is 

approximately 300 times higher than the dose which typically kills Escherichia coli. 

However, it was demonstrated by studying two bacterial strains naturally occurring in 
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contaminated sites, Deinococcus radiodurans and Pseudomonas putida, that uranium, as well 

as other actinides, are less toxic to bacteria than other heavy metals [61]. Hence, the actinide 

toxicity should not impede bioremediation approaches which are based on active 

microorganisms. The strains investigated in the present work are, for example, able to grow 

in the presence of uranium up to concentrations of 0.5 mM for Paenibacillus sp. JG-TB8 

(Chapter I) and 1.1 mM for S. acidocaldarius (Chapter II), i.e. the strains tolerate uranium 

concentrations of more than 120 ppm and 260 ppm, respectively. These tolerated 

concentrations are higher than those of most uranium waste rock dumps and tailings, e.g. the 

uranium concentration of the soil sample from the “Haberlandhalde”, the natural habitat of 

Paenibacillus sp. JG-TB8, was “only” about 40 ppm. Hence, it is obvious for both strains that 

their growth and metabolism is in principle possible in many uranium-polluted sites.  

The main focus of attention for an active microbial bioremediation of uranium-polluted sites 

is on two processes, uranium precipitation and U(VI) reduction. The latter has been 

intensively studied as it promises a high potential for uranium immobilization under reducing 

conditions. Microcosm experiments were performed using U(VI) polluted sediments from the 

inactive “Midnite mine” located in Stevens County (WA, USA) as well as soils from the 

“DOE NABIR field research center site” in Oak Ridge (TN, USA). In both studies a 

stimulation of microbial U(VI) reduction by the addition of organic substrates was 

demonstrated [24, 62]. In addition, field studies at the pilot-scale uranium in situ 

bioremediation field of the US Department of Energy site (Oak Ridge, TN, USA) were 

conducted in order to check transferability of the obtained results to natural systems [63]. 

Within this project, uranium immobilization was stimulated by the injection of ethanol, which 

in turn shifted, and stimulated activity of, the indigenous microbial community. As a 

consequence of that, U(VI) levels were reduced within two years from about 50 mg/L to 

below drinking water standard (< 30 µg/L). Biodiversity studies demonstrated a high 

abundance of metal reducing bacteria, e.g. Desulfovibrio, Geobacter, Anaeromyxobacter and 

Shewanella [63]. 

Another successful remediation based on bioreduction was conducted at a former uranium 

ore processing facility, called “Old Rifle” (CO, USA). In this case acetate was injected into 

the subsurface and as a consequence of that U(VI) concentrations decreased within 50 days 

from initial values between 0.4 and 1.4 µM to below the prescribed treatment level of 

0.18 µM [12]. A combination of 13C-labeled acetate incorporation and subsequent DNA and 

PLFA analyses revealed that the uranium reduction is accompanied by a stimulation of 
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δ-Proteobacteria, in particular Geobacter species, suggesting that these bacteria are key 

players concerning U(VI) reduction [64].  

However, the presence of oxygen as well as highly acidic pH conditions and high 

concentrations of nitrate can suppress U(VI) reduction as it was demonstrated in microcosm 

experiments using sediments from the FRC aquifer (Oak Ridge, TN, USA) [65]. 

An alternative strategy for bioremediation under oxygenated conditions is the immobilization 

of uranium due to the precipitation of hardly soluble inorganic uranium compounds. A 

well-known mechanism for bioprecipitation of uranium is based on the activity of 

non-specific phosphatases, in particular acid and alkaline phosphomonoesterases, which are 

commonly generated by active soil microorganisms [66]. These enzymes were expressed by a 

large variety of aerobic and anaerobic bacteria [34, 67, 68] and release inorganic 

orthophosphate from organic phosphate compounds. As a consequence of this, the released 

orthophosphate interacts with uranium and causes the precipitation of inorganic uranyl 

phosphate phases, directly at the cell surface or in the surrounding aqueous system. The 

applicability of this mechanism for remediation of uranium-polluted sites was previously 

suggested in studies on different Pseudomonas strains, which releases sufficient amounts of 

orthophosphate to cause precipitation of uranium from a low concentrated solution 

(0.02 mM uranium) [69]. The release of orthophosphate was stimulated within the latter work 

by the addition of an organic phosphate source and a simultaneous overexpression of the 

phosphatase gene. Moreover, Beazley and co-workers demonstrated that the hydrolyzation of 

organophosphate by aerobic heterotrophic bacteria can be may play an important role in 

bioremediation of uranium-contaminated sites [70].  

It is evident, that up to date, much research was done to understand the biogeochemistry of 

uranium cycling in the environment and the central role of microorganisms in affecting 

uranium mobility. However, a deeper understanding of the behaviour of the actinides in the 

environment is needed to allow proper and reliable modelling, needed for disposition of 

nuclear waste over many thousands of years [71]. In addition, a better knowledge is necessary 

in order to develop new and to improve established bioremediation strategies for the 

contaminated sites. 

Within the scope of this thesis different batch experiments were performed to study the 

interaction mechanisms of U(VI) with the bacterial isolate Paenibacillus sp. JG-TB8 and the 

acidothermophilic crenarchaeon Sulfolobus acidocaldarius, in order to determine and 

compare the ability of these two strains for uranium immobilization at different experimental 
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conditions. The present work combines wet chemistry with powerful spectroscopic and 

microscopic techniques, allowing profound conclusions about the uranium complexation by 

the studied strains.  

The uranium complexation was studied within the acidic pH range, in particular at pH 2 

(pH 1.5 for S. acidocaldarius), pH 3, pH 4.5 and pH 6. The rationale for using acidic 

conditions is based on both, the fact that many uranium-contaminated sites exhibit moderate 

acidic pH conditions (pH 4 to 6), as well as the chemistry and bioavailability of uranium. 

Assuming non-reducing and acidic conditions, uranium is predominantly present, in 

particular at pH values below 4, in form of the free uranyl ion, which is highly mobile, 

bioavailable and toxic (Table 1). The amount and kind of uranium species in aqueous 

systems, as presented in Table 1, can be estimated by several speciation methods, either 

assigned to analytical or computational methods [6]. The latter based on thermodynamic data 

which includes a system of mathematical equations that describes the metal-ligand 

equilibrium [72]. In this work the initial uranium speciation in the used solutions was 

calculated using the software package EQ3/6 [73] using equilibrium constants of the 

“Nuclear Energy Agency (NEA)” database [74] and uranyl hydrolysis constants of 

Guillaumont and co-workers [75].  

 

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

 pH 1.5 

[U]=5·10-4 M 

pH 2 

[U]=5·10-4 M 

pH 3 

[U]=5·10-4 M 

pH 4.5 

[U]=5·10-4 M 

pH 6 

[U]=5·10-5 M 

UO2
2+                     98.8% 98.6% 98.1% 57.3%  

(UO2)2(OH)2
2+          26.3%  

(UO2)3(OH)5
+    6.3% 61.4% 

(UO2)4(OH)7
+                     12.4% 

(UO2)2CO3(OH)3
-                  14.5% 

 

Concerning the studied strains, the physiological pH optimum of S. acidocaldarius is 

between pH 2 and 3 [76], whereas that of the Paenibacillus species is around pH 7 

(Chapter I). The latter strain was isolated from an anaerobic microbial consortium containing 

representatives of Firmicutes and yet to be cultured mesophilic Crenarchaeota belonging to 

the soil cluster 1.1b [77]. This consortium, in turn, was initially enriched from a uranyl nitrate 

treated (four weeks at pH 4 and under anaerobic conditions [78]) soil sample of the uranium 

mining waste pile “Haberland” (Saxony, Germany) which had a moderate acidic pH of 

around 4.5. For these reasons, it was suggested that the isolated Paenibacillus strain tolerates 
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moderate acidic pH conditions. This assumption was confirmed within this work by live/dead 

staining, demonstrating that a significant part of the cells remain alive after treatments with 

U(VI) at pH 4.5 (Chapter I). The studied Paenibacillus strain is a facultative anaerobic, 

endospore-forming bacterium, which means that the cells become metabolically active when 

suitable substrates for their growth are available, whereas they produce resistant endospores 

when their nutrients become exhausted. Because of this resistance mechanism against the 

changes of soil parameters, their motility, and the ability to switch their metabolism under 

anaerobic conditions, it can be assumed that paenibacilli play a significant role in the 

biogeochemical cycles of matter in natural ecosystems. Therefore, the first objective of this 

thesis was to study the influence of Paenibacillus JG-TB8 on uranium mobility in aqueous 

systems. The fate of uranium was determined in order to draw qualitative and quantitative 

conclusions about uranium biosorption, biomineralization, and bioreduction by this strain, 

also in the face of a potential use for bioremediation procedures. It was shown that cells of 

the studied strain can dramatically influence uranium migration in aqueous systems. The 

strain was able to accumulate U(VI) over the whole pH range studied. In contrast to the 

previous studies where uranium complexation was studied exclusively under aerobic or 

anaerobic conditions, in this work for the first time one and the same strain (Paenibacillus sp. 

JG-TB8) was investigated under both aeration conditions, in order to determine the influence 

of oxygen on the U/bacteria interactions. The rationale for using this strain was its ability to 

grow and carry out metabolism under aerobic as well as under anaerobic conditions. The 

latter correspond to the natural habitat of the strain, as the soil sampling point was in a depth 

of two metres. Dramatic morphological changes of the Paenibacillus cells were observed 

after the exposition to anaerobic conditions. In this case the cells exhibited a filamentous 

phenotype, i.e. they were significantly longer (some cells exhibit a length of more than 

200 µm) compared to the rods grown under aerobic conditions which had a size of 3 to 6 µm. 

This morphological difference most likely causes the reduced uranium binding capacity 

observed under anaerobic conditions, due to the smaller cell surface and therefore the smaller 

number of U(VI) complexing ligands relating to their weight. In addition and more important, 

an inhibition of the indigenous phosphatase activity of the strain was observed under 

anaerobic conditions. As a consequence of that, uranyl phosphate mineral phases, which were 

precipitated under aerobic, moderate acidic conditions, were not formed under anaerobic 

conditions. Noteworthy the Paenibacillus isolate does not reduce U(VI), even not after the 

addition of acetate as electron donor, although acetate usually stimulates microbial U(VI) 
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reduction [12]. These findings are in contrast to all previous studies which were performed on 

bacterial uranium interactions under moderate acidic, anaerobic conditions, where either 

bioreduction or biomineralization of uranium was observed. 

In contrast to the high number of studies dealing with the bacterial processes responsible for 

the binding of uranium, only little is known about the processes implicated in the 

complexation of this radionuclide by representatives of the second microbial domain of life, 

the “Archaea”. Archaea were shown to be present in various soil and water ecosystems and 

they play an important role in the global cycles of matter [79]. They differ in many aspects 

from bacteria and their cell walls are significantly simpler than those of bacteria [80]. 

Therefore another objective of this thesis was to investigate whether the structural differences 

between the cell surfaces from representatives of archaea and bacteria influence the binding 

capacity and the local coordination of uranium bound to the cells. The thermoacidophilic 

crenarchaeal strain S. acidocaldarius was chosen as a model organism for this study, as it is 

one of the best studied archaeon. The cell wall of S. acidocaldarius consists only of a 

proteinaceous surface layer (S-layer), called SlaA-layer, which is anchored to the cytoplasma 

membrane via another protein, called SlaB [81] (Fig. 2). Because of the low content of 

negatively charged amino acids and the absence of phosphorylated sites, this S-layer seems to 

be ineffective in the complexation of uranium. In this case a small amount of uranium might 

pass through the pores of the S-layer and is complexed by the reactive groups of the 

cytoplasma membrane. In contrast to that, the cells of Paenibacillus sp. JG-TB8 possess a 

more complex cell wall structure, which includes a thick layer of peptidoglycan that is rich on 

phosphate and carboxylic groups and represents the major metal binding component of this 

bacterium (Fig. 2). And indeed, the structural differences between the cell surfaces of both 

strains strongly influence the uranium binding ability. As expected, the binding capacity of 

the cells of S. acidocaldarius was only about one third of that measured for the cells of 

Paenibacillus sp. JG-TB8 under corresponding experimental conditions (Chapters I, II and 

III). Spectroscopic studies on the uranium complexes formed by S. acidocaldarius at highly 

acidic conditions (pH 1.5 and pH 3) demonstrated that uranium was mainly complexed by 

organic phosphate groups of the cytoplasma membrane in a monodentate binding mode 

(Chapter II). This finding is in agreement to the U(VI) complexation mode at highly acidic 

conditions observed for the studied bacterial isolate Paenibacillus sp. JG-TB8 (Chapter I) as 

well as for other Gram-positive and Gram-negative bacteria [82-84]. These results suggest 

that at highly acidic conditions, i.e. pH values of 3 and below, the complexation mode of 

U(VI) by microbial cells is universal and independent from the microbial domain. 
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Figure 2. Comparison of the cell envelopes of S. acidocaldarius (schematic picture taken from [85]) and the 

isolated Paenibacillus strain (schematic picture taken from www.cehs.siu.edu). 
 

With increasing pH an additional complexation mode at functional groups of organic origin 

was detected. Besides the phosphate groups of the cell membrane, deprotonated carboxylic 

groups are involved in the U(VI) complexation by the cells of Sulfolobus acidocaldarius at 

pH 4.5 (Chapter III). Moreover, a part of the added uranium was mineralized due to the 

release of orthophosphate by the cells, as a consequence of increased cytoplasma membrane 

permeability and the acid phosphatase activity of the strain (Chapter III). The phosphatase 

activity of the strain was, however, linked neither to U(VI) biomineralization nor to 

orthophosphate liberation. The highest enzymatic activity was calculated at pH 3, which is 

reasonable, as this pH correspond to the physiological pH optimum of the strain. However, 

U(VI) biomineralization does not occur at this pH. Instead, the formation of uranyl phosphate 

mineral phases was observed at pH 4.5 and pH 6, where the phosphatase activities were only 

half and a quarter of that at pH 3, respectively. A possible reason for this may be the 

inhibition of mineral formation at highly acidic conditions. This assumption is supported by a 

study of Wellmann and co-workers, who demonstrated that uranyl phosphate minerals are 

rather unstable at acidic pH conditions [86]. Nevertheless, according to the phosphatase 

activity, at least the release of orthophosphate should be highest at pH 3. Therefore another, 

even more likely explanation for the inhibition of U(VI) biomineralization is the very healthy 

population of S. acidocaldarius during the incubation with uranium at pH 3 (Chapter III), 
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which may limit the amount of degradable organophosphate, which is especially provided by 

a release from dead cells. 

Beazley and co-workers propose that aerobic heterotrophic microorganisms that can 

hydrolyse organophosphate at low pH conditions may play an important role in the 

bioremediation of uranium-contaminated environments [70]. S. acidocaldarius exactly meet 

this criterion, as it is well-adapted to acidic conditions and, moreover, maintains its 

metabolism also at moderate temperatures. However, as demonstrated within this thesis, 

phosphate-containing organic substrates may limit the uranium biomineralization process at 

highly acidic conditions. Hence, for an effective immobilization of uranium by 

S. acidocaldarius, the addition of an organic phosphate source serving as substrate for the 

enzymatic release of orthophosphate is suggested. 

The diverse U(VI) complexation by organic phosphate and carboxylate groups as well as 

inorganic phosphate groups, observed for the cells of S. acidocaldarius at pH 4.5, differs 

from those of the previously studied interactions of acidophilic bacteria with U(VI) where 

only organic phosphate groups participate in the complexation process at pH 4.5 [87]. 

Moreover, this finding is also in contrast to the predominant precipitation of inorganic U(VI) 

phosphate mineral phases observed by all neutrophilic bacteria [83, 88, 89]. Therefore, the 

results of the present work suggest that bacteria and archaea exploit different U(VI) 

complexation modes at moderate acidic pH conditions. 

For a more detailed elucidation of the U(VI) complexation mechanism by the archaeal cells, 

the U(VI) binding by two purified cell envelope fractions of S. acidocaldarius (SlaA-layer 

ghosts and cell envelope ghosts, the latter consisting of cytoplasma membrane covered with 

S-layer protein) were investigated (Chapter IV). The S-layer protein of S. acidocaldarius, 

recently called “SlaA”, possesses hexagonal (p3) symmetry and is fasten to the archaeal cells 

via the anchoring protein, SlaB, which is integrated into the cytoplasma membrane [90]. A 

comparison of the obtained results with those about the interactions of the whole cells of 

S. acidocaldarius with U(VI) allowed differentiating the role of the outermost SlaA-layer in 

the uranium complexation and thus detoxification processes of this radionuclide. The 

comparison of the binding capacity of the two cell envelope fractions clearly revealed that the 

major part of the complexed U(VI) is bound to functional groups of the cytoplasma 

membrane. No uranium binding at the SlaA-layer was observed at highly acidic conditions 

(pH ≤ 3), and only very low amounts bound to the carboxylic groups of the SlaA-proteins at 

pH 4.5 and pH 6 (Chapter IV). These results demonstrate that the proteinaceous SlaA-layer of 

S. acidocaldarius does not have a protective role against uranium at highly acidic conditions 
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which correspond to the physiological optimum of the strain. In addition, the studies on the 

isolated cell envelope fractions of S. acidocaldarius revealed that the use of cryogenic TRLF 

spectroscopic techniques open up new possibilities to investigate the U(VI) complexation by 

organic ligands of microbial cell surfaces (Chapter IV).  

Concluding the interactions with U(VI), this thesis gives new insights in the microbial 

complexation of U(VI), in particular regarding the influence of aeration conditions, archaeal 

interaction mechanisms, and the TRLF spectroscopic detection of uranium complexes. 

Beside the interactions with U(VI) the SlaA-layer of S. acidocaldarius was also studied with 

regard to its potential for nanoclusters formation (Chapter V). An general feature of S-layer 

proteins is their ability to reassemble from their single subunits in suspension and even on 

solid surfaces, reproducing highly ordered regular structures [91]. Moreover S-layers can 

serve as a template for the formation of metal nanoparticle arrays, whether by wet chemical 

processes stimulating precipitation from solution or by a binding of pre-synthesized 

nanoparticles [92]. Therefore, S-layer proteins are a promising tool for controlled 

“bottom-up” fabrication of nanobiotechnological structures and devices [93]. In this work the 

paracrystalline S-layer of S. acidocaldarius (SlaA-layer) was investigated with regard to its 

potential to serve as a macromolecular template for the formation of gold nanoparticles. In 

contrast to many bacterial S-layer proteins, the studied SlaA-layer is extremely stable and can 

resist high temperatures, low pH, proteases, and detergents, making it interesting for the 

production of defined nanostructures. Moreover, the most interesting property of the 

SlaA-layer is the indigenous presence of two sulphur-containing cystein residues per 

monomer. These residues provide thiol groups, usually not present in bacterial S-layer 

proteins. Diluweit and co-workers demonstrated a stimulation of gold nanoparticle formation 

after the introduction of thiol groups into the S-layer protein of a Bacillus sphaericus strain 

[94]. This thiolization is not necessary using the SlaA-layer protein. The formed gold 

nanoparticles onto the SlaA-layer were irregular distributed and had a particle size between 

2 and 3.5 nm. XPS analysis demonstrated that the gold clusters consisted mainly of Au(0). 

Most interesting feature of the formed gold nanoparticles is their magnetic behaviour most 

likely based on the interactions of the gold nanoparticles with the thiol groups of the 

SlaA-layer protein. Hence, within this thesis, the evocation of magnetism in gold 

nanoparticles formed on a not-modified, natural biotemplate was demonstrated for the first 

time, suggesting new strategies for a clean and environmental friendly production of 

well-defined noble metal nanoclusters. 
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ABSTRACT 

A facultative anaerobic bacterium, designated JG-TB8, was isolated from an anaerobic 

microbial consortium, enriched from a soil sample of a uranium mining waste pile. 

Phylogenetic analysis based on the 16S rRNA gene sequence revealed that JG-TB8 belongs 

to the genus Paenibacillus, and is closely related to P. borealis. 

Studies on the uranium tolerance demonstrated that JG-TB8 grows at the presence of uranium 

up to a concentration of 5 · 10-4 mM. Regarding the interactions with this radionuclide it was 

shown that the cells of the strain are able to accumulate uranium from aqueous solutions at 

acidic conditions (pH 2 to 6). Thereby, the speciation of the formed uranium complexes 

depends on both, the pH and the aeration conditions, i.e. the presence or absence of oxygen. 

A combination of spectroscopic (TRLFS, XAS) and microscopic (TEM/EDX) techniques 

revealed that at highly acidic pH conditions (pH 2 and 3), uranium was almost exclusively 

bound by phosphate groups of organic macromolecules, independently on the aeration 

conditions. At higher pH values, a part (pH 4.5) or the total amount (pH 6) of the dissolved 

uranium was precipitated under aerobic conditions in a meta-autunite-like uranyl phosphate 

mineral phase. TEM studies of the uranium-treated samples incubated under aerobic 

conditions demonstrated uranium accumulates on the cell surface as well as intracellularly 

located. In contrast to that, mineral formation was neither observed at pH 4.5 nor at pH 6 

under anaerobic conditions. At these conditions carboxylate groups, in addition to phosphate 

groups, were involved in the uranium complexation. The absence of biomineralization under 

anaerobic conditions was clearly assigned to a suppression of the indigenous phosphatase 

activity of JG-TB8, playing the key role in hydrolyzation of the cellular polyphosphate. 

Resulted orthophosphate groups play a crucial role in uranium biomineralization. 

 

Keywords: Paenibacillus, Uranium, Biomineralization, XAS, TRLFS, TEM, Phosphatase 

activity 
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INTRODUCTION 

The biological effects of uranium strongly depend on its mobility and bioavailability, which 

are, in turn, determined by its speciation and physicochemical form [6]. In the environment 

uranium primarily occurs in the oxidation states +4 (U4+) and +6 (UO2
2+). In particular the 

free uranyl ion (UO2
2+), which predominates at acidic (< pH 5) and non-reducing conditions 

[95], has a high mobility and biological toxicity, which is based on both, its chemical and 

radiological properties. The speciation of uranium in nature is affected by a variety of abiotic 

[96, 97] and biotic [98, 99] factors. The latter primarily include changes induced by 

microorganisms due to their ubiquitary and numerous occurrences in nearly all habitats on 

earth. The multifaceted metabolism and structures of these organisms provoke various 

interaction mechanisms with radionuclides and other heavy metals [19, 98]. By now several 

studies have demonstrated that U(VI) is complexed by the negatively charged functional 

groups of the cell surface in a process called biosorption [100-102]. Because of that, uranium 

is supposed to bound, at least to some extent, to all microbial cells. In addition, further 

microbial transformations which alter the mobility of this radionuclide were demonstrated for 

individual microorganisms. These processes include the precipitation of uranium-containing 

minerals (biomineralization) [88, 89, 103], as well as the formation of mostly insoluble and 

therefore less toxic U(IV) species (bioreduction) [30, 104]. Both microbial-mediated 

processes had been studied in the face of their potential use for the remediation of 

contaminated environments as an efficient alternative to the commonly used chemical 

approaches [29, 69, 105, 106].  

Soil ecosystems, even those which are polluted with heavy metals or radionuclides, are 

inhabited by a large variety of microorganisms [8, 77, 107, 108]. The microbial community 

structure, in particular that of the upper soil layers, is continually subjected to changes due to 

continuous changes in temperature, humidity, nutrient supply and oxygen tension. Endospore 

forming bacteria are well adapted to such changes. They become metabolically active when 

suitable substrates for their growth are available, and they form spores when their nutrients 

become exhausted. The resistance of their spores to environmental stress allows these 

organisms a long-term survival under adverse conditions. Therefore endospore formation is 

thought to be a strategy for survival in the soil environment, wherein these bacteria are 

abundant [109, 110]. However, these microorganisms are ubiquitous and can also be isolated 

from a wide variety of other environmental samples. Until the early 1990s, all endospores 

forming bacterial species were classified into the genus Bacillus. Due to a reclassification, 

based on the 16S rRNA gene sequence, eleven of these species, the so called “group 3 
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bacilli”, were separated from this genus and classified into the new family and genus 

“Paenibacillaceae” and “Paenibacillus”, respectively (“paene” (lat.) = “almost”) [111]. Up to 

date, further proposals for novel strains have increased the number of validated Paenibacillus 

species to more than 70 [112]. They are usually facultative anaerobic, motile by means of 

peritrichous flagella, degrade macromolecules by extracellular enzymes, including DNA, 

proteins, carboxymethyl cellulose and starch [111, 113], and were recovered from several soil 

samples [114-120]. Because of these abilities, paenibacilli are assumed to play a significant 

role in the biological cycles of carbon and nitrogen. This work focuses on the interactions of 

U(VI) with one representative of this genus, named Paenibacillus sp. JG-TB8. The strain was 

isolated from an anaerobic microbial consortium, cultured in Thermosphaera medium 

(DSMZ medium 817) [121], and containing representatives of Firmicutes and of yet to be 

cultured mesophilic Crenarchaeota classified into the soil cluster 1.1b [77]. The consortium 

was recovered from a soil sample of the uranium mining waste pile “Haberland” 

(Johanngeorgenstadt, Saxony, Germany), which was treated with uranyl nitrate under 

anaerobic conditions for four weeks [78]. 

Up to date, no study was published describing the interactions of uranium with one and the 

same bacterial strain under two different aeration conditions. Hence, the main objective of 

this work was to investigate the interactions of the facultative anaerobic isolate Paenibacillus 

sp. JG-TB8 with uranium under aerobic and anaerobic conditions, in order to determine the 

influence of oxygen on uranium mobilization or immobilization by this strain. The second 

objective was to study the pH-dependency of the U/bacteria interactions in both systems. 

The aim was to determine the qualitative and quantitative incidence of uranium biosorption, 

biomineralization, and bioreduction by cells of JG-TB8 depending on both, the presence of 

oxygen and the pH conditions.  

 

 

MATERIALS AND METHODS 

Isolation, cultivation and growth conditions 

Paenibacillus sp. JG-TB8 as well as other strains belonging to the Bacillaceae was isolated 

from an anaerobic microbial consortium, additionally containing other representatives of 

Firmicutes, in particular Clostridia. The consortium was recovered from a uranium-treated 

uranium mining waste pile soil sample [77] by the following procedure: After dilution of the 

consortium with sterile water (1:20, 1:100, 1:500, 1:2000) 100 µl of each dilution were 
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spread on agar plates (1.5% agar) with 10 g/L NB (Nutrient Broth) medium (Mast group Ldt., 

Merseyside, UK). After incubation at 30 °C for five days, single colonies were isolated by 

transferring them to fresh NB medium (10 g/L, pH 7.2). The isolates were afterwards 

maintained in the same medium and long-term stored at -70 °C in 50% glycerol. 

For production of biomass, a fermentation system (Pilot System, Applikon Biotechnology 

Inc., Foster City, USA) equipped with a 5 L bioreactor, a bio-controller (Model ADI 1010), 

and a control unit (ADI 1075) with three pneumatic pumps (acid, base, and antifoam), stirrer 

controller, and rotameters was used. Anaerobic growth of Paenibacillus sp. JG-TB8 was 

carried out in airtight closed two litre bottles at pH 7.2 in ATCC medium 591, usually used 

for the cultivation of various Clostridium species [121]. In both cases, the cultivation 

temperature was 30 °C and growth was monitored by measuring the optical density at a 

wavelength of 600 nm. Cell morphology was examined by phase-contrast light microscopy 

using Olympus BX-61 (Olympus Optical Co. GmbH, Hamburg, Germany). 

 

Phylogenetic affiliation 

Total DNA of the bacterial isolates was recovered via the NucleoSpin® Tissue Kit 

(Macherey-Nagel, Düren, Germany), according to the instructions of the manufacturer. The 

16S rRNA gene fragments were amplified by polymerase chain reaction (PCR) using 

AmpliTaq Gold® Polymerase with the corresponding GeneAmp® PCR buffer II (Applied 

Biosystems, Foster City, CA, USA) along with the primer pair 16S7-27F 

(5’-AAGAGTTTGATYMTGGCTCAG-3’: bacteria-specific) and 16S1492-1513R 

(5’-TACGGYTACCTTGTTACGACTT-3’:  universal) [122], Escherichia coli 

numbering [123]. The PCR reaction mixture (total volume was 30 µl) contained 1.6 µL of the 

purified DNA, 0.8 µM each of the forward and reverse primer, 125 µM each of the four 

deoxynucleoside triphosphates, 1.25 mM MgCl2, and 1.5 units of the polymerase.  

Amplification was performed in a thermocycler (model T3, Biometra, Göttingen, Germany) 

by using the following temperature profile: After an initial denaturation at 95 °C for 3 min, 

the 16S rRNA gene fragments were amplified by 30 amplification cycles, including a 

denaturation (94 °C, 60 s), an annealing (40 s) and an elongation step (72 °C, 90 s). The 

annealing temperature was lowered within the first five cycles from 59 to 55 °C (“touch 

down” PCR) to avoid nonspecific primer binding and therewith the amplification of 

nonspecific sequences [124]. 

The amplified 16S rRNA gene fragments were purified using the QuickStep®2 PCR 

Purification Kit (Edge BioSystems, MoBiTec, Göttingen, Germany) and subsequently 
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sequenced with the ABI PRISM® Big Dye® Terminator v1.1 Cycle Sequencing Kit (Applied 

Biosystems, Foster City, CA, USA), in both cases following the manufacturers’ instructions. 

The sequencing procedure based on the chain-terminator method developed by Sanger and 

co-workers [125]. Partial 16S rRNA gene sequences from each PCR product were obtained 

by three parallel sequencing reactions using the primers 16S7-27F, 16S1492-1513R and 16S342-361F 

(5’-CTACGGGAGGCAGCAGTGGG-3’) [126]. The individual nucleotide sequences of 

these reactions were determined with an automated ABI PRISM® 310 Genetic Analyser 

(Applied Biosystems, Foster City, CA, USA). Subsequently, the three partial sequences were 

assembled using the software Autoassembler 2.0 (Applied Biosystems, Foster City, CA, 

USA). The obtained 16S rRNA gene sequences were compared with those available in public 

gene banks (GenBank, EMBL-European Molecular Biology Laboratory, and DDBJ-DNA 

Data Bank of Japan) by using the nucleotide collection of BLAST (Basic Local Alignment 

Search Tool) [127] of the National Center for Biotechnology Information (NCBI, Bethesda, 

MD, USA). The sequences were aligned with those of the closest phylogenetic relatives by 

using the program Clustal W v. 1.4 [128] within the BioEdit Sequence Alignment Editor v. 

4.8.10. Phylogenetic trees were generated using the neighbour-joining algorithm [129], 

including Jukes-Cantor corrections for distance analyses, of the PHYLIP package v. 3.5c 

[130]. The 16S rRNA gene sequences retrieved from the bacterial isolates have been 

submitted to the European Nucleotide Archive (http://www.ebi.ac.uk) and were assigned to 

the accession numbers FR849913 to FR849936. (Table A in Supplemental Material). 

 

Carbon and nitrogen sources utilized by Paenibacillus sp. JG-TB8 

The utilization of different carbon and nitrogen sources was studied in a basal salt medium 

containing: 0.5 g/L K2HPO4, 0.5 g/L KH2PO4, 0.2 g/L MgSO4 · 7 H2O, 33 mg/L 

CaCl2 · 2 H2O, 13 mg/L ZnSO4 · 7 H2O, 10 mg/L FeSO4 · 7 H2O, 8 mg/L MnSO4 · H2O, 

500 µg/L thiamine, and 1 µg/L biotin at pH 7.2. Stock solutions of the carbon sources 

(D(+)-glucose, D(-)-fructose, D(+)-maltose, D(+)-galactose, sucrose, potassium acetate, 

sodium pyruvate, glycerol, D-sorbitol, methanol, citric acid, L(+)-lactic acid) as well as of the 

nitrogen sources (urea, ammonium sulphate, ammonium nitrate, potassium nitrate, 

L-glutamic acid) were sterilized separately by filtration using millipore filters with a pore size 

of 0.22 µm and added to final concentrations of 100 mM for carbohydrates (or 20 mM for all 

other carbon sources) and 50 mM for the nitrogen sources just prior to inoculation. For each 

test medium, the bacterial cells from 1 ml of a fresh grown culture of JG-TB8 (NB medium, 
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aerobic conditions) were harvested by centrifugation and washed twice with 0.9% NaCl to 

remove residual substrates of the NB medium. Subsequently they were transferred into 

Erlenmeyer flasks containing 30 ml each of the test media and incubated at 30 °C on a rotary 

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

 

Isolation of total protein and SDS-PAGE 

The proteome composition of cells of JG-TB8, which were grown to the mid-exponential 

growth phase under aerobic and anaerobic conditions, respectively, was analysed by 

denaturing sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

according to Laemmli [131] in a Mini-PROTEAN® II electrophoresis cell system (Bio-Rad 

Laboratories, Munich, Germany). Total protein was recovered by a cell disruption at 95 °C 

for 30 min in SDS sample buffer [131]. After centrifugation of the samples, the supernatants 

were loaded on the gel. Proteins were separated on a 10% separation gel and stained with 

Coomassie Brilliant Blue.   

 

Heavy metal tolerance  

The tolerance of Paenibacillus sp. JG-TB8 to uranium and other heavy metals was studied on 

low phosphate agar plates [132], containing 14.3 g/l Tris, 80 mM NaCl, 20 mM KCl, 20 mM 

NH4Cl, 3.25 mM (NH4)2SO4, 10 mM MgCl2, 1% peptone, and 0.5% glycerol (pH ~7.2). All 

components, together with 1.5% BactoTMagar, were added to the medium and sterilized by 

autoclaving for 20 min at 121 °C. Prior to solidification, sterile stock solutions of CaCl2, 

thiamine, and ZnSO4 (excluded from those agar plates used for studying zinc tolerance) were 

added to achieve final concentrations of 100 µM, 20 mg/L, and 2.7 mg/L, respectively. 

Finally, the medium was supplemented with filter-sterilized (0.22 µm nitrocellulose filters) 

metal salt solution. Uranium as well as cadmium, chromium, cobalt, copper, lead, nickel, and 

zinc were provided as nitrate salts up to final concentrations of 1 µM, 5 µM, 10 µM, 50 µM, 

100 µM, 250 µM, 500 µM, 750 µM, 1 mM, 2 mM, 3 mM, 4 mM, 6 mM, 8 mM, and 10 mM. 

For comparison, the heavy metal tolerance of some other Bacillaceae strains, isolated from 

the mentioned microbial consortium, was studied as well. From each strain, cells were 

harvested in the logarithmic growth phase, washed twice with 0.9% NaCl and transferred to 

the different test media. All experiments were run for seven days in triplicate. Agar plates 

without metal and those containing 10 mM Mg(NO3)2, to exclude inhibition by nitrate, served 

as control for the growth of the strains. The minimal inhibitory concentration (MIC) was 

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

For the cells incubated under anaerobic conditions, all experimental steps described in the 

following sections were, except as noted otherwise, performed in a glove box under nitrogen 

atmosphere. All required solutions were deoxygenated by five cycles of degassing under 

vacuum and subsequent flushing with nitrogen. 

After reaching the end of the logarithmic growth phase, i.e. at an OD600 of ~0.6 and ~0.35 for 

aerobic and anaerobic growth, respectively, the cells were harvested by centrifugation 

(10000 g, 15 min) and parallel portions were rinsed twice with 0.1 M NaClO4 at pH 2, 3, 4.5 

or 6, respectively. Subsequently, the cells were suspended in the corresponding electrolyte 

solution; the pH of the cell suspensions was checked and if necessary adjusted to the desired 

values.   

U(VI) bioaccumulation studies were performed at room temperature using a biomass 

concentration of about 0.5 mgdry biomass · mL-1. The microbial cells were incubated in triplicate 

on a rotary shaker with a 5 · 10-4 M uranyl nitrate solution diluted in 0.1 M NaClO4 (pH 2, 3 

or 4.5). At pH 6 the uranium concentration was reduced to 5 · 10-5 M in order to prevent the 

formation of uranyl hydroxide precipitates. The amount of accumulated uranium was 

normalized to the dry biomass, which was determined by weighting parallel samples after 

drying for 48 hours at 70 °C. The uranium binding capacity of the cells was determined in 

dependency on the incubation time and the pH of the solution. For quantification of the 

uranium removal the bacterial cells were removed from the solution by centrifugation and the 

unbound U(VI) in the supernatant was measured by inductively-coupled-plasma mass-

spectroscopy using an Elan 9000 system (Perkin Elmer, Waltham, MA, USA). Control 

reactions without cells were treated in the same way to exclude abiotic uranium removal from 

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

 

Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) 

For TRLFS measurements, each about 50 mg of the cells were treated with U(VI) for 

48 hours at pH 2, 3, 4.5 or 6 under aerobic as well as under anaerobic conditions. After the 

contact with U(VI) the cells were washed twice with 0.1 M sodium perchlorate solutions with 

the corresponding pH and under corresponding atmospheric conditions. In order to determine 

the luminescence properties of the uranium complexes formed by the cells of JG-TB8, small 

portions of the dried and powdered samples were put into quartz micro cuvettes. Each of the 

anaerobic samples was transferred immediately before the TRLFS measurement under 
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nitrogen atmosphere into a quartz micro cuvette, which was subsequently closed airtight. 

Excitation of the uranium luminescence was performed with a pulsed Nd-YAG laser (GCR 

190, Spectra Physics, Santa Clara, CA, USA) coupled with an optical parametric oscillator 

module (MOPO-730, Spectra Physics, Santa Clara, CA, USA), which allows a tunable signal 

output. Thereby two pairs of beta-barium borate crystals determine the output wavelength of 

the system, which was tuned to 410 nm for the excitation of U(VI). The laser intensity was 

set to 300 µJ, to avoid any damages of the samples. The luminescence signal was measured 

perpendicularly to the laser beam and transmitted via a fiber optic cable to the detection 

system (HORIBA Jobin Yvon GmbH, Darmstadt, Germany), consisting of a spectrograph 

(model M270), an intensified charge-coupled-device camera and a data acquisition program. 

For time-resolved measurements a digital delay generator (DG535, Stanford Research 

Systems, Sunnyvale, CA, USA) was used. The central wavelength of the spectrograph and 

the gate time of the ICCD camera were set to 520 nm and 50 µs, respectively. TRLF spectra 

were recorded between 444 and 594 nm with a resolution of 0.3 nm. The number of laser 

pulses for excitation (30 to 70) was adjusted depending on the amount of uranium in the 

samples. Before each series of measurements the background signal was measured 2 ms after 

the laser pulse and automatically subtracted from the spectra. 

The spectrograph was calibrated using a mercury lamp with known emission lines. 

Deviations of the measured main emission peak from the set-point value of 507.3 nm were 

used for correction of the determined emission maxima. Subsequently, 101 U(VI) 

luminescence spectra (each calculated by averaging three single measurements) were 

recorded after defined delay times. For an accurate determination of the uranium 

luminescence lifetime(s) two series of measurements were performed for each sample. One 

of them was performed with a step size of the delay time of 200 ns to determine uranium 

species exhibiting short luminescence lifetimes. For the calculation of longer lifetimes yet a 

second series was recorded. The step size for this second series was set to one percent of that 

delay time, at which the complete U(VI) luminescence had faded away. The luminescence 

emission spectra were deconvoluted with the PeakFit module 4.0 of the software package 

Origin 7.5 (OriginLab Corporation, Northampton, MA, USA). Gaussian functions were used 

to describe the individual peaks and the parameters which were varied during the fitting 

procedure were peak wavelength, peak height and full width at half maximum. The 

luminescence lifetimes of the uranium complexes were calculated 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 samples were used for XAS measurements. The 

samples incubated under aerobic conditions were mounted on Kapton tape as described 

earlier [133]. In the case of the samples incubated under anaerobic conditions, the powdered 

biomass was transferred into specifically designed, heat sealed, polyethylene sample holders 

and subsequently stored under anaerobic conditions. 

The XAS measurements were performed at the ROssendorf BeamLine (ROBL) at the 

European Synchrotron Radiation Facility (ESRF), Grenoble, France [134]. Samples were 

measured at room temperature in fluorescence mode using a Si(111) double-crystal 

monochromator and a 13-element germanium fluorescence detector. The energy was 

calibrated by measuring the yttrium K-edge transmission spectrum of a Y foil and defining 

the first infection point as 17038 eV. Depending on the amount of uranium in the cell 

samples, three to six U LIII -edge fluorescence spectra were recorded and averaged. 

Subsequently dead-time correction was applied. The region from about 45 eV below to 60 eV 

above the absorption edge of each scan was isolated for the X-ray Absorption Near Edge 

Structure (XANES) analysis. The pre-edge background was subtracted, and the absorption 

coefficient was normalized to equal intensity at 17230 eV so that all spectra could be plotted 

on the same scale. 

The EXAFS oscillations were isolated from the raw, averaged data by removal of the 

pre-edge background, approximated by a first-order polynomial, followed by µ0-removal via 

spline fitting techniques and normalization using a Victoreen function. The ionization energy 

for the U LIII -electron, E0, was arbitrarily defined as 17185 eV for all averaged spectra. The 

EXAFS spectra were analysed according to standard procedures using the program 

EXAFSPAK [135]. The theoretical scattering phase and amplitude functions were calculated 

from structural models (Fig. 1.9) via the software FEFF8.2 [136]. All fits included the 

four-legged multiple scattering (MS) path of the uranyl group, U-Oax-U-Oax. The 

coordination number (N) of this MS path was linked to the N of the single-scattering (SS) 

path U-Oax. The radial distance (R) and Debye-Waller factor (σ2) of the MS path were linked 

at twice the R and σ2 of the SS path U-Oax, respectively [137]. During the fitting procedure, 

N of the U-Oax SS path was held constant at two. The amplitude reduction factor was held 

constant at 1.0 for FEFF8.2 calculations and EXAFS fits. The shift in threshold energy, ∆E0, 

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

The cellular localization of the uranium complexes formed by Paenibacillus sp. JG-TB8 was 

performed by using Transmission Electron Microscopy (TEM) combined with Energy 

Dispersive X-ray spectroscopy (EDX) for elemental analyses. The TEM samples were 

prepared in the following way: About 5 mg of the bacterial cells were treated with 10 ml of 

the uranyl nitrate solutions (pH 2, 3, 4.5 or 6) for 48 hours. After that the cells were rinsed 

twice with 0.1 M NaClO4, with the corresponding pH. A third washing step was performed 

with 0.1 M sodium cacodylate buffer (pH 7.2) followed by a prefixation with 2.5% 

glutardialdehyde in the same buffer. After that the samples were washed three times with 

0.1 M cacodylate buffer and postfixed for 60 min at 4 °C in the dark using 1% osmium 

tetroxide in distilled water. The samples were dehydrated with ethanol and subsequently 

infiltrated in a resin (EMbed 812; Electron Microscopy Sciences, Hatfield, PA, USA). After 

polymerization of the resin at 60 °C, ultrathin sections (50-70 nm) of each sample were cut 

using a diamond knife on an Ultracut-R microtome (Leica Microsystems, Wetzlar, Germany). 

The ultrathin sections were mounted on copper grids and contrasted with lead citrate 

according to the method described by Reynolds [138]. Finally, the samples were coated with 

carbon. TEM observations were made using a “High Resolution Philips CM 200” 

transmission electron microscope at the “Centro de Instrumentatión Científica” of the 

University of Granada (Spain) at an acceleration voltage of 200 kV. EDX analyses were 

performed at the same voltage using a spot size of 70 Å and a live counting time of 200 s. 

 

Live/Dead staining 

After the uranium treatments at the different experimental conditions for 48 hours, the cell 

suspensions were centrifuged at 4 °C and 10000 g for 10 min. After that, the cells were 

washed twice with 0.9% NaCl and subsequently suspended in 330 µl of the same solution. 

1 µl of the staining solution, containing a mixture of two fluorescence dyes (SYTO® 9 and 

propidium iodide) (Live/Dead® BacLightTM Bacterial Viability Kit L-7012, Molecular 

Probes, Inc., Eugene, OR, USA) was added to the samples. After incubation in the dark and 

on ice for 15 minutes, the samples were centrifuged once again and the supernatant 

containing the unbound stains was removed. Cells were suspended in 25 µl 0.9% NaCl and 

examined with an Olympus light microscope (Olympus Europa Holding GmbH, Hamburg, 

Germany) - BX-61, combined with BX-UCB (control box) and U-RFL-T (power supply for 

the 100 W mercury lamp) - along with the accompanying imaging software “cell^P”. 

Fluorescence was excited by light with wavelengths between 420 and 460 nm, using a 
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super-wide band filter mirror unit (U-MSWB, Olympus Europa Holding GmbH, Hamburg, 

Germany). 

 

Enzymatic assay  

The phosphatase activity was determined by the “Acid Phosphatase Assay Kit” from Sigma-

Aldrich (Saint Louis, MO, USA). The assay is based on the enzymatic hydrolysis of p-

nitrophenyl phosphate to p-nitrophenol, a chromogenic product with an absorbance 

maximum at 405 nm. One unit of phosphatase was defined as the amount of the enzyme that 

hydrolyzes 1 µmol of p-nitrophenyl phosphate per minute. Differently than given in the 

manufacturer’s instructions, p-nitrophenyl phosphate was dissolved in 0.1 M NaClO4 with 

pH 2, 3, 4.5 or 6, respectively, according to the conditions used for the U(VI) accumulation 

studies. For each pH value three samples, each containing 2 mg of freshly grown cells of JG-

TB8 were washed four times with 0.1 M NaClO4 (pH 2, 3, 4.5 or 6). At each washing step, 

pH was controlled and if necessary readjusted to the required value. After that, the cells were 

suspended in 100 µl 0.1 M NaClO4 with the corresponding pH. The cells of three more 

samples were killed by heating at 121 °C for 20 min and afterwards studied analogically at 

pH 6. 50 µl from each of the cell suspensions was transferred to 50 µl p-nitrophenyl 

phosphate solution with the same pH. Control reactions without cells were prepared to 

quantify the spontaneous hydrolysis of p-nitrophenyl phosphate. After incubation for 30 min 

at room temperature, the reaction was stopped by the addition of 200 µl 0.5 M NaOH. 

Subsequently, the cells were spun down and the supernatants of the samples were used to 

quantify the produced p-nitrophenol at 405 nm. Phosphatase activity in the different samples 

was calculated according to the protocol of the manufacturer.  

 

Colorimetric determination of phosphate 

Phosphate was quantified by colorimetric measurements using malachite green. This dye 

complexes inorganic phosphate groups in the presence of molybdate and forms a complex 

which can be determined at a wavelength of 660 nm [139]. The phosphate reagent containing 

ammonium molybdate and malachite green was prepared as described by Ekman and Jäger 

[140]. Eleven potassium dihydrogen phosphate solutions with concentrations ranging from 0 

to 20 µM were prepared and served as a standard. For the test samples each about 5 mg of 

freshly grown cells were suspended in triplicate in 10 ml uranyl nitrate solutions. In addition, 

parallel samples without uranium were prepared. Samples were shaken for 48 hours at room 
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temperature. After that, the samples were centrifuged and the amount of inorganic phosphate 

in the supernatant was determined. For this purpose 100 µl of the phosphate reagent was 

added to 100 µl of the cell supernatants as well as to the standard solutions. Samples were 

incubated for 20 min at room temperature and subsequently the absorption of the complex 

was measured at 660 nm and quantified via the determined standard curve. As a control 

phosphate concentrations of the initial solutions were checked and corresponding values were 

subtracted from the concentrations determined in the supernatants of the cell samples. 

 

 

RESULTS AND DISCUSSION 

Phylogenetic affiliation of the cultivated Bacillus isolates  

Isolation approaches from the described microbial consortium were limited to aerobic 

cultivation methods, to prevent from the growth of possibly pathogenic Clostridia. From the 

inoculated with the microbial consortium, and incubated under aerobic conditions, agar 

plates, 24 single colonies were obtained. The isolates were transferred to fresh medium and 

phylogenetic affiliated by 16S rRNA gene analyses. All retrieved sequences could be related 

to the order of Bacillales (Fig. 1.1 and Table A in Supplemental material). Within this order, 

eight isolates were classified into the genus Bacillus, closely related to strains commonly 

detected in various environmental samples. Individual members of this genus are known to 

have an anaerobic metabolism, but the majority of them exhibit a strict aerobic way of life. 

Therefore the latter strains might have been inactive in the anaerobic microbial consortium 

and their growth on agar plates during the isolation procedure under aerobic conditions is 

based on the germination of resistant endospores. All other 16 isolates were related to 

different strains of the genus Paenibacillus. The 16S rRNA gene of the studied in this work 

strain JG-TB8 shares 99.5% sequence identity with that of the bacterial isolate Paenibacillus 

sp. 436-1, recovered from a soil sample from Wisconsin (USA). In addition, JG-TB8 is 

closely related to Paenibacillus borealis, strain DSM 13188T (=KK19T), a nitrogen-fixing 

strain isolated from an acid humus, collected in Finland [114]. Besides JG-TB8, twelve more 

isolates could be assigned to this Paenibacillus cluster. Only three isolates (JG-TB3, JG-TB4, 

JG-TB16) were assigned to another cluster of this genus, related to Paenibacillus 

amylolyticus NRRL:NRS-290T [141]. The closest phylogenetic relative, Paenibacillus sp. 

IDA5358, sharing 99.1%, 98.9% and 98.8% sequence identity with JG-TB3, JG-TB4 and JG-

TB16, respectively, had also been recovered from an environmental soil sample [142]. 
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Figure 1.1. Phylogenetic dendrogram of 16S rRNA gene sequences retrieved from Bacillus and Paenibacillus 
isolates recovered from an anaerobic microbial consortium [77]. All isolates were classified within the order of 
Bacillales. For the sake of clarity, closely related isolates were represented by only one sequence in the 
phylogenetic tree, given related isolates in parentheses. The dendrogram was constructed using neighbour-
joining method, based on sequence comparison of the region corresponding to the E. coli 16S rRNA gene 
positions 101 to 1477 [123]) and rooted with the 16S rRNA gene sequence of Bacillus subtilis (defined as 
outgroup). The scale bar represents a 10% difference in nucleotide sequences. 
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Morphological and physiological characterization of Paenibacillus sp. JG-TB8 

Growth of Paenibacillus sp. JG-TB8 on NB agar plates was observed after an incubation of 

two days at 30 °C. Single colonies were circular, usually 2 to 3 mm in diameter and had a flat 

to low convex appearance (Fig. 1.2). Looking at small, still-growing colonies with a 100-fold 

magnification, slightly irregular edges were observed at the margins of the colonies 

(Fig. 1.3-A). At later stages of growth, these edges disappear and the colony has an entire 

circular shape (Fig. 1.3-B). The colonies have a smooth and glossy surface and are initially 

opaque and white coloured. After longer incubations, the colour changes and they occurred 

beige and translucent, which is related to endospore formation and subsequent cell lysis. This 

was confirmed by light microscopy at a 100-fold magnification, clearly showing refracting 

endospores (Fig. 1.3-C). 

 

 

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

 

Figure 1.3. Light microscopic pictures of single colonies of Paenibacillus sp. JG-TB8 taken at 100-fold 
magnification after an incubation for 7 hours (A), 24 hours (B) and 3 days (C) at 30 °C on nutrient broth agar 
plates  
 

The cells of JG-TB8 are motile and rod-shaped exhibiting a length of 3 to 6 µm and a width 

of 0.7 to 1 µm. (Fig. 1.4-A1). In later stages of cultivation, in particular when growing on 

agar plates, the production of endospores was observed (Fig. 1.4-A2, B2). The spores exhibit 

an ellipsoidal to rectangular form with a size of about 1 x 2 µm, and are located terminal in 

swelled sporangia, producing the typical club-shaped form of paenibacilli. (Fig. 1.4-A2, B2). 
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Figure 1.4: Light microscopic pictures of Paenibacillus sp. JG-TB8 grown for 12 hours in liquid NB medium 
(A1), on NB agar plates (B1) and under anaerobic conditions in ATCC medium 591 (D1) and 48 h (A2, B2, 
D2). In addition, the pictures show Gram-stained samples of fresh grown (C1) and old cells (C2) of this strain 
and a TEM picture of the Gram-positive cell envelope structure of JG-TB8, consisting of cytoplasma membrane 
(CM) and peptidoglycan (PG). 
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The isolate JG-TB8 was also able to grow in the absence of oxygen and therewith identified 

as a facultative anaerobic strain. However, anaerobic growth of JG-TB8 was not observed on 

agar plates. In addition, no formation of endospores was observed under anaerobic conditions 

even after long incubation times. In addition, many cells of JG-TB8 grown at anaerobic 

conditions were significantly longer (some cells even had a length of more than 200 µm) and 

exhibit a filamentous phenotype (Fig. 1.4-D1, D2). Similar observations were already made 

for ftsH null mutants of Bacillus subtilis [143]. Interestingly, further studies on the anaerobic 

growth of B. subtilis indicated that the same protein, ftsH, is essentially required for the 

fermentation process [144]. The observed morphological differences in the case of JG-TB8 

might be based on the expression of a corresponding protein.    

Besides the morphology, also significant changes in the protein synthesis were observed 

comparing the cells grown under anaerobic conditions with those grown under aerobic 

conditions (Fig. 1.5). This finding can be explained by the adaption of the cell metabolism to 

the respective aeration conditions, as it was demonstrated for some enzymes of Bacillus 

subtilis, for example [145, 146]. The individual protein bands (Fig. 1.5) were not further 

investigated in this work.  

 

 

Figure 1.5. SDS-PAGE protein gel stained with Coomassie Brilliant, showing the proteome of JG-TB8 grown 
under anaerobic conditions (lanes 1 and 2) and under aerobic conditions (lane 3). For the estimation of 
molecular protein weights, a protein marker (M) was used (PagerulerTM SM0661 (Fermentas GmbH, Sankt 
Leon-Rot, Germany). Arrows indicate bands, which represent proteins that were obviously significantly more 
(blue) or less (red) expressed under aerobic conditions. 
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The cells of JG-TB8 stained Gram-negative at all stages of cultivation (Fig. 1.4-C1, C2), 

although no apparent outer membrane structure was observed in the cell wall structure by 

TEM analysis (Fig. 1.4-C2), which was more like that of Gram-positive bacteria, an 

observation which was already made for other members of the genus Paenibacillus [115]. 

Growth in liquid NB medium was observed up to a temperature of 40 °C and in the pH range 

from 5.2 to 8.8, with optima around 30 °C and pH 7.5, respectively.  

Carbon sources utilized by the JG-TB8 were glucose, fructose, maltose, galactose, sucrose 

and glycerol, which is in accordance with utilization pattern of the close phylogenetic relative 

Paenibacillus borealis DSM 13188T, as well as with those of several other Paenibacillus 

[114] and Bacillus species [147]. No growth was observed in the presence of sodium 

pyruvate, potassium acetate, methanol, sorbitol, citric acid, or lactic acid as carbon source. 

From the tested nitrogen sources, potassium nitrate, ammonium nitrate, ammonium sulphate 

and urea were utilized by the strain whereas the addition of glutamic acid (which could be 

both, carbon and nitrogen source) failed to enable growth of JG-TB8.  

 

Heavy metal tolerance 

The mineral medium used for heavy metal tolerance tests contains only very low amounts of 

phosphate in order to prevent inorganic metal complexation by phosphate ions. 

Growth of strain JG-TB8 was observed up to a uranium concentration of 0.5 mM. The MIC 

of uranium was determined with 0.75 mM. Other heavy metals (cadmium, cobalt, lead, zinc) 

inhibited the growth even at lower concentrations (Table 1.1), whereas copper, chromium and 

nickel were tolerated by the strain in higher amounts.  

 

Table 1.1. Minimal inhibitory concentration (in mM) of different heavy metals for the growth of selected 
bacterial isolates. For each heavy metal, the lowest (red) and highest (green) value of the determined MICs is 
highlighted. 

 UO2
2+ Cd2+ Co2+ Cr 3+ Cu2+ Ni2+ Pb2+ Zn2+ 

Genus Paenibacillus         

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 

Genus Bacillus         

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 of some other bacterial isolates indicates 

that, the isolates classified into the genus Paenibacillus, in general, exhibit a lower tolerance 

to the tested heavy metals than the Bacillus isolates (Table 1.1). We did not further 

investigations on this observation. However, a possible explanation for this might be the 

different cell envelope structures. Bacilli are usually covered with a thick layer of 

peptidoglycan, whereas that of Paenibacillus species is often thinner, causing the variable 

Gram behaviour of the latter. Hence, the lower thickness of the cell wall might reduce 

uranium tolerance. Moreover, another explanation for the results can be assumed, which is 

based on the presence of a proteinaceous surface layer (S-layer). S-layers cover numerous 

Bacillus strains [91] and can effectively bind metals and therewith protect the cells from 

metal toxicity. Surface layers were, for example, described for different strains of 

B. thuringiensis [148, 149]. The isolate JG-TB2, which tolerates, among the tested strains, the 

highest concentrations of all heavy metals (beside copper) is closely related B. thuringiensis 

species (Fig. 1.1 and Table A in Supplemental material). Another strain B. sphaericus 

JG-A12, which was also investigated in our laboratory, possesses a metal accumulating 

surface layer which could be removed from the cell after its saturation with heavy metals 

[150]. In the case of JG-TB8 we could not identify a corresponding layer on the cell surface. 

Therefore it is also possible, that the presence or absence 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 the Paenibacillus isolate JG-TB8 on the migration 

behaviour of uranium in nature, U(VI) bioaccumulation studies were performed. Thereby we 

focussed on the bioaccumulation at highly acidic pH conditions (pH 2 and pH 3), where 

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

bioavailable, uranyl ion. In addition, the U(VI) bioaccumulation at moderate acidic 

conditions (pH 4.5 and 6) was studied, which are typical for many uranium-contaminated 

sites [151].  

In a first approach we investigated the U(VI) bioaccumulation kinetics at a pH of 4.5 under 

aerobic conditions. As evident from Figure 1.6 (top), U(VI) was removed very fast from the 

aqueous uranium solution and bound to the cells of JG-TB8. Saturation of the binding sites 

was already reached after an incubation of about 30 minutes. This rapid complexation of 

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

metabolism-independent sorption of radionuclides and other heavy metals to biomass. The 



38 Chapter I  

 
process is based on the complexation of metals by organic ligands exhibiting negatively 

charged functional groups, including phosphate, carboxylic, or hydroxylic residues [152].  

The U(VI) binding capacity of the cells at the studied experimental conditions was 

determined to be (65 ± 4) mg/gdry biomass. The results demonstrate, that in accordance with 

former kinetic studies, an incubation time of one or two hours is suitable for determining the 

amount of uranium bound to the cells via biosorption processes. 
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Figure 1.6. Sorption kinetics of U(VI) on the cells of JG-TB8 at pH 4.5 (top) [153] and uranium binding 
capacity calculated for the cells depending on different incubation times, the presence of oxygen, and the pH 
value (bottom). In contrast to the sorption kinetics (top), the biomass concentration used for determination of the 
binding capacity was in each case (0.5 ± 0.05) mg/mL. 
 

Therefore we calculated the binding capacity for the cells after an incubation for one hour 

under aerobic or anaerobic conditions at pH values of 2, 3, 4.5 and 6. (Table 1.2 and Fig. 1.6, 

bottom). Noteworthy, the biomass concentration in this and all further experiments was 

0.5 mg/mL, instead of 1 mg/mL used in the initial kinetic study. This change increases the 
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amount of uranium bound by the cells, by reducing cell agglomerations as demonstrated 

before for other microbial strains [133, 154]. 

 

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

Experimental conditions U(VI) binding capacity [mg/gdry 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 24.6 ± 1.3 24.0 ± 1.4 

JG-TB8 – pH 2.0 – anaerobic conditions 31.5 ± 6.6 34.8 ± 8.5 

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) and Table 1.2, demonstrate that the binding 

capacity, under aerobic as well as under anaerobic conditions, is pH dependent and increases 

with increasing pH values (up to pH 4.5). The binding capacity at pH 6 is not suitable for 

comparison or interpretation, as it was limited to about 24 mg/gdry biomass, due to the lower 

U(VI) concentration used, in order to avoid the formation and precipitation of poorly soluble 

uranyl hydroxide species. Nevertheless, the increasing binding capacity at higher pH values 

can be explained by a uranium complexation at additional deprotonated and therefore 

binding-capable functional groups at the cell surface. In particular carboxylic groups might 

be involved in the uranium complexation at increased pH values, as it was demonstrated by 

Fowle and co-workers, who studied the U(VI) adsorption onto cells of Bacillus subtilis [155].  

The calculated binding capacities are well in line with those determined in studies using 

comparable experimental conditions. For instance it was shown, that Chryseomonas sp. 

accumulates about 60 mg uranium per g of dry biomass at pH 4 [156]. Studies on Bacillus 

sphaericus ATCC 14577 and Pseudomonas fluorescence ATCC 55241 revealed uranium 

binding capacities of 70 mg/gdry biomass (at pH 4.5) and 92 mg/gdry biomass (at pH 5), 

respectively. The efficient uranium binding by these organisms is attributed to the large 

number of uranium-binding ligands on their multilayer cell wall structure [157]. For instance, 

the cells of Paenibacillus sp. JG-TB8 possess a complex Gram-positive cell wall structure, 

which includes a layer of peptidoglycan that is rich on phosphate and carboxylic groups and 

represents the major metal binding component of this bacterium.  
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Comparing the binding capacity of the cells grown and incubated under aerobic conditions 

with those grown and incubated under anaerobic conditions, the uranium binding capacity of 

the latter is 25 to 35% lower. This is most likely due to the larger cell size observed under 

anaerobic conditions, as bigger cells provide a smaller cell surface compared to their weight 

and therefore a significant smaller number of U(VI) complexing ligands. 

After an incubation of 48 h the binding capacity of the cells in the samples incubated under 

aerobic conditions at pH 2 and 3, as well as those incubated under anaerobic conditions, did 

not increase significantly. However, in contrast to that, the U(VI) complexation increased 

about to twice in the sample incubated at pH 4.5 under aerobic conditions, which indicates 

that a second process is implicated which is much slower, like a uranium biomineralization or 

an uptake inside the cell due to the stress caused by the non-optimal pH conditions which 

increase the cell wall permeability.  

 

Characterization and molecular structure of the uranium complexes formed under 

aerobic conditions. 

TRLFS studies 

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

laser-induced fluorescence spectroscopy was used. The recorded spectra of the cell samples 

incubated at the different pH values are presented in Figure 1.7. The corresponding peak 

maxima, calculated from peak fitting procedures are summarized in Table 1.3.  

It is obvious from the data that the samples incubated at pH 2 and pH 3 do not differ from 

each other. The recorded spectra from both samples are well in line with each other and 

exhibit main absorption maxima at around 497.5, 519, and 542.5 nm. Comparing these 

spectroscopic data with those of other U(VI) complexes, the best agreement was found with 

those complexes formed at phosphate groups of organic molecules, e.g. fructose(6)phosphate 

[158] and adenosine monophosphate [159]. In addition, very similar TRLFS results were 

obtained from studies investigating the U(VI) complexation at single bacterial cell wall 

compounds, e.g. glycerol-1-phosphate [160] as well as o-phosphoethanolamine 

(NH3CH2CH2OPO3
-) and 1,2-dimyristoyl-sn-glycero-3-phosphate (DMGP) [161] that 

represent the polar head and the apolar tail of phospholipids. The latter are the major 

component of all cell membranes. The important role of phosphate groups as ligands for the 

uranium complexation at highly acidic conditions was already 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 uranium complexes formed at different pH values 
after 48 hours by the cells of Paenibacillus sp. JG-TB8 under aerobic conditions. For comparison, dotted lines 
indicate the luminescence emission maxima calculated for the sample incubated at pH 2. 
 

Time-resolved analyses revealed in both samples a bi-exponential luminescence decay 

(Table 1.4). The calculated luminescence lifetimes were (2.71 ± 0.58) µs and (26.7 ± 4.4) µs 

from the sample incubated at pH 2.  

For the sample incubated at pH 3 highly similar luminescence lifetimes of (2.59 ± 0.25) µs 

and (26.3 ± 3.8) µs were calculated. Due to the presence of two uranyl species in both 

samples we performed peak fits of luminescence spectra recorded after different delay times. 

However, we did not observe any significant changes of the absorption bands. Therefore it is 

obvious that the samples incubated at pH 2 and pH 3 do not differ from each other and that in 

both samples the same two uranyl phosphate complexes were formed by/at the cells of the 

investigated Paenibacillus strain.  

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

compared to those of the before discussed samples (Fig. 1.7). The absorption peaks of the 

spectrum are less separated and as a consequence of this slightly shifted absorption maxima 

were calculated (Table 1.3). 
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Table 1.3. U(VI) luminescence emission maxima of the uranium complexes formed by Paenibacillus sp. 
JG-TB8. For comparison the U(VI) luminescence emission maxima of some model compounds, as well as those 
of the complexes formed by other microbial strains are presented for comparison. 

Sample Luminescence emission maximaa Lifetime(s) (µs) 

UO2
2+  (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  481.1 497.7 519.0 542.5 569.0 Table 1.4 

U(VI) + JG-TB8 - pH 4.5  481.7 499.1 519.9 542.6 567.8 Table 1.4 

U(VI) + JG-TB8 - pH 6.0  488.1 502.5 523.1 545.2 574.0 Table 1.4 

Anaerobic conditions        
U(VI) + JG-TB8 - pH 2.0  482.3 497.2 518.8 542.6 568.6 Table 1.6 

U(VI) + JG-TB8 - pH 3.0  481.3 497.3 518.6 541.6 568.3 Table 1.6 

U(VI) + JG-TB8 - pH 4.5 467.5 480.9 497.1 518.1 541.1 565.3 Table 1.6 

U(VI) + JG-TB8 - pH 6.0 468.2 481.0 497.2 518.3 541.2 564.9 Table 1.6 
        

Uranyl phosphoryl complexes      

UO2-fructose(6)phosphate [158]  478.9 497.1 519.0 543.3 568.9 0.13 ± 0.05 

UO2-AMP [159]   497 519 542 569 n.d. 

UO2-glycerol-1-phosphate [160]   497.2 519.0 543.3 568.9 0.15 ± 0.03 

UO2-DMGP [161]  481.5 497.4 519.3 542.4 567.5 1.0; 20 

UO2-[NH3CH2CH2OPO3]
+ [161]  483 498.0 518.4 541.3 565.9 3.1 ± 0.6 

Lipopolysaccharide complexes        

R-O-PO3-UO2 [163]  481.5 498.1 519.6 542.9 567.5 1.2 ± 0.4 

Microbial cells        
Bacillus sphaericus [154]   498 519 542 569 n.d. 

B. sphaericus (decomposed) [154]   502 524 548 574 n.d. 

S. acidocaldarius, pH 1.5 [133]  483.6 498.3 520.3 543.6 569.3 0.36, 2.8, 36 

S. acidocaldarius, pH 6 [164]  488.0 502.6 523.1 545.4 574.2 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]  491.3 501.8 522.9 546.9 572.2 0.74 ± 0.1 

Uranyl carboxylate complexes        

Uranyl acetate [166]                                       462.9  494.6 514.3 535.9   

(R-COO)2-UO2 [167]                         466.0 481.6 498.1 518.0 539.0 566.0 0.7; 7.3 

a Main luminescence emission bands were pointed out by bold letters 
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In addition, time-resolved analysis of this sample demonstrates a third, significant longer 

luminescence lifetime of about 120 µs. However this third species was obviously not 

responsible for the changes in the shape of the spectrum since the peak maxima of this 

long-living species, which could be isolated from the two other species very easily by 

analyzing the data after a delay time of 150 µs, correspond very well to those of the first two 

species. 

 

Table 1.4. Calculated luminescence lifetimes of the U(VI) complexes formed by the cells of Paenibacillus sp. 
JG-TB8 under aerobic conditions.  

 pH 2 pH 3 pH 4.5 pH 6 

Lifetime 1 (τ1) 2.71 ± 0.58 µs 2.59 ± 0.25 µs 2.58 ± 0.50 µs  

Lifetime 2 (τ2) 26.7 ± 4.4 µs 26.3 ± 3.8 µs 29.6 ± 3.0 µs  

Lifetime 3 (τ3)   120 ± 5 µs  

Lifetime 4 (τ4)    3.05 ± 0.24 µs 

 

The U(VI) luminescence spectrum recorded from the sample incubated at pH 6 was 

significantly shifted to higher wavelengths (Fig. 1.7). The main absorption maxima were 

shifted to 502.5, 523.1, and 545.2 nm. In this sample the luminescence decay could be 

described using a simple mono-exponential decay function, which indicates the presence of 

only one luminescent uranyl species with a luminescence lifetime of (3.05 ± 0.24) µs. Similar 

luminescence properties are known for different natural and synthesized uranyl phosphate 

minerals (Table 1.3). Moreover, highly similar TRLFS data were obtained from uranyl 

phosphate mineral phases formed by the acidothermophilic crenarchaeon Sulfolobus 

acidocaldarius [164] as well as decomposed cells of Bacillus sphaericus [154] (Table 1.3). 

The high similarity of the luminescence lifetimes of U(VI) complexes built at organic (τ1) 

and inorganic (τ4) phosphates exclude a separation of these two lifetimes from each other in 

the sample incubated at pH 4.5. However, the presence of both, organic and inorganic uranyl 

phosphate species in the sample incubated at pH 4.5 is indicated by the low separated 

emission peaks. 

 

XAS analyses 

In order to obtain information regarding the structure of the formed uranium complexes at 

molecular scale, XAS measurements were performed. The described XAS sample preparation 

was based on soft desiccation. The method was developed several years ago by Merroun and 
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co-workers [162] in order to avoid uncontrolled biological processes, that can influence the 

fate of uranium, in the cell samples during transportation and possible storage on the way 

from the laboratory to the X-ray beamline. Such processes could be cell lysis resulting in pH 

changes, release of enzymes or even development of non-prokaryotic infections (fungal, for 

instance). One additional advantage of the used sample preparation procedure is that one and 

the same sample can be analysed many times by using different methods. The latter is of 

great importance for analyses of complex systems, as the samples investigated in this study. It 

is important to stress that this preparation method does not change the structural parameters 

of the formed uranium complexes [133, 162]. 

In order to check whether a part of the added uranium was reduced to U(IV), the XANES 

region, located around the absorption edge, of the recorded spectra was analysed. The results 

clearly demonstrate that the bound uranium still existed in the oxidation state +6 and was not 

reduced (data not shown).  

The isolated U LIII -edge k3-weighted EXAFS spectra along with the calculated FTs are shown 

in Figure 1.8. In addition, the spectra of uranyl-fructose(6)phosphate, as representative of 

organic, and meta-autunite, as representative of inorganic uranyl phosphate complexes were 

presented for comparison. In agreement with the TRLFS studies, the spectra recorded from 

the samples incubated at pH 2 and pH 3 look like each other and show a high similarity to 

that of the model compound uranyl-fructose(6)phosphate. In contrast to that, the spectrum 

recorded from the sample incubated at pH 6 corresponds very well to that of meta-autunite. 

The latter exhibits a typical shoulder at k = 4 Å-1 (Fig. 1.8) which results from the multiple 

scattering path of two times two equatorial oxygen atoms, which are located opposite to each 

other. As suggested by the TRLFS studies, the EXAFS spectrum of the sample incubated at 

pH 4.5 looks like a mixture of the two discussed complexation types. The structural 

parameters of the formed U(VI) complexes were obtained by an EXAFS shell fit. The results 

are presented in Table 1.5 and the corresponding fits are illustrated in Figure 1.8. All fits 

include a shell of two axial oxygen atoms at a radial distance of 1.77 to 1.79 Å, represented 

by the most prominent FT peak at around R + ∆ ~1.3 Å. The in each spectra second peak of 

the FTs (R + ∆ ~ 1.8 Å) is related to the backscattering contribution of the equatorial oxygen 

atoms. The origin of the peak/shoulder at around R + ∆ ~ 2.3 Å is still not understood. This 

peak could be fitted with carbon atoms in a bidentate binding mode. However, this peak was 

also detected in carbon free systems as it is discussed in Chapter III. The MS path of the axial 

oxygen atoms, as well as the SS and MS of the phosphate atoms are visible in the FTs in the 
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region between R + ∆ = 2.8 and 3.4 Å. The structural parameters obtained by shell fitting 

procedures of the spectra recorded from the samples incubated at highly acidic condition s 

(pH 2 and 3) demonstrate an equatorial oxygen shell at a radial distance of 2.35 Å which is 

typical for a fivefold coordinated uranyl ion. The radial distance of the phosphorous shell at 

3.62 Å indicates a monodentate binding of uranyl to phosphate groups. 
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Figure 1.8. U LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier Transforms (right) 
(3.1 Å-1 < k < 12.4 Å-1) of the uranium complexes formed by Paenibacillus sp. JG-TB8 at pH 2 (B), pH 3 (C), 
pH 4.5 (D), and pH 6 (E) under aerobic conditions. For comparison, the spectra of two model compounds, 
namely uranyl-fructose(6)phosphate (A) and meta-autunite (F) are illustrated as well. 
 

At pH 6 the calculated radial distance of the equatorial oxygen plane (2.27 Å) is lower 

compared to the distance calculated for the samples incubated at the highly acidic conditions 

which suggest an only fourfold coordinated uranyl unit [168]. In accordance to that, we 

calculated four equatorial oxygen atoms and, moreover, an almost identical number of 

phosphorous atoms at a radial distance of 3.60 Å. This clearly demonstrate that uranium is 
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complexed in the way illustrated in Figure 1.9 (left model), which is typical for uranyl 

phosphate minerals. 

 

Table 1.5. Structural parameters of the uranium complexes formed by the cells of Paenibacillus sp. JG-TB8 
under aerobic conditions. 

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) 

      

UO2-fructose(6)phosphate U-Oax  2.0d 1.77(1) 0.001(1) 0.1(7) 
pH 5.5 [158] U-Oeq1 4.8(5) 2.30(1) 0.020(4)  

      

pH 2 U-Oax  2.0d 1.77(1) 0.0024(1) 2.4(3) 
 U-Oax (MS)  2.0d 3.54e 0.0048e  
 U-Oeq 3.8(2) 2.35(1) 0.0065(4)  
 U-P 2.7(3) 3.62(1)  0.0037(7)  
 U-O-P (MS) 5.4f 3.76(1)  0.0037f  
      

pH 3 U-Oax  2.0d 1.78(1) 0.0021(1) 3.4(4) 
 U-Oax (MS)  2.0d 3.56e 0.0042e  
 U-Oeq 3.3(2) 2.35(1) 0.0074(7)  
 U-P 1.8(4) 3.62(1)  0.004(1)  
 U-O-P (MS) 3.6f 3.76(2)  0.004f  
      

pH 4.5 U-Oax  2.0d 1.77(1) 0.0025(1) -1.0(6) 
 U-Oax (MS)  2.0d 3.54e 0.005e  
 U-Oeq 4.2(3) 2.27(1) 0.0103(8)  
 U-P 4.0(3) 3.59(1)  0.008d  
 U-O-P (MS) 8.0f 3.72(1)  0.008f  
      

pH 6 U-Oax  2.0d 1.79(1) 0.0016(1) 2.7(4) 
 U-Oax (MS)  2.0d 3.58e 0.0032e  
 U-Oeq 3.9(2) 2.27(1) 0.0037(3)  
 U-P 4.4(4) 3.60(1)  0.006(1)  
 U-O-P (MS) 8.8f 3.72(2)  0.006f  
      

meta-autunite [169] U-Oax 2.2(1) 1.76 0.0045 -11.0 
 U-Oeq 3.9(2) 2.29 0.0026  

 U-P 2.3(3) 3.60 0.008d  
      

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Errors in coordination numbers are ± 25% 
b Errors in distance are ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 
f Coordination number linked twice and Debye-Waller factor once to the N and σ2 of the U-P path 

 

The high Debye-Waller factor calculated for the equatorial oxygen shell from the complexes 

formed at pH 4.5 indicates a structural inhomogeneity. This could be explained by a mixture 

of complexes, exhibiting on the one hand a fivefold coordinated uranyl unit, bound to organic 

phosphate groups, and on the other hand uranium atoms which are included in a mineral 

phase complexed by four phosphate ligands. However, the low radial distance of the U-Oeq 

shell suggests that most of the uranium present in this sample exist in the uranyl phosphate 

mineral form. This finding is in contrast to the TRLFS results, were organic uranyl 

complexes were detected predominantly. However, it is well known that a complexation of 



Chapter I                                                                47 

U(VI) by phosphate groups of organic molecules strongly enhances the uranyl luminescence. 

Because the EXAFS oscillations only depend on the type and number of surrounding atoms, 

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

 

Phosphorous OxygenUranium CarbonPhosphorous OxygenUranium CarbonPhosphorous OxygenUranium Carbon
 

Figure 1.9. Structural modells used for the fitting procedure of the EXAFS spectra obtained from the uranium 
complexes build by the cells of Paenibacillus sp. JG-TB8. The left modell created from the crystall structure of 
meta-autunite was used for the fitting procedure of the sample incubated at pH 6 under aerobic conditions. The 
right modell contains fragments of meta-autunite (monodentate coordination at phosphate groups) as well as 
uranyl triacetate (bidentate coordination to carboxylic groups) and was used for the fitting procedures of all 
other samples.  
 

Microscopic analyses 

Live/Dead staining was used to determine the proportion of viable and dead cells after the 

treatment with uranium. The staining procedure based on a mixture of two fluorescing 

nucleic acid stains with different membrane permeation characteristics. The green-fluorescing 

SYTO® 9 detects all cells, whereas the red-fluorescing propidium iodide can only pass 

through compromised or damaged cell membranes, causing a reduction of the SYTO® 9 

fluorescence when both dyes are present.  

Thus, dead cells stain red whereas intact cells occurred green. Representative microscopic 

pictures of each sample are presented in Figure 1.10. At pH 6 more than 90% of the cells 

were alive (Fig. 1.10-G) whereas the fraction of the living cells decreases with decreasing pH 

due to the increasing distance from the preferred pH conditions of the strain. Hence, at pH 4.5 

(Fig. 1.10-E) and pH 3 (Fig. 1.10-C) only about 50% and 5% of the cells were viable, 

respectively. At pH 2 (Fig. 1.10-A) all cells stained red and, in addition, they were 

significantly shorter, indicating a strong damage of the cell wall structures and/or a cell 

fragmentation. Control samples without uranium exhibit no significant differences, indicating 

that the cell damage and cell death is caused predominantly by the acidic pH conditions. This 

assumption is supported by the performed uranium tolerance tests (Table 1.1), which 
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demonstrated that JG-TB8 grows at a uranium concentration of 0.5 mM on solid media. 

Hence, JG-TB8 may also tolerate corresponding concentration in aqueous solutions. 

 

 

Figure 1.10. Microscopic pictures of Paenibacillus sp. JG-TB8, stained with the Live/Dead Kit after the 
treatment with uranium under aerobic (left) and anaerobic (right) conditions at pH 2 (A, B), pH 3 (C, D) pH 4.5 
(E, F) and pH 6 (G, H) for 48 hours. Pictures were taken in fluorescence mode using a fluorescence mirror unit 
(U-MSWB; Olympus Europa Holding GmbH, Hamburg, Germany) with excitation wavelengths between 420 
and 460 nm.  
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To localize the uranium complexes in the bacterial cell samples transmission electron 

microscopy combined with EDX was used. No uranium was detected in the samples 

incubated at pH 2 and pH 6. However it was possible to detect some high-contrasting 

accumulates in the sample incubated at pH 3. These accumulates contained small amounts of 

uranium and were localized at the cell wall of some individual cells (Fig. 1.11). Moreover, in 

the sample incubated at pH 4.5 a huge amount of electron-dense uranium accumulates 

recognizable as high contrasting spots were detected. Uranium was located at the cell surface 

as well as intracellular in a form of needle-like fibrils, bound to cell compounds or in 

polyphosphate granules (Fig. 1.11). A corresponding intracellular uranium accumulation in 

polyphosphatic granules was also demonstrated for Pseudomonas aeruginosa [89]. Such 

intracellular uranium deposits were exclusively detected in apparently empty cells, which is 

reasonable as the big uranyl ion cannot enter intact cells [170]. That indicates that the 

formation of these uranium deposits is a consequence of increased cell permeability after cell 

death. 

EDX analyses demonstrated that the studied accumulates contained different amounts of 

uranium (U). Besides that, typical energy-lines for phosphorous (P) and oxygen (O) were 

observed, confirming the spectroscopic results and therewith the formation of uranyl 

phosphate complexes (Fig. 1.11). The peaks for C, Cu, Os, Pb, and Cl are a result of the 

sample preparation and the copper grid used to support the ultra-thin cell sections. The 

presence of silicon results from the oil in the diffusion pump of the column of the used TEM 

system. 

The reason for the failed localization of uranium at pH 6 might result from the low amount of 

uranium in this sample. Another reason might be the low number of cells exhibiting damaged 

cell wall structures (Fig. 1.10G), those cells, which were the predominant uranium 

accumulating cells in the TEM sample of the cells incubated at pH 4.5. However, both facts 

could not explain the failed detection of uranium at pH 2, because the binding capacity of the 

cells is almost identical to that at pH 3 (Fig. 1.3) and all cells exhibit destroyed cell envelopes 

(Fig. 1.10A). A possible reason explaining this is the detection limit of this method. Bigger 

uranium accumulates can be detected easily, due to their high-contrasting properties. 

However, equally distributed uranium, e.g. those bound to the negatively charged functional 

groups at the cell surface is not visualizable with this method.  
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Figure 1.11. Transmission electron micrograph of uranium accumulates deposited by the cells of Paenibacillus 
sp. JG-TB8 (left) and energy-dispersive X-ray spectra (right) of the points marked with arrowheads. U(VI) was 
localized at pH 3 exclusively at the cell surface (S1). At pH 4.5 U(VI) was localized at the cell surface as well 
(S2, S3). In addition, intracellular uranium was detected in form of needle-like accumulates (S4, S7) or bound to 
undetermined cell compounds (S5), and in polyphosphate granules (S6). 
 



Chapter I                                                                51 

Characterization and molecular structure of the uranium complexes formed under 

anaerobic conditions. 

XANES studies 

The ability of the studied Paenibacillus strain to reduce the added U(VI) to the environmental 

less-mobile oxidation state +4 was checked by using XANES analyses. To improve the 

conditions for uranium reduction, parallel U/Paenibacillus samples, containing uranyl acetate 

instead of uranium nitrate, were prepared, in order to avoid a suppression of the U(VI) 

reduction in favour of the energetically advantageous nitrate reduction. In addition, sodium 

acetate was added to these parallel samples which served as potential electron donor. The 

XANES spectra recorded from the four cell samples treated with uranyl nitrate at pH 2, 3, 4.5 

and 6, as well as those obtained from the described parallel samples are presented in 

Figure 1.12.  
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Figure 1.12. Uranium LIII -edge XANES spectra recorded from the uranium complexes formed by Paenibacillus 
sp. JG-TB8 at pH 2, 3, 4.5 and 6 after the addition of uranyl nitrate or uranyl acetate. In addition, the XANES 
spectra of two solutions, which serve as reference samples for the uranium oxidation states, one of U(VI) and 
another one of U(IV), each at a concentration of 4 · 10-2 M in 1 M HClO4, are shown in the figure. The dashed 
and the dotted line represent the position of the absorption edge of U(VI) and of the XANES peak resulting from 
the multiple scattering contribution of the axial oxygen atoms of U(VI), respectively. 
 

The results demonstrate that uranium was not reduced in any of the samples. The presence of 

U(VI) was clearly confirmed due to the following observations: The absorption edges of all 

spectra occurred at a photon energy which is typical for U(VI) (Fig. 1.12, dashed line) and all 
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spectra feature the multiple scattering contribution of the two axial oxygen atoms of U(VI), 

represented by a XANES peak around 17188 eV (Fig. 1.12, dotted line). In addition, U(VI) 

reduction was also not observed in a sample incubated at an almost neutral, favourable for 

this strain, pH value of 7.2 (not shown). These findings demonstrate that the investigated 

Paenibacillus isolate JG-TB8 is not able to reduce uranium at the studied conditions, most 

likely due to the use of a unsuitable electron donor. Anyway, our experiments exclude the 

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

 

TRLFS 

TRLF spectroscopic analyses of the bacterial cell samples, grown and treated with U(VI) 

under anaerobic conditions, revealed no significant shifting of the main luminescence 

maxima with increasing pH values, as it was observed in those samples incubated under 

aerobic conditions (Fig. 1.13). 
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Figure 1.13. U(VI) luminescence spectra recorded from the uranium complexes formed at different pH values 
after 48 hours by the cells of Paenibacillus sp. JG-TB8 under anaerobic conditions. For comparison, dotted lines 
indicate the luminescence emission maxima calculated for the sample incubated at pH 2. The dashed line 
represents the position of the luminescence emission maxima exclusively detected at pH 4.5 and pH 6. 
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At all pH conditions studied, the main peak maxima were located around 497.2, 518.5, and 

542 nm (Table 1.3) and therewith correspond well to those of the samples incubated under 

aerobic conditions at highly acidic pH values (pH 2 and 3). Lifetime analyses demonstrated 

two or three luminescent uranium species in the studied samples, respectively. In all samples 

a uranium species with a luminescence lifetime of about 3 µs was detected (Table 1.6) which 

is well in line with the lifetime (τ1 of Table 1.4) calculated from the samples incubated under 

aerobic conditions.  

 

Table 1.6. Calculated luminescence lifetimes of the U(VI) complexes formed by the cells of Paenibacillus sp. 
JG-TB8 under anaerobic conditions.  

 pH 2 pH 3 pH 4.5  pH 6  

Lifetime 1 (τ1) 3.32 ± 0.87 µs 3.62 ± 0.45 µs 2.70 ± 0.39 µs 2.99 ± 0.24 µs 

Lifetime 2 (τ2) 33.4 ± 4.0 µs 32.7 ± 3.2 µs 36.6 ± 4.5 µs 40.4 ± 3.8 µs 

Lifetime 3 (τ3)   7.82 ± 1.25 µs 9.21 ± 1.09 µs 

 

In addition a significant longer luminescence lifetime was calculated in all samples as it was 

also the case in the aerobic samples. However, the lifetimes calculated for this second U(VI) 

species was somewhat longer than those calculated for the long-living species in the samples 

incubated under aerobic conditions. From the samples incubated at pH 4.5 and pH 6 a third 

luminescence lifetime of (7.8 ± 1.3) µs and (9.2 ± 1.1) µs was calculated, respectively. 

Interestingly, an additional luminescence peak located around 468 nm was observed in these 

two samples (Figure 1.13, Table 1.3). This luminescence peak can be related to U(VI) 

complexes formed at carboxylic groups. Such complexes are known to show only low 

luminescence intensity at room temperature. However, recent studies demonstrated that 

U(VI) complexes formed at carboxylic groups of peptidoglycan, the major cell wall 

compound of the studied bacterium, show luminescence properties at room temperature 

[167]. In order to prevent the formation of highly luminescent uranyl phosphate complexes 

the authors of the mentioned study used an isolated phosphate-free peptidoglycan. This 

approach allowed the authors to measure the luminescence of the formed uranyl carboxylic 

complexes at room temperature. Because of the similar luminescence emission maxima of the 

studied in this approach uranyl carboxylate complexes and those of uranyl phosphate 

complexes it is obvious that in case of the parallel existence of both, the luminescence of the 

uranyl carboxylate complexes can easily be masked by the strong luminescent uranyl 

phosphate complexes. However, as uranyl phosphate complexes are known to show no 
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luminescence properties below 470 nm, the presence of uranyl carboxylate complexes was 

confirmed by the emission maxima at around 468 nm. The calculated in this study lifetimes 

of the formed uranyl carboxylate complexes are in line with that of the 1:1 uranyl carboxylate 

complex studied recently [171]. Moreover, comparable results which suggested the formation 

of uranyl carboxylate complexes were obtained by spectroscopic studies of the U(VI) 

complexes formed at the cells of the acidothermophilic crenarchaeon Sulfolobus 

acidocaldarius [164] (Table 1.3). 

 

XAS studies 

The isolated U LIII -edge k3-weighted EXAFS spectra and the corresponding FTs of the U(VI) 

complexes formed by the cells of Paenibacillus sp. JG-TB8, along with the best fits are 

illustrated in Figure 1.14. For comparison, the spectra recorded from the model compounds 

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

as well.  
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Figure 1.14. U LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier Transforms (right) 
(3.1 Å-1 < k < 12.4 Å-1) of the uranium complexes formed by Paenibacillus sp. JG-TB8 at pH 2 (B), pH 3 (C), 
pH 4.5 (D), and pH 6 (E) under anaerobic conditions. For comparison, the spectra of two model compounds, 
namely uranyl-fructose(6)phosphate (A) and uranyl disuccinate (F) are illustrated as well. 



Chapter I                                                                55 

The structural data which underlies each of the fits are summarized in Table 1.7. In 

accordance to the EXAFS data obtained from the uranium complexes formed by the studied 

strain under aerobic conditions, the spectrum recorded from the U(VI)/Paenibacillus sample 

incubated under anaerobic conditions at pH 2 originates from organic uranyl phosphate 

complexes. The fitting procedure revealed radial distances for the equatorial oxygen and 

phosphate atoms of 2.35 Å and 3.62 Å, respectively (Table 1.7).   

 

Table 1.7. Structural parameters of the uranium complexes formed by the cells of Paenibacillus sp. JG-TB8 
under anaerobic conditions. 

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) 

      

UO2-fructose(6)phosphate U-Oax  2.0d 1.77(1) 0.001(1) 0.1(7) 
pH 5.5 [158] U-Oeq1 4.8(5) 2.30(1) 0.020(4)  

      

pH 2 U-Oax  2.0d 1.77(1) 0.0018(1) 2.4(3) 
 U-Oax (MS)  2.0d 3.54e 0.0036e  
 U-Oeq 4.0(2) 2.35(1) 0.0068(5)  
 U-P 3.1(4) 3.62(1)  0.0044(8)  
 U-O-P (MS) 6.2f 3.76(1)  0.0044f  
      

pH 3 U-Oax  2.0d 1.76(1) 0.0021(1) 1.6(4) 
 U-Oax (MS)  2.0d 3.52e 0.0042e  
 U-Oeq 4.7(3) 2.36(1) 0.0126(9)  
 U-P 3.2(3) 3.61(1)  0.0056(9)  
 U-O-P (MS) 6.4f 3.75(1)  0.0056f  
      

pH 4.5 U-Oax  2.0d 1.77(1) 0.0022(1) 0.1(4) 
 U-Oax (MS)  2.0d 3.54e 0.0044e  
 U-Oeq 6.5(5) 2.36(1) 0.021(1)  
 U-P 2.6(3) 3.61(1)  0.008(1)  
 U-O-P (MS) 5.2f 3.74(1)  0.008f  
 U-C1 1.9(1) 2.88(1)  0.0038d  
 U-C2 1.9g 4.35(1)  0.0038d  
      

pH 6 U-Oax  2.0d 1.77(1) 0.0023(1) 0.8(3) 
 U-Oax (MS)  2.0d 3.54e 0.0046e  
 U-Oeq 5.7(9) 2.38(1) 0.022(1)  
 U-P 2.1(3) 3.61(1)  0.004(1)  
 U-O-P (MS) 4.2f 3.73(1)  0.004f  
 U-C1 2.8(1) 2.89(1)  0.0038d  
 U-C2 2.8g 4.37(1)  0.0038d  
      

Uranyl disuccinate  U-Oax 2.0d 1.77(1) 0.0021(1) 3.5(5) 
[171] U-Oax (MS) 2.0d 3.54e 0.0042e  

 U-Oeq 4.4(5) 2.44(1) 0.009(1)  
 U-C1 2.3(3) 2.90(1) 0.0038d  
 U-C2 2.3g 4.37(2) 0.0038d  
      

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Errors in coordination numbers are ± 25% 
b Errors in distance are ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 
f Coordination number linked twice and Debye-Waller factor once to the N and σ2 of the U-P path 
g Coordination number (N) linked to the N of U-C1 path 
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These structural parameters are well in line with those calculated for the organic uranyl 

phosphate complexes formed by the strain under aerobic conditions at pH 2 and pH 3 

(Table 1.5). However, in contrast to the aerobic conditions, we observed differences between 

the samples incubated at pH 2 and pH 3 under anaerobic conditions. 

At pH 3 a high Debye-Waller factor of ~0.013 Å2 (compared to 0.007 Å2 at pH 2) was 

calculated for the equatorial oxygen shell suggesting a structural disorder within this shell. At 

pH 4.5 (σ2 = 0.021 Å2) and pH 6 (σ2 = 0.022 Å2) the Debye-Waller factor of the U-Oeq shell 

was even higher than at pH 3. Concomitant, the radial distance of the U-Oeq shell increases 

with increasing pH values from 2.35 Å (pH 2) up to 2.38 Å (pH 6). This indicates the 

enhanced formation of uranyl complexes with longer U-Oeq bond distances at higher pH 

values. According to the literature, the most likely complexation mode at these conditions, 

featuring significant longer U-Oeq bond lengths, is a bidentate U(VI) complexation at 

carboxylic groups of organic matter. Hence, the high Debye Waller factor can be explained 

by a coexistence of uranyl complexes where the uranyl ion is monodentately bound to 

phosphate groups (averaged U-Oeq bond distance = 2.35 Å) and bidentately bound to 

carboxylic groups (averaged U-Oeq bond distance = 2.47 Å) (Fig. 1.9, right model). With 

respect to the extremely high Debye-Waller factors of the U-Oeq shell, two shells of carbon 

atoms (C1 and C2) were included in the shell fitting procedures of the samples incubated at 

pH 4.5 and 6. It is obvious from the EXAFS parameters, that no mineral phases were formed 

by the cells under anaerobic conditions. 

The exclusive binding of U(VI) at organic functional groups under anaerobic and moderate 

acidic pH conditions is in contrast to all studies which were performed on bacterial uranium 

interactions under anaerobic conditions, in which uranium was either reduced to U(IV) [25-

27] or precipitated as U(VI) phosphate minerals [172, 173]. 

 

Microscopic analyses 

In analogy to the experiments performed under aerobic conditions we used TEM in order to 

localize the uranium complexes formed by Paenibacillus sp. JG-TB8 under anaerobic 

conditions. Although significant amounts of uranium were bound by the cells at the different 

pH values (Fig. 1.6), we were not able to detect uranium in the samples (Fig. 1.15). In 

analogy to the sample incubated under aerobic conditions at pH 2, the best explanation for the 

failed detection is a homogenous distribution of uranium-binding ligands at the cell surface. 

This assumption agrees with the spectroscopic results. In contrast to the cells incubated at 
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aerobic conditions, U(VI) complexation occurred exclusively by organic phosphate and 

carboxylate groups. 

 

 

Figure 1.15. Transmission electron micrographs of ultra-thin sections of Paenibacillus sp. JG-TB8 after the 
incubation with U(VI). Besides intact cells (left), a significant amount of empty cell envelopes was found 
(right). Uranium accumulates were not detected in any of the samples. 
 

Investigation of the cell viability showed results similar to that obtained under aerobic 

conditions, regarding the pH dependent increase of the proportion of dead cells at decreasing 

pH (Fig. 1.10). However, the samples incubated at pH 4.5 and 6 differ not that much from 

each other as it was detected in the aerobic samples. In both samples most of the cells stained 

green, demonstrating intact cell wall structures. In particular, almost all of cells which had a 

normal length of about 5 µm were alive in these two samples. The only difference which was 

observed was a high agglomeration of the cells at pH 4.5, which was not observed at pH 6. 

This agglomeration might be a protection mechanism against the unfavourable pH conditions. 

The same observation was made in the sample incubated at pH 3. However, all cells in this 

sample stained red, indicating the absence of viable cells in this sample. At pH 2 all cells 

were dead as well, but without showing the agglomeration effect observed at pH 3 and pH 

4.5. A possible explanation for that might be that the extremely low acidic pH inhibits any 

cellular stress response mechanisms. 

 

Key role of the phosphatase activity in uranium complexation 

The observed formation of uranyl phosphate mineral phases by microbial cells has been 

described in several previous studies [67, 70, 84, 164, 174]. In most cases the release of 

orthophosphate, which is involved in the uranium precipitation, was attributed to the activity 

of various phosphatases, which release inorganic orthophosphate from organic phosphate 
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compounds. Corresponding enzyme activities had been described for a large variety of 

aerobic and anaerobic bacteria as well as archaea [32-34, 68]. It was demonstrated that at the 

presence of an organic phosphate source a bacterial phosphatase, which was overexpressed in 

Pseudomonas strains, could release sufficient amounts of orthophosphate to precipitate 

uranium even from low concentrated (curanium = 0.02 mM) solutions [69]. Moreover, it was 

recently postulated, that the hydrolyzation of organophosphate by aerobic heterotrophic 

bacteria may play an important role in bioremediation of uranium-contaminated sites [70]. 

Therefore we checked the phosphatase activity of the cells at the different conditions studied. 

The phosphatase activity of the strain JG-TB8 in dependency on the pH value and the 

aeration conditions is shown in Figure 1.16 and Table 1.8.  
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Figure 1.16. Acid phosphatase activity of cells of Paenibacillus sp. JG-TB8 at different pH values and in 
dependency on the aeration conditions. 

 

Under aerobic as well as under anaerobic conditions the phosphatase activity increases with 

increasing pH. As expected, the highest activity was calculated in both cases for the samples 

incubated at pH 6, most probably because this pH is the closest to the growth optimum of the 

strain. However, the phosphatase activity was significantly reduced in the absence of oxygen. 

This finding is in contrast to former studies using isolated enzymes (acid and alkaline 

phosphatases), where the specific enzyme activity did not change significantly [175]. 
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Moreover the phosphatase activity of the Gram-negative bacterium E. coli is even 

dramatically enhanced after a shifting from aerobic to anaerobic conditions [32]. Interestingly 

a reduction of the phosphatase activity of ResE, a regulatory protein for respiration processes, 

under anaerobic conditions was suggested by Nakano and Zuber for the Gram-positive 

bacterium Bacillus subtilis [146]. This might imply corresponding inhibition effects on 

dephosphorylation processes in the anaerobically growing representatives of Bacillales, such 

as Paenibacillus species. 

 

Table 1.8. Phosphatase activity calculated for cells of Paenibacillus sp. 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 conditions is more than 20 times higher than 

that under anaerobic conditions. This finding should dramatically influence the release of 

orthophosphate from the cells. To confirm this we determined the amount of orthophosphate 

in the supernatants of the cell samples after an incubation for 48 h in 0.1 M NaClO4 (pH 2, 3, 

4.5 or 6) with and without the addition of uranyl nitrate. The results are presented in 

Figure 1.17 and Table 1.9. As expected from the phosphatase activity studies, we observed 

significant differences in orthophosphate production. The amount of orthophosphate depends 

on the pH value as well, but much more on the presence of oxygen. Under anaerobic 

conditions only very low concentrations of orthophosphate (<5 µM) were determined. At 

pH 6 the amount was somewhat higher (~16 µM). In contrast to that, the orthophosphate 

concentration in the aerobic samples, exhibiting a high phosphatase activity, was about 

150 µM (pH 4.5) and 350 µM (pH 6), respectively. At highly acidic conditions the 

orthophosphate concentration was also low in the aerobic samples, which is again in good 

agreement with the phosphatase activity studies.  
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Figure 1.17: Amount of orthophosphate in the supernatant of cells of Paenibacillus sp. JG-TB8 after an 
incubation of 48 hours in dependency on pH, the aeration conditions and the presence of uranium. 
 

 

Table 1.9. Concentration of orthophosphate in the supernatant of cell samples of Paenibacillus sp. JG-TB8 
incubated at different pH values and atmospheric conditions. 

pH Concentration of orthophosphate in the 
supernatant [µM] (aerob) 

Concentration of orthophosphate in the 
supernatant [µM] (anaerob) 

 Control U treated U treated Control 

2 2.1 ± 1.0 1.8 ± 0.8 1.6 ± 1.3 2.1 ± 0.4 

3 8.2 ± 2.1 12.7 ± 1.1 3.3 ± 1.3 5.0 ± 2.0 

4.5 73.4 ± 6.8 148 ± 12 4.3 ± 1.6 4.6 ± 1.7 

6 279 ± 10 356 ± 21 17.3 ± 2.3 15.1 ± 2.8 

 

We observed no differences between the uranium-treated and untreated cell samples under 

anaerobic conditions as well as at highly acidic aerobic conditions within the experimental 

errors. In contrast to that, the uranium-treated and untreated samples incubated at pH 4.5 and 

pH 6 differed significantly from each other. Phosphate concentration in the supernatant of the 

uranium-treated samples was in both cases about 75 µM lower than those of the control 

sample. This removal of phosphate from the supernatant confirmed the precipitation of 

inorganic uranyl phosphate complexes at both pH values. The fact that at both pH values 

about 75 µM phosphate was bound to uranium confirmed that at pH 6 (initial uranium 
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concentration was 50 µM) the uranium was completely, and at pH 4.5 (initial uranium 

concentration was 500 µM) partly, complexed via inorganic phosphates. Nevertheless, the 

rapid uranium complexation at both pH values (Fig. 1.6) suggests an initial U(VI) binding at 

functional groups at the cell surface, which subsequently serve as nucleation sites for metal 

precipitation. A corresponding mechanism was also suggested by studying the radionuclide 

accumulation processes of Citrobacter sp. [176].  

 

 

CONCLUSIONS 

The present study demonstrates that the interaction mechanisms of uranium with the strain 

Paenibacillus sp. JG-TB8 depend on the aeration conditions. Moreover, it confirms the 

important role of phosphatases in the biomineralization process of uranium. Because of the 

dramatic inhibition of the respective enzymatic activity under anaerobic conditions in the 

cells of JG-TB8, uranyl phosphate mineral phases were not precipitated at these conditions. 

In contrast to that, JG-TB8 was able to precipitate significant amounts of uranyl phosphate 

mineral phases under moderate acidic and aerobic conditions, without supplying any organic 

phosphate sources. This indicates that Paenibacillus strains, indigenous for 

uranium-contaminated sites, may have a crucial role in the detoxification process of uranium 

in the environment.  
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SUPPLEMENTAL MATERIAL 

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

Isolate Closest phylogenetic relative (EMBL No.) BLAST 
% similarity (1) 

Accession 
number 

 Bacillaceae   

JG-TB1 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans 1-77 (Y13061) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.3 
99.2 
97.5 

FR849913 

JG-TB2 Bacillus weihenstephanensis DSM 11821 (AJ841876) 
Bacillus mycoides ATCC 6462 (EF210295) 
Bacillus cereus AH 521 (AF290554) 
Bacillus thuringiensis strain IEBC-T63 001 (EF210299) 

100 
100 
100 
100 

FR849914 

JG-TB3 Paenibacillus sp. IDA5358 (AY289507) 
Paenibacillus amylolyticus NRRL:NRS-290T (D85396) 

99.1 
98.8 

FR849915 

JG-TB4 Paenibacillus sp. IDA5358 (AY289507) 
Paenibacillus amylolyticus NRRL:NRS-290T (D85396) 

98.9 
98.7 

FR849916 

JG-TB5 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans WSBC 20030 (Y13062) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.6 
99.5 
97.5 

FR849917 

JG-TB6 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans WSBC 20030  (Y13062) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.3 
99.4 
97.2 

FR849918 

JG-TB7 Paenibacillus sp. 61724 (AF227827) 
Bacillus circulans 1-77 (Y13061) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.6 
99.6 
97.4 

FR849919 

JG-TB8 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans WSBC 20030 (Y13062) 
Paenibacillus borealis DSM 13188T  

99.5 
99.6 
97.5 

FR849920 

JG-TB9 Paenibacillus sp. WPCB150 (FJ006908) 
Bacterium H25 (AY345548) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.5 
99.5 
98.6 

FR849921 

JG-TB10 Bacillus weihenstephanensis DSM11821 (AJ841876) 
Bacillus mycoides ATCC 6462 (EF210295) 
Bacillus cereus AH 521 (AF290554) 
Bacillus thuringiensis strain IEBC-T63 001 (EF210299) 

100 
100 
100 
100 

FR849922 

JG-TB11 Lysinibacillus fusiformis NBRC15717 (AB245423) 
Bacillus fusiformis DSM 2898T (AJ310083) 
Lysinibacillus sphaericus PRE16 (EU880531) 

99.9 
99.9 
99.7 

FR849923 

JG-TB12 Lysinibacillus fusiformis NBRC15717 (AB245423) 
Bacillus fusiformis DSM 2898T (AJ310083) 
Lysinibacillus sphaericus PRE16 (EU880531) 

100 
99.9 
99.7 

FR849924 

JG-TB13 Paenibacillus sp. AaD5 (GQ915094) 
Paenibacillus borealis DSM 13188T (AB073364) 
Bacillus circulans WSBC 20030 (Y13062) 

99.5 
97.0 
98.1 

FR849925 

JG-TB14 Bacillus sp. BF149 (AM934692) 
Bacillus niacini IFO15566 (AB021194) 

99.6 
99.3 

FR849926 

JG-TB15 Bacillus psychrodurans QT25 (GU385871) 
Bacillus psychrodurans DSM 11713 (AJ277984) 

99.1 
98.9 

FR849927 

 (1) Similarity is calculated from those parts of the gene 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.) BLAST 
% similarity (1) 

Accession 
number 

JG-TB16 Paenibacillus sp. IDA5358 (AY289507) 
Paenibacillus amylolyticus NRRL:NRS-290T (D85396) 

98.8 
98.6 

FR849928 

JG-TB17 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans 1-77 (Y13061) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.8 
99.7 
97.6 

FR849929 

JG-TB19 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans 1-77 (Y13061) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.6 
99.5 
97.3 

FR849930 

JG-TB20 Bacillus psychrodurans DSM 11713 (AJ277984) 
Bacillus psychrodurans DSM 11706 (AJ277983) 

99.7 
99.5 

FR849931 

JG-TB21 Paenibacillus sp. HSCC 1657 (AB046422) 
Paenibacillus odorifer PNF4 (EF199999) 
Bacillus circulans 1-77 (Y13061) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.6 
99.3 
98.6 
97.5 

FR849932 

JG-TB22 Paenibacillus sp. 61724 (AF227827) 
Bacillus circulans WSBC 20030 (Y13062) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.5 
99.5 
97.6 

FR849933 

JG-TB23 Bacillus thuringiensis GBAC46 (GU568209)  
Bacillus cereus IMAUB1019 (FJ641030) 
Bacillus mycoides NBRC 100169 (AB363736) 

99.8 
99.8 
99.7 

FR849934 

JG-TB25 Paenibacillus sp. HSCC 1657 (AB046422) 
Paenibacillus odorifer PNF4 (EF199999) 
Bacillus circulans WSBC 20030 (Y13062) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.7 
99.2 
98.5 
97.5 

FR849935 

JG-TB26 Paenibacillus sp. 436-1 (AY266989) 
Bacillus circulans WSBC 20030 (Y13062) 
Paenibacillus borealis DSM 13188T (AB073364) 

99.5 
99.6 
97.6 

FR849936 

(1) Similarity is calculated from those parts of the gene which were considered for BLAST analyses 
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ABSTRACT 

Interactions of the acidothermophilic archaeon Sulfolobus acidocaldarius DSM 639 with 

U(VI) were studied by using a combination of batch experiments, X-ray absorption 

spectroscopy (XAS), and time-resolved laser-induced fluorescence spectroscopy (TRLFS). 

We demonstrated that at pH 2 this archaeal strain possesses a low tolerance to U(VI) and that 

its growth is limited to a uranium concentration below 1.1 mM. At similarly highly acidic 

conditions (pH 1.5 and 3.0), covering the physiological pH growth optimum of 

S. acidocaldarius, at which U(VI) is soluble and highly toxic, rapid accumulation of the 

radionuclide by the cells of the strain occurred. About half of the uranium binding capacity 

was reached by the strain after an incubation of five minutes and nearly total saturation of the 

binding sites was achieved after 30 minutes. Both, EXAFS- and TRLF-spectroscopic 

analyses showed that the accumulated U(VI) was complexed mainly through organic 

phosphate groups. The EXAFS measurements revealed that U(VI) is coordinated to the 

organic phosphate ligands of the archaeal cells in a monodentate binding mode with an 

average U-P bond distance of 3.60 ± 0.02 Å.  
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INTRODUCTION 

Environments with increased uranium (U) concentrations such as U mining and processing 

sites are of a serious public concern due to the considerable chemical and radiological 

toxicity (depending on 235U enrichment) of this actinide. The mobility and toxicity of U in 

these environments are strongly influenced by a complex of geochemical and biotic factors 

[19, 78]. Microorganisms present in such habitats can influence the migration behaviour of U 

by both, direct enzymatic processes such as oxidation [22, 23] and reduction [30, 177] as well 

as by indirect processes such as biosorption [83, 178], passive uptake [82, 178, 179], and 

biomineralization via bacteria-secreted ligands [70, 84, 89]. Most of the studies on microbial 

interactions with U were focused so far on bacteria and only a few cases of such interactions 

with representatives of the third domain of life, Archaea, are published [31, 178]. Archaea 

were shown to be present in various soil and water ecosystems and they play an important 

role in the global cycles of matter [79]. They differ in many aspects from bacteria and their 

cell walls are significantly simpler than those of bacteria [80]. For example, the cell wall of 

S. acidocaldarius, studied in this work, consists only of a membrane-anchored proteinaceous 

surface layer (S-layer), which is glycosylated [80, 180]. The typical structures of the bacterial 

cell walls known to bind uranium, like the outer-membrane lipopolysaccharide layers rich on 

phospholipids and short peptides (Gram-negative bacteria), or the thick multiple 

peptidoglycan layer, consisting of sugar derivatives, a particular small group of amino acids, 

and containing also secondary polymers such as teichoic acid (Gram-positive bacteria) [157] 

are missing in this crenarchaeon. 

The knowledge about the interaction mechanisms of archaea with uranium is rather limited. It 

was found that the hyperthermophilic crenarchaeon Pyrobaculum islandicum is able to 

reduce U(VI) to under anaerobic conditions at 100 °C [31]. This high temperature is, 

however, not relevant for the uranium mining and processing wastes. Francis and co-workers 

[178] demonstrated that the halophilic euryarchaeon Halobacterium halobium accumulates 

high amounts of U(VI) as dense extracellular uranyl phosphate deposits. This halophilic 

extremophile is, however, restricted to grow only in hypersaline environments and it is not 

relevant for the natural habitats contaminated with uranium. The studied in this work 

thermoacidophilic crenarchaeon S. acidocaldarius DSM 639 was originally isolated from 

geothermal springs [76] and it grows optimally at 79 °C and at pH between 2 and 3. 

Representatives of this species are, however, rather adaptive and they were found in a range 

of different habitats. Their presence was demonstrated, for instance, also at moderate 

temperatures in heavy metal-contaminated acidic soils [181] and in self-heating acidic coal 
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piles as well [182]. S. acidocaldarius is a facultative autotrophic organism which is involved 

in sulphur oxidation and bioleaching of pyrite at temperature and pH optima of 65 °C and 

1.5, respectively [183]. It was demonstrated that cultures of this organism do not change 

dramatically their cell size or DNA content when the temperature is changed from 79 °C to 

room temperature and that they “conserve” their ability to continue their growth when 

returned to the optimal temperature [184].  

The robustness and the ubiquitous distribution of Sulfolobus acidocaldarius in heavy 

metal-contaminated soils and mining piles lays in the rationale of this work which represents 

the first effort to study the role of archaea on U(VI) behaviour in uranium mining wastes. 

 

 

EXPERIMENTAL 

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

S. acidocaldarius DSM 639 was purchased from the “Deutsche Sammlung von 

Mikroorganismen und Zellkulturen” (DSMZ), Braunschweig, Germany. The strain was 

grown at 70 °C under heterotrophic conditions in Allen’s mineral salt medium [185] 

supplemented with 0.1% BactoTM tryptone and 0.005% BactoTM yeast extract (Becton, 

Dickinson and Company, Sparks, USA) and adjusted to a pH of 2.5. The archaeal cells were 

harvested at the end of the exponential growth phase (OD600 ~ 0.45), by centrifugation for 

15 min at room temperature and 10000 g. Two parallel portions of the collected biomass were 

rinsed twice with 0.1 M solution of the background electrolyte (NaClO4) with pH of 1.5 or 

3.0. Afterwards the cells were suspended in the corresponding electrolyte solution; the pH of 

the cell suspensions was checked and if necessary adjusted to the required value. Before the 

addition of uranium, the biomass was pelleted via centrifugation and then suspended in 

0.5 mM UO2(NO3)2 diluted in 0.1 M NaClO4 solutions with the corresponding pH (1.5 or 

3.0). 

 

Tolerance to U(VI) and other heavy metals  

For determination of the tolerance of S. acidocaldarius DSM 639 to U(VI) the strain was 

grown in a modified Allen’s mineral salt medium [185], where the pH was decreased to 2.0 

and KH2PO4 of the medium was replaced by 500 mg/L KCl to avoid formation of insoluble 

uranyl phosphate complexes. Yeast extract was omitted as well in order to prevent the 

complexation of U(VI) by undefined organic matter. Uranium was added as uranyl nitrate. 
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The tolerance of the studied strain to Cd, Co, Cr, Cu, Ni, Pb, and Zn was studied at the same 

conditions and compared to that of U(VI). The mentioned heavy metals were added to the 

medium as nitrate salts. As a control for the influence of nitrate on the archaeal growth 

magnesium nitrate was used. All experiments were run for seven days in triplicate and the 

cell growth was monitored microscopically and also by measuring the optical density at 

600 nm. The minimal inhibitory concentration (MIC), which defines the lowest concentration 

that completely inhibits the growth of the strain, was determined for each metal studied. 

 

U(VI) biosorption  

The biosorption experiments were performed in two parallel series at pH 1.5 and 3.0. For 

this, different amounts of S. acidocaldarius DSM 639 biomass (between 1 and 55 mg) 

equilibrated to pH 1.5 or 3.0 in 0.1 M NaClO4 as described above, were incubated in 

triplicate for 48 hours on a rotary shaker with 10 ml of a 0.5 mM uranyl nitrate solution 

diluted in 0.1 M NaClO4 and possessing the corresponding pH. At these conditions almost 

99% of the total uranium is represented by the soluble uranyl ion species. The amount of the 

accumulated uranium was normalized to the dry biomass, determined by weighting 

identically prepared samples after drying for 48 hours at 70 °C. Kinetic studies were 

performed also in triplicate, using a biomass concentration of (0.5 ± 0.05) g/L. After defined 

incubation periods at room temperature the cells were removed from the uranium solution by 

centrifugation and the unbound U(VI) in the supernatant was measured by inductively-

coupled-plasma mass-spectroscopy (ICP-MS) using an Elan 9000 system (Perkin Elmer, 

USA). Control samples without cells were treated in the same way to exclude abiotic uranium 

removal from the solution, due to precipitation and/or chemical sorption at the used test vials. 

 

X-ray Absorption Spectroscopy (XAS) 

For XAS measurements, 50 mg of the cells were contacted for 48 hours with U(VI) in an 

analogous way as those used in the sorption studies. After the contact with U(VI) the cells 

were washed twice with 0.1 M NaClO4 at pH 1.5 or 3.0, respectively. Subsequently they were 

dried for three days at 35 °C in a vacuum oven (Model VT 6025, Heraeus-

Instruments Vacutherm, Germany). Afterwards the samples were powdered and mounted on 

a Kapton tape. Six layers of sample-covered tape were stuck on top of each other and 

subsequently wrapped. 

Uranium LIII -edge X-ray absorption spectra were collected at the Rossendorf beamline at the 

European Synchrotron Radiation Facility (ESRF), Grenoble (France) [134] using a Si(111) 
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double-crystal monochromator, and Si-coated mirrors for focusing and rejection of higher 

harmonics. The data were collected in fluorescence mode using a 13-element germanium 

detector. Six to eight spectra of each sample were recorded. The energy was calibrated by 

measuring the yttrium (Y) K-edge transmission spectrum of an Y foil and defining the first 

inflection point as 17038 eV. Subsequently, dead-time correction was applied. The region 

from about 45 eV below to 60 eV above the absorption edge of each scan was isolated for the 

X-ray near edge structure (XANES) analysis. The EXAFS oscillations were isolated from the 

raw, averaged data by removal of the pre-edge background, approximated by a first-order 

polynomial, followed by µ0-removal via spline fitting techniques and normalisation using a 

Victoreen function. The ionisation energy for U LIII -electron, E0, was arbitrarily defined as 

17185 eV for all averaged spectra. The EXAFS spectra were analysed according to standard 

procedures using the program EXAFSPAK [135]. The theoretical scattering phase and 

amplitude functions used in data analysis were calculated using FEFF8.2 [136] and using the 

crystal structure of meta-autunite, Ca(UO2PO4)2 · 6 H2O [186]. All fits included the four-

legged multiple scattering (MS) path of the uranyl group, U-Oax-U-Oax. The coordination 

number (N) of this MS path was linked to N of the single-scattering (SS) path U-Oax. The 

radial distance (R) and Debye-Waller factor (σ2) of the MS path were linked at twice the R 

and σ2 of the SS path U-Oax, respectively [137]. During the fitting procedure, N of the U-Oax 

SS path was held constant at two. The amplitude reduction factor was held constant at 1.0 for 

FEFF8.2 calculation and EXAFS fits. The shift in threshold energy, ∆E0, was varied as a 

global parameter in the fits. 

 

Time-Resolved Laser-induced Fluorescence spectroscopy (TRLFS) 

For the TRLFS-measurements of the U(VI) complexes built by the cells of the studied 

archaeal strain small portions of the powdered XAS samples were used. Additionally U(VI) 

treated and subsequently washed archaeal cells were suspended in NaClO4 (pH 1.5 or 3) and 

used for U(VI) luminescence measurements in solution. The samples were placed in a quartz 

micro cuvette and TRLFS measurements were performed at room temperature by using home 

assembled equipment [187]. The uranium luminescence was excited by a pulsed Nd-YAG 

laser (GCR 190, Spectra Physics, USA) coupled with an optical parametric oscillator module 

(MOPO-730, Spectra Physics, USA) tuned to an output wavelength of 410 nm and a 

relatively low intensity of about 300 µJ to avoid damages of the samples. The luminescence 

signal was measured perpendicularly to the laser beam and transmitted via a fibre optic cable 



 Chapter II       71 

to the ICCD detection system, consisting of a triple-grating spectrograph (M1235, EG&G, 

USA) equipped with an intensified charge-coupled-device detector and a data acquisition 

program. U(VI) spectra were recorded between wavelengths of 444 nm and 594 nm. The 

central wavelength of the spectrograph was set to 520 nm and the gate width was 5 µs. 

Before each series of measurements the background luminescence was measured 2 Ms after 

the laser pulse and automatically subtracted from the spectra.  

After excitation of the samples by 50 (pH 3.0) and 80 (pH 1.5) laser pulses, respectively, 

depending on the amount of uranium in the samples, three luminescence spectra were 

recorded. For each series of measurement 101 single spectra were recorded. For an accurate 

determination of the uranium luminescence lifetime(s) two series of measurements were 

performed for each sample. One of them was performed with a step size of 200 ns to 

determine uranium species exhibiting short luminescence lifetimes. For the determination of 

longer luminescence lifetimes another series was recorded. To calculate the step size of the 

delay time for this second series, we determine the delay time, at which the complete U(VI) 

luminescence had faded away. One percent of that delay time was calculated and set as step 

size for the second measurement. The obtained luminescence data were processed by using 

Origin 7.5 (OriginLab Corporation, Northampton, MA, USA) including the PeakFit module 

4.0. 

 

 

RESULTS AND DISCUSSION 

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

The strain S. acidocaldarius DSM 639 was able to grow in presence of U(VI) up to a uranium 

concentration of 1.1 mM. The MIC of uranium for the strain was determined to be 1.25 mM 

uranium (Table 2.1). The MICs for Ni (0.5 mM) as well as for Cr and Cu (1 mM for both 

metals) were slightly lower, while those for Zn and Cd were substantially higher (2 and 5 

mM, correspondingly). However, Co and Pb, inhibited the cell growth at very low 

concentrations with MICs of 0.05 and 0.03 mM, respectively. 

As evident from the data summarized in Table 2.1, the MICs for Cd, Cu and Ni are 

comparable to the already published values [188, 189]. However, some of the MICs found in 

the literature differ significantly between each other and also from our results, e.g. the MICs 

for Co, Pb and Zn. In the quoted papers, however, S. acidocaldarius DSM 639 was cultivated 

under conditions which differed from those used in our work. The pH was slightly higher 

(between 3.0 and 3.3) and the temperature for growth in one of the cases was 78 °C [189] 
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instead of 70 °C; in both cases KH2PO4 was not replaced by KCl in the mineral growth 

medium, and different carbon sources than those used in our work were added: 0.2% tryptone 

[188] or 0.1% yeast extract and 0.2% sucrose [189]. Miller and co-workers [189] have 

studied two additional S. acidocaldarius strains which showed up to 10 times different 

tolerances to Zn, Co, and Ni. These results indicate that the heavy-metal tolerance of S. 

acidocaldarius depends on the experimental conditions, such as pH, growth temperature, 

ionic strength and the composition of the growth medium, and that it may be even strain-

specific. 

 

Table 2.1. Minimal inhibitory concentration of tested heavy metals for the growth of S. acidocaldarius 
DSM 639. 

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

UO2
2+ 1.1 1.25   - - 

Cd2+ 3.0  5.0   2.0 10 
Co2+ 0.03  0.05  a 1.0  
Cr3+ 0.9  1.0   - - 
Cu2+ 0.9  1.0   5.0  1.0 
Ni2+ 0.4  0.5   0.6  0.1 
Pb2+ 0.01  0.03   1.6  - 
Zn2+ 1.5  2.0   50  10 
Mg2+ 10 -  - 100 

a MIC not defined (no significant inhibition by Co2+ detected) 
- not measured 

 

The tolerance of S. acidocaldarius DSM 639 to the heavy metals tested in our work, 

decreased in the order Cd > Zn > U > Cr/Cu > Ni > Co > Pb. Miller and co-workers [189] 

suggested that the toxicity of heavy metals on this strain might exclusively result from the 

strength of the metal binding and therefore it should follow the order of the Irving-Williams 

series [190]. In that case uranium should be most toxic to the cells, as the free uranyl ion 

forms most stable complexes among the tested metals [191]. Our data, in particular the higher 

tolerance to U(VI) than to nickel, cobalt, and lead refute this claim and indicates inherent 

mechanisms for the interaction of the tested individual metals with the strain. 

The U(VI) tolerance of S. acidocaldarius is significantly lower than those described for 

representatives of acidophilic bacteria; for instance, the MICs determined for some strains of 

Acidithiobacillus ferrooxidans were up to 9 mM U(VI) [192]. The low tolerance of 

S. acidocaldarius to Cu was earlier attributed to the lower amount of inorganic polyphosphate 

in its cells in comparison to many other microorganisms [193]. It was demonstrated that in 

bacteria the detoxification of most bivalent cations, up taken in poisonous concentrations 
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inside the cells, goes through complexation by the polyphosphate bodies and cleavage of 

phosphate-metal complexes, which then efflux outside the cells [194, 195]. The here 

observed low tolerance of S. acidocaldarius DSM 639 to Co2+, Ni2+, and Pb2+ along with 

those to Cu2+, is likely due to the low intrinsic amount of polyphosphate bodies in the strain. 

A different mechanism of bacterial tolerance to uranium was published by Renninger and co-

workers [89]. The authors demonstrated that in the case of Pseudomonas aeruginosa 

orthophosphate residues, released from the cells, are involved in the complexation of U(VI) 

from the uranium hydroxides, adsorbed initially on the cell surface [89]. Because the secreted 

orthophosphate may originate not only from the polyphosphate bodies of the cells it is not 

excluded that the tolerance to U may be higher than those to some bivalent cations. These 

results indicate that the mechanisms underlying microbial interactions with U(VI) differ 

significantly from those responsible for detoxification of bivalent cations.    

The higher tolerance of S. acidocaldarius DSM 639 to U(VI) than to the bivalent cations Cu, 

Co, Ni and Pb might be explained by the different interaction mechanisms of its cells with 

these two groups of elements. Studies in our laboratory on the interaction of S. 

acidocaldarius DSM 639 with U(VI) at pH values of 4.5 and 6.0, which are above the 

physiological optimum of the strain, clearly demonstrated extracellular precipitation of 

inorganic uranyl phosphate phases (Chapter III) [164]. 

 

U(VI) biosorption 

The U(VI) binding capacity of S. acidocaldarius DSM 639 at the studied acidic conditions is 

presented in Figure 2.1. As evident from the results presented in the figure the amount of 

uranium accumulated by the strain strongly depends on the biomass concentration. The 

negative correlation between these two parameters is explained by the occurrence of 

agglomeration of the microbial cells at higher biomass concentrations which reduces the cell 

surface contacting with U(VI) that results in decreasing the number of the uranium-binding 

ligands. The agglomeration process at high cell densities was confirmed by microscopic 

analyses (not shown). The optimal binding of U(VI) was achieved at biomass concentrations 

between 0.25 g/L and 0.5 g/L.  

For kinetic studies we used a biomass concentration of (0.5 ± 0.05) g/L. The analyses 

demonstrated a rapid complexation of uranium by the cells (Fig. 2.1), which is a typical 

feature of the biosorption process at functional groups on the cell surface [19]. About half of 

the binding capacity was already reached after an incubation of five minutes and after 

30 minutes nearly total saturation of the binding sites was reached. Considering the data as 
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due to a biosorption process by the functional groups at the cell surface, which mainly takes 

place within the first minutes to an hour of incubation, the cells of S. acidocaldarius adsorbed 

between 15 and 17 mg uranium per gram dry biomass within the first hour of incubation at 

pH 1.5 and 3.0, respectively (Fig. 2.2). The binding capacity of the cells after an incubation 

of 120 hours was determined to be nearly identical – 18 mg U/gdry biomass and 22 mg/gdry biomass 

at pH 1.5 and 3.0, respectively.  
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Figure 2.1. U(VI) accumulation by the cells of S. acidocaldarius DSM 639 after 48 hours at pH values of 1.5 
and 3.0 as a function of biomass concentration; [U]init= 0.5 mM. 
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Figure 2.2. Kinetics of the U(VI) accumulation by the cells of S. acidocaldarius DSM 639 at pH 1.5 and 3.0 
(biomass concentration = 0.5 ± 0.05 g/L and [U]init= 0.5 mM). 
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A comparison of the determined U(VI) binding capacity of S. acidocaldarius DSM 639 to 

those obtained for bacteria is difficult because of the differences of the experimental 

parameters, such as pH, uranium and biomass concentrations, and ionic strength, which 

influence the binding capacity. However, considering all these parameters, it is obvious that 

most bacterial strains possess significantly higher binding capacities than the cells of the 

studied here archaeon. Hu and co-workers [196] demonstrated that Pseudomonas aeruginosa 

CSU possesses a capacity to bind about 100 mg U/g dry biomass at pH 2.4 within the first 

minutes of the treatment with uranyl nitrate. Another Pseudomonas strain was shown to 

accumulate about 60 mg U/g dry biomass at pH 3.5 within one hour [102]. The high uranium 

binding capacity of bacteria is attributed to their complex cell wall structures, which are rich 

on uranium-binding ligands [157]. The only cell wall component of S. acidocaldarius is its 

cytoplasma membrane-anchored proteinaceous surface layer (S-layer) [80, 180]. Because of 

the low content of negatively charged amino acids (1.2 mol% aspartate and 1.8 mol% 

glutamate) and especially because of the absence of phosphorylated sites, this glycoprotein 

should be almost ineffective in uranium complexation at the studied acidic conditions. As 

demonstrated earlier, uranium can pass through the pores of the S-layer lattices and can be 

complexed by the reactive groups of the underlying biopolymers [150]. As in the case of 

S. acidocaldarius no outer membrane or peptidoglycan compounds are present, the 

cytoplasma membrane is the only source offering phosphate, carboxyl, amine, or hydroxyl 

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

 

XAS studies 

XANES analyses of the uranium in the investigated samples showed a peak at 17,188 eV 

(data not shown) which can be assigned to U(VI) [137]. This finding indicates that the U(VI) 

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

The measured U LIII -edge k3-weighted EXAFS spectra of the uranium-treated cell samples 

and their corresponding Fourier transforms (FT) are shown in Figure 2.3, along with the best 

fits. The EXAFS spectrum of one relevant model compound containing organic phosphate 

(UO2-fructose(6)phosphate) is shown in the figure as well [158]. The structural parameters 

obtained from the fitting procedure are summarised in Table 2.2. The results indicate that at 

both conditions studied (pH 1.5 and 3.0) the adsorbed U(VI) has the common linear trans-

dioxo structure: two axial oxygen atoms at a distance of about 1.77 to 1.78 Å (FT peak at 

R+∆∆∆∆ ~ 1.3 Å), and an equatorial oxygen shell at 2.30 to 2.35 Å (FT peak at R+∆∆∆∆ ~ 1.8 Å).  
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Figure 2.3. U LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier transforms (right) of the uranium 
complexes formed by S. acidocaldarius DSM 639 at pH values of 1.5 and 3.0 and of the model compound 
UO2-fructose(6)phosphate [158]. 

 

The FT peak, which appears at R+∆∆∆∆ ~ 3 Å consists of the contribution of the U-Oax multiple 

scattering path and the back-scattering of phosphorus atoms. This distance is typical for a 

monodentate coordination of U(VI) by phosphate [169]. The phosphate groups implicated in 

the coordination of U(VI) at the studied acidic condition (pH 1.5 and 3.0) seems to have 

predominantly organic origin since the EXAFS spectra shown in Figure 2.3 share a high 

similarity with the spectrum of UO2-fructose(6)phosphate [158]. 

In both samples, the addition of a shell of one oxygen scatter at a distance of R = 2.86 or 

2.88 Å (U-Oeq2) improve significantly the fit. Such a distance between uranium and oxygen 

atoms is not related to direct bonding but they are interpreted in several systems as scattering 

contributions from neighboring ligand shells known as “short contacts” in crystallography 

[82, 84].  

The structural parameters of the U(VI) complexes formed by S. acidocaldarius at pH 1.5 and 

3 are similar to those formed at corresponding pH conditions by different bacterial strains 

belonging to the Gram-positive [84] and Gram negative [82] bacteria. These structural 

similarities indicated that at highly acidic conditions (pH ranging between 1.5 and 3) the local 

coordination of U complexes formed by the microbial cells is universal and independent from 

microbial domain. In all cases, studied at these acidic pH values, U(VI) was coordinated in a 

monodentate binding mode with an average U-P bond distance of about 3.60 Å. Because at 
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these conditions the carboxylic groups exist mainly in the protonated form [155], their 

interactions with U(VI) are excluded. 

 

Table 2.2. Structural parameters of the uranium complexes formed by the cells of S. acidocaldarius DSM 639. 

Sample Shell Na R [Å] b σ
2 [Å2]  c ∆E0 (eV) 

pH 1.5 U-Oax  2.0d 1.77(1) 0.0022(2) -12.0(6) 

 U-Oeq1 3.9(3) 2.35(1) 0.0066(7)  

 U-Oeq2 1.2(2) 2.87(1)  0.0038d  

 U-P 4.6(5) 3.62(1)  0.0080d  

 U-Oeq1-P (MS) 9.2e  3.74f  0.0080d  
      

pH 3.0 U-Oax  2.0d 1.78(1) 0.0023(2) -13.4(7) 

 U-Oeq1 4.1(4) 2.30(1) 0.0047(5)  

 U-Oeq2 1.2(2) 2.86(1)  0.0038d  

 U-P 3.3(6) 3.59(2) 0.0080d  

 U-Oeq1-P (MS) 6.6e  3.70f  0.0080d  
      

UO2-fructose(6)P U-Oax  2.0d 1.77(1) 0.0013(10) 0.1(7) 

[158] U-Oeq1 4.8(5) 2.30(1) 0.020(4)  

 U-Oeq2 1.3(2) 2.88(1)  0.0040d  

Standard deviations as estimated by EXAFSPAK are given in brackets 
a Errors in coordination numbers are ± 25%  
b Errors in distance are ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Coordination number (N) linked twice to the N of the U-P path. 
f Radial distance (R) linked to R of the U-P path, according to the model of m-autunite. 

 

Time-resolved laser-induced fluorescence spectroscopic studies 

In order to verify the results obtained by EXAFS, parallel samples of the S. acidocaldarius 

DSM 639 cells treated with U(VI) were analysed by a complementary and very sensitive 

method allowing discrimination between different ligands implicated in the uranium binding, 

namely TRLF-spectroscopy. The TRLFS analysis of the samples treated with uranium 

demonstrated three strong and almost identical emission bands at 498.3, 520.3 and 543.6 nm 

(pH 1.5) and at 498.7, 520.0 and 543.6 nm (pH 3.0) (Fig. 2.4 and Table 2.3). The red shift of 

about 10 nm in the emission bands compared to those of the free uranyl ion (Fig. 2.4 and 

Table 2.3), which is the predominant (> 99%) uranium species in the added uranium 

solutions (Table 1), indicates that the added U(VI) was complexed by the archaeal cells. As 

evident from the data presented in Table 2.3 the luminescence emission maxima of the 

uranium complexes formed at pH 1.5 and 3.0 correspond well to those determined from the 

complexation of U(VI) by various organic phosphate compounds such as sugar phosphates 

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

acidophilic bacterial strain A. ferrooxidans [159]. 
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Figure 2.4. Luminescence spectra of the uranium complexes built by S. acidocaldarius DSM 639 at pH 1.5 and 
3.0. 
 

Besides the position of the emission maxima the decay of the luminescence was used to 

distinguish the uranyl species present in the treated cell samples. The luminescence lifetimes 

were determined by using the function I(t) = I0 + ∑ Ii * exp(-t/τi) were I0 is the background 

signal, measured after a delay time of 2 ms, Ii the signal factors of the uranium compounds, τi 

the corresponding luminescence lifetime and t the delay time. The time-resolved studies of 

the initial uranium solutions revealed in both solutions a mono-exponential luminescence 

decay. The determined lifetimes were 1.92 ± 0.12 µs and 2.01 ± 0.19 µs at pH 1.5 and 3.0, 

respectively, which are in accordance with the luminescence lifetime of the free uranyl ion, 

determined in former studies [165, 197]. Lifetime analyses of both cell samples, incubated at 

pH 1.5 and 3.0, demonstrated a tri-exponential decay of the uranium luminescence indicating 

a mixture of three different luminescent uranium species, respectively (Table 2.4).  
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Table 2.3. Main U(VI) luminescence emmission maxima of the uranium complexes build by S. acidocaldarius 
DSM 639 and those of some model compounds, as well as U-Bacteria complexes for comparison. 

a Error of emission bands is ± 0.5 nm  

 

 

Table 2.4. Calculated U(VI) luminescence lifetimes. 

 pH 1.5 pH 3.0 

Species 1 (τ1) 0.36 ± 0.05 µs 0.55 ± 0.04 µs 

Species 2 (τ2) 2.80 ± 0.21 µs 3.79 ± 0.40 µs 

Species 3 (τ3) 35.3 ± 9.7 µs 35.9 ± 4.6 µs 

 

The calculated lifetimes of the uranium luminescence in these samples indicate one very 

short lifetime of 0.36 and 0.55 µs, a second lifetime of 2.8 and 3.8 µs at pH 1.5 and 3.0, 

respectively, and a third notably longer lifetime of about 35 µs. However, fitting procedures 

of the emission maxima after different delay times demonstrated no shift of the luminescence 

bands, indicating a high structural similarity of the formed complexes. 

The short lifetimes of 0.36 µs and 0.55 µs calculated for the two samples (pH 1.5 and 3.0) 

indicate a quenching of the uranyl luminescence by an intra-molecular energy transfer from 

the radionuclide to low laying electronic states of the binding ligands exhibiting 

polyelectrolyte and aromatic structures [198]. Comparable short lifetimes were found for the 

Sample Main luminescence emission 
maximaa 

Lifetime(s) (µs) 

UO2
2+ (Initial solution, pH 1.5) 489.5 511.0 534.3 1.92 ± 0.12  

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

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

Uranyl phosphoryl complexes     

UO2-DMGP [161] 497.4 519.3 542.4 1.0 ± 0.1; 20 ± 2 

UO2-fructose(6)phosphate [158] 497.1 519.0 543.3 0.13 ± 0.05 

UO2-AMP [192] 497 519 542 n.d. 

Lipopolysaccharide complexes [163]     

R-O-PO3H-UO2
+  497.2 518.9 542.4 8.3 ± 0.6 

R-O-PO3-UO2 498.1 519.6 542.9 1.2 ± 0.4 

[R-O-PO3]2-UO2
2-  499.7 521.0 544.3 13.3 ± 1.4 

Bacteria [159, 198]     

Acidithiobacillus ferrooxidans ATCC 33020 496.3 

 

517.5 

 

541.6 

 

45 ± 4 

3.9 ± 0.4  
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complexation of U(VI) with organic phosphate ligands (Table 2.3) [163, 169]. The second 

lifetime of about 3 µs agrees well with the luminescence lifetimes calculated earlier in our 

laboratory for the organic phosphate complexes build by acidophilic strains of the bacterial 

species A. ferrooxidans and Thiomonas cuprina [198]. Several years later significantly higher 

luminescence lifetimes of about 25 or 45 µs were measured for the organic uranyl phosphate 

complexed formed by the strains of A. ferrooxidans [159]. These lifetimes correspond to the 

here measured lifetime of 35 µs. The formerly measured lifetimes of the organic uranyl 

phosphate complexes, formed by the same bacterial strains of A. ferrooxidans, differed by a 

factor of ten between the two mentioned studies [159, 198]. It is interesting that in the present 

work the TRLF analyses of the uranium complexes, build by the archaeal strain 

S. acidocaldarius DSM 639 revealed both, the uranyl phosphate species with the short and 

those with the long lifetime in the same sample. The occurrence of different lifetimes in the 

two former studies, was attributed to the significant differences in the experimental 

conditions as for instance, the concentration of the HClO4 solution and the amounts of the 

biomass treated [159]. Indeed, a comparison of the respective experimental set-up most likely 

explains the different results found in the two previous studies [159, 198] and also in this 

study. In contrast to the above mentioned two studies [159, 198], NaClO4 instead of HClO4 

was used in the treatments with U(VI). However, the most relevant difference might be the 

ratio of uranium to biomass, which differs significantly between these three studies: 0.5 mM 

U/0.1 g dry biomass/L [159], 0.05 mM U/0.27 g dry biomass/L [198] and 0.5 mM/0.5 g dry 

biomass/L (this work). Thus Merroun and co-workers [159] used 5 times more uranium 

related to the biomass as in our study, whereas Panak and co-workers [198] used about 5 

times less uranium related to the biomass concentration. As found by Koban and Bernhard 

[161] the occurrence of different lifetimes can be explained by the formation of uranyl 

complexes with different metal-to-ligand ratio, as it was demonstrated for the 1:1 and 1:2 

uranyl-lipopolysaccharide complexes (Table 2.3) [163]. According to this, the U(VI) 

luminescence lifetimes found in the three studies [159, 198], this work] can be explained by 

the formation of two organic uranyl phosphate species, differing in the number of phosphate 

groups coordinated to the U(VI) ion. The data suggest that the formation of these two 

complexes strongly depends on the ratio of uranium to the biomass. At low U:biomass ratio 

preferentially uranyl phosphate complexes exhibiting a lifetime of about 3 µs are build [198] 

whereas at higher U:biomass ratios formation of the long-living (25 to 45 µs) complexes is 
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advanced as well (this study). At further increased ratios the long-living complexes are built 

exclusively [159]. 

To proof that the drying procedure involved in the preparation of the samples did not change 

the speciation of the formed uranium complexes, we also performed TRLF spectroscopic 

analyses of the uranium-treated cells in solution. The luminescence spectra recorded after 

selected delay times from the sample incubated at pH 3.0, representative for both samples, is 

presented in figure 2.5. In contrast to the solid samples, we observed a significant red shift of 

the luminescence emission maxima with increasing the delay time in the liquid samples. This 

observation can be explained by desorbed uranium, which was weakly bound to the cell 

surface functional groups. The released uranyl ions are highly luminescent and as above 

mentioned they exhibit emission maxima which are located at about 10 nm lower 

wavelengths than those of the uranium complexes build by the archaeal cells (Fig. 2.4 and 

Table 2.3).  
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Figure 2.5. U(VI) luminescence spectra recorded after different delay times (0.1 µs, 3 µs, 6 µs, 9 µs, 12 µs, 
15 µs, 25 µs – from top to the bottom) from cell suspensions of S. acidocaldarius DSM 639, treated with U(VI) 
at pH 3.0. Dotted lines indicate the position of the luminescence emission maxima calculated from the 
corresponding solid sample for comparison.  
 

The overlapping luminescence of the formed uranium complexes and the released uranyl ions 

causes a shift of the emission maxima to lower wave length and therewith hindered a proper 
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determination of the luminescence emission maxima of the formed uranium complexes in the 

solutions. Because the free uranyl ion has a luminescence lifetime of about 2 µs its influence 

on the total luminescence spectrum decreases with increasing delay times. For this reason it 

was possible to measure accurately the luminescence emission maxima of the complexes 

exhibiting long luminescence lifetimes (Fig. 2.5 and Table 2.5).    

 

Table 2.5. U(VI) luminescence emission maxima determined after different delay times from cell suspensions 
of S. acidocaldarius DSM 639, treated with U(VI) at pH 3.0.  

Delay time Main luminescence emission maxima [nm] 

0.1 µs 495.0 515.6 539.5 

2.0 µs 495.4 516.3 539.3 

6.0 µs 496.6 517.8 541.7 

9.0 µs 497.8 518.9 541.7 

12 µs 498.0 519.2 542.0 

15 µs 498.2 519.1 541.8 

25 µs 498.5 519.5 542.4 

Solid sample 498.7 520.0 543.6 

 

Time-resolved analyses of the liquid samples demonstrated very similar luminescence 

lifetimes compared to those of the solid cell samples. The calculated luminescence lifetimes 

were 0.22 ± 0.09 µs, 4.43 ± 0.98 µs and 32.3 ± 4.0 µs at pH 1.5 and 0.24 ± 0.09 µs, 5.75 ± 

0.85 µs and 36.3 ± 1.4 µs at pH 3.0, respectively. Additionally we found lifetimes of 2.02 ± 

0.28 µs and 2.13 ± 0.23 µs in the samples incubated at pH 1.5 and pH 3.0, respectively, 

which were assigned to the free uranyl ion.  

The detection of three different U(VI) luminescence lifetimes in the liquid as well as in the 

solid samples and the position of the main luminescence emission bands after longer delay 

times in the liquid samples, strongly suggests that the speciation of the uranium complexes in 

the solid cell samples is identical to that in solution. Therefore we assume that the use of solid 

samples is advantageous as it enables a better determination of the luminescence emission 

maxima of short-living complexes by avoiding the interfering luminescence of the free uranyl 

ion. 
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CONCLUSIONS 

In this work interactions of U(VI) with the acidothermophilic archaeon Sulfolobus 

acidocaldarius DSM 639 were studied at pH values of 1.5 and 3.0 which are in the range of 

the physiological optimum of the strain. Our results demonstrate that the strain possesses a 

rather low tolerance to U(VI) in comparison to the so far studied acidophilic bacteria. The 

strain is able to accumulate limited amounts of uranium of up to 18 mg U/g dry biomass and 

22 mg U/g dry biomass at pH 1.5 and 3.0, respectively. Both, EXAFS and TRLF 

spectroscopic analyses demonstrate that the complexation of U(VI) by the cells of the 

archaeon S. acidocaldarius DSM 639 at both studied pH values occurs via organic phosphate 

groups.  
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ABSTRACT 

Microorganisms, along with the abiotic physicochemical factors, strongly influence migration 

of uranium in nature. In contrast to the well-investigated interactions of bacteria with 

uranium, the influence of archaea on the natural behaviour of this radionuclide is still not 

well-studied. In this work the interactions of the acidothermophilic archaeon Sulfolobus 

acidocaldarius with U(VI) at pH 4.5 and 6 were investigated. We demonstrated that at these 

pH values, U(VI) is rapidly complexed by the archaeal cells. A combination of XAS, FT-IR 

and TRLFS revealed that at pH 4.5 mainly organic phosphate and carboxylic groups are 

involved in the U(VI) complexation. These results are in contrast to those published for most 

bacteria which at this pH usually precipitate U(VI) in inorganic uranyl phosphate phases. As 

demonstrated by TEM, only a minor part of the added U(VI) is biomineralized extracellularly 

in the case of the archaeon studied in this work. Most of the U(VI) accumulates were 

localized in a form of intracellular deposits which were associated with the inner side of the 

cytoplasma membrane. The formation of these deposits is attributed to an uncontrolled 

uptake of U(VI) as a result of the increased cell membrane permeability, most likely caused 

by the stress of the non-optimal pH and uranium toxicity. Observed differences in U(VI) 

bioaccumulation between the studied archaeon and bacteria can be explained by the 

significant differences in their cell wall structures as well as by their different physiological 

characteristics. After the treatment of the archaeal cells with U(VI) at pH 6, however, a 

formation of uranyl phosphate mineral phases, as in the case of most bacteria, was observed. 

Our results demonstrate that at moderate acidic conditions S. acidocaldarius immobilizes 

U(VI) via biosorption and biomineralization processes. 
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INTRODUCTION 

The secure final storage of uranium-containing, radioactive wastes remaining from mining 

and milling activities, as well as from nuclear energy production is the goal of many 

international research programs. In particular the consequences resulting from potential 

release of this highly toxic radioactive heavy metal into the environment are under detailed 

investigation. For the development of effective remediation strategies of contaminated sites 

as well as for reliable risk assessment for future repositories, consolidated knowledge about 

the behaviour of uranium in the environment is necessary. Besides the interactions with 

inorganic components such as minerals and rocks, microorganisms have been shown to play 

an important role in the migration behaviour of this radionuclide [19, 98]. A large number of 

studies were performed to investigate the processes involved in the uranium accumulation by 

bacterial cells, which mainly involves biosorption [100-102], bioreduction [104], and 

biomineralization [88, 89]. Moreover, the speciation of the formed uranium complexes and 

their structural parameters at molecular scale have been determined [83, 84, 154, 199, 200]. 

However, little is known about the mechanisms of the uranium accumulation and the 

structural parameters of the uranium complexes formed by representatives of the second 

microbial domain of life, the “Archaea”. Archaea have been shown to be present in various 

soil and water ecosystems, and they play an important role in the global cycles of matter [79]. 

They differ in many aspects from bacteria and their cell walls are significantly simpler than 

those of bacteria. For example, the cell wall of the thermoacidophilic archaeon Sulfolobus 

acidocaldarius, the strain investigated in this work, consists only of two proteins [201], the 

outermost surface layer (S-layer), called “SlaA”, and the integrated into the cytoplasma 

membrane, anchoring protein, called “SlaB” [81]. No additional cell wall structures, like 

peptidoglycan or lipopolysaccharide layers cover the cells, in contrast to bacteria. Hence, 

differences in the interaction mechanisms with uranium can be expected. The knowledge 

about the interaction mechanisms of archaea with uranium is limited to only a few studies. 

For instance, it was shown, that the hyperthermophilic archaeon Pyrobaculum islandicum has 

the ability to reduce U(VI) to poorly soluble U(IV) [31]. Furthermore, the halophilic 

archaeon Halobacterium halobium accumulates high amounts of this radionuclide via a 

U(VI) complexation by phosphate groups at the cell surface [178]. Recently, we have 

demonstrated the U(VI) complexation via organic phosphate groups by S. acidocaldarius 

under highly acidic conditions between pH 1.5 and 3, which cover the physiological growth 

optimum of this organism [133]. In the present study, the influence on uranium exerted by 

this acidophilic archaeon is investigated at moderate acidic pH values of 4.5 and 6, relevant 
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for many metal-polluted environments where the presence of Sulfolobales already had been 

demonstrated [181, 182]. 

Thermoacidophilic organisms belonging to the genus Sulfolobus, which were originally 

isolated from geothermal springs, are globally distributed in nature [76]. The growth of 

thermophilic Sulfolobus species close to a future repository is feasible because of the heat 

released by the decay of the radioactive waste, which will increase the temperature of the 

surrounding engineered barriers and host rocks. Thermal-mechanical models indicated that 

the temperature in the immediate vicinity of a repository will increase up to more than 100 °C 

within the first 100 years [202, 203]. This heating will favour the growth and multiplication 

of thermophilic microorganisms. As a result of their growth the pH of the local environment 

may be reduced due to the production of H2SO4 [182]. The latter will ensure optimal growth 

conditions for these organisms. Hence they may play an important role in the immediate 

vicinity of a repository and they are relevant for risk assessment of final storage for 

radioactive wastes. Moreover, Sulfolobus strains were also shown to resist moderate 

temperatures without any negative consequences and rapidly start growing at higher 

temperatures, favourable for this archaeal strain [184]. 

The objective of the present work was to investigate the interactions of the archaeal strain 

S. acidocaldarius DSM 639 with uranium at moderate acidic pH values and to elucidate the 

possible role of archaea in the biomineralization of this radionuclide. For this purpose we 

used a combination of wet chemistry, microscopic and spectroscopic methods. 

 

 

MATERIALS AND METHODS 

Cultivation and archaeal cell sample preparation 

S. acidocaldarius DSM 639 was purchased from the “German Collection of Microorganisms 

and Cell Cultures” (DSMZ, Braunschweig, Germany) and cultivated under heterotrophic 

conditions in a mineral salt medium [185] supplemented with 0.1% Bacto™ tryptone and 

0.005% Bacto™ yeast extract. Due to the formation of insoluble precipitates, which might 

have an undesired influence on further analyses, we desist from the addition of FeCl3 with no 

detrimental effect on the growth of the strain. The pH of the medium was adjusted to 2.5 and 

the cultivation temperature was 70 °C. Growth was monitored by measuring the optical 

density at a wavelength of 600 nm. After reaching the end of the logarithmic growth phase 

(OD600 ~ 0.45), the microbial cells were harvested by centrifugation (10000 g, room 
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temperature, 15 min) and parallel portions were rinsed twice with 0.1 M solutions of the 

background electrolyte (NaClO4 or NaCl) with the appropriate desired pH. Afterwards the 

cells were suspended in the corresponding electrolyte solution; the pH of the cell suspensions 

was checked and if necessary adjusted to the desired values. After removing the washing 

solution, uranium (UO2(NO3)2 or UO2Cl2) 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 of the cells (1 to 55 mg dry biomass) were 

incubated in triplicate for 48 hours on a rotary shaker with 10 ml of a 5 · 10-4 M uranyl nitrate 

solution diluted in 0.1 M NaClO4 (pH 4.5). At pH 6 the uranium concentration was reduced 

to 5 · 10-5 M to prevent the formation of uranyl hydroxide precipitates. For a better 

comparison the amount of accumulated uranium was normalized to the dry biomass, which 

was determined by weighting parallel samples after drying for 48 hours at 70 °C. Kinetic 

studies were also performed in triplicate, using a biomass concentration of (0.5 ± 0.05) g/L. 

After defined incubation periods at room temperature the cells were removed from the 

uranium solution by centrifugation and the unbound U(VI) in the supernatant was measured 

by inductively-coupled-plasma mass-spectroscopy using an Elan 9000 system (PerkinElmer, 

Waltham, MA, USA). Control reactions without cells were treated in the same way to 

exclude abiotic uranium removal from the solution, due to precipitation and/or chemical 

sorption at the used test vials. 

 

X-ray Absorption Spectroscopy (XAS) 

For XAS measurements, 50 mg of the cells were treated with U(VI) for 48 hours in a similar 

way to those used for the uranium accumulation studies. After the contact with U(VI) the 

cells were washed twice with 0.1 M NaClO4 at pH 4.5 or 6, respectively. Subsequently they 

were dried for three days at 35 °C in a vacuum oven (Vacutherm VT 6025, 

Heraeus-Instruments, Hanau, Germany). After that the samples were powdered and mounted 

on Kapton tape. Six layers of sample-covered tape were stuck on the top of each other and 

subsequently shrink-wrapped. The described sample preparation based on soft desiccation, 

which does not influence the structural parameters of the formed uranium complexes, was 

developed several years ago by Merroun and co-workers [162] in order to avoid uncontrolled 

biological processes, that can influence the fate of uranium, in the cell samples during 

transportation and possible storage on the way from the laboratory to the X-ray beamline. 
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Such processes could involve, for example, cell lysis resulting in pH changes, release of 

enzymes or even development of non-prokaryotic infections (fungal, for instance). One 

additional advantage of the used sample preparation procedure is that one and the same 

sample can be analysed many times by using different methods. The latter is of great 

importance for analyses of complex systems, as the samples investigated in this study. 

The XAS measurements were performed at the Rossendorf Beamline (ROBL) at the 

European Synchrotron Radiation Facility (ESRF), Grenoble, France [134]. Samples were 

measured at room temperature in fluorescence mode using a Si(111) double-crystal 

monochromator and a 13-element germanium fluorescence detector. The energy was 

calibrated by measuring the yttrium K-edge transmission spectrum of an Y foil and defining 

the first infection point as 17038 eV. Six (pH 4.5) and eight (pH 6) U LIII -edge fluorescence 

spectra were recorded and averaged, respectively. Subsequently dead-time correction was 

applied. The region from about 45 eV below to 60 eV above the absorption edge of each scan 

was isolated for the X-ray Absorption Near Edge Structure (XANES) analysis. The pre-edge 

background was subtracted, and the absorption coefficient was normalized to equal intensity 

at 17230 eV so that all spectra could be plotted on the same scale.   

The EXAFS oscillations were isolated from the raw, averaged data by removal of the 

pre-edge background, approximated by a first-order polynomial, followed by µ0-removal via 

spline fitting techniques and normalization using a Victoreen function. The ionization energy 

for the U LIII -electron, E0, was arbitrarily defined as 17185 eV for all averaged spectra. The 

EXAFS spectra were analysed according to standard procedures using the program 

EXAFSPAK [135]. The theoretical scattering phase and amplitude functions were calculated 

from models via the software FEFF8.2 [136]. All fits included the four-legged multiple 

scattering (MS) path of the uranyl group, U-Oax-U-Oax. The coordination number (N) of this 

MS path was linked to the N of the single-scattering (SS) path U-Oax. The radial distance (R) 

and Debye-Waller factor (σ2) of the MS path were linked at twice the R and σ2 of the SS path 

U-Oax, respectively [137]. During the fitting procedure, N of the U-Oax SS path was held 

constant at two. The amplitude reduction factor was held constant at 1.0 for FEFF8.2 

calculations and EXAFS fits. The shift in threshold energy, ∆E0, was varied as a global 

parameter in the fits. The level of significance for selected 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 as background electrolyte instead of sodium 

perchlorate, and uranyl nitrate was replaced by uranyl chloride to avoid the vibration bands 

arising from perchlorate and nitrate groups. The sample preparation was performed 

analogously to that for XAS measurements. In addition, parallel cell samples were incubated 

at highly acidic conditions (pH 1.5 and pH 3) with and without the addition of uranium 

(0.5 mM). Roughly 10 mg of the dried U(VI)-treated and untreated cell samples were mixed 

with 300 mg potassium bromide, grounded in a high-frequency vibration mill (Perkin Elmer, 

Waltham, MA, USA) and pressed to a translucent tablet at a pressure of 10 Torr under 

vacuum. Spectra were recorded in a frequency range from 4000 cm-1 to 600 cm-1 with a 

spectral resolution of 4 cm-1 using a Vertex 80v vacuum FT-IR spectrometer (Bruker Optics, 

Ettlingen, Germany). A background spectrum (evacuated spectrometer without sample) was 

subtracted automatically from the acquired spectra. Sixty-four scans were averaged for each 

sample. Spectra recording and data evaluation were performed using the software package 

Opus 6.0 (Bruker Optics, Ettlingen, Germany). 

 

Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) 

Small portions of the powdered XAS samples were used for luminescence measurements of 

the uranium complexed with the cells of the studied archaeal strain. The samples were placed 

in a quartz micro cuvette and TRLF spectroscopic measurements were performed at room 

temperature by using home-built equipment. From the sample incubated at pH 4.5, TRLF 

spectra were recorded between 444 and 594 nm using a Nd-YAG laser system (Spectra 

Physics, Santa Clara, CA, USA) [187] with an intensity of 0.3 mJ. The central wavelength of 

the spectrograph was set to 520 nm and the gate width of the ICCD camera was 5 µs 

(complete detection system: HORIBA Jobin Yvon GmbH, Darmstadt, Germany). For 

time-resolved measurements a digital delay generator (DG535, Stanford Research Systems, 

Sunnyvale, CA, USA) was used. Before each series of measurements the background signal 

was measured 2 µs after the laser pulse and afterwards automatically subtracted from each 

spectrum.  

For the sample treated at pH 6, which had a lower uranium concentration, the luminescence 

of the uranium complexes was measured with a Nd-YAG laser system (Inlite II, Continuum 

Electro-Optics Inc., Santa Clara, CA, USA), with an excitation wavelength of 266 nm and a 

significant higher intensity of 1.35 mJ. The central wavelength of the spectrograph (Acton 

Research 1236 OMA 500 mm, Princeton Instruments, Acton, MA, USA) and the gate width 
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of the ICCD camera (Roper Scientific, Princeton Instruments, Stuttgart, Germany) of this 

laser system were 507.3 nm and 20 µs, respectively. TRLF spectra were recorded between 

421 and 600 nm. 

The spectrographs of both systems were calibrated using a mercury lamp with known 

emission lines. Luminescence was excited in both samples by 50 laser pulses. Subsequently, 

101 U(VI) luminescence spectra (each calculated by averaging three single measurements) 

were recorded after defined delay times. For an accurate determination of the luminescence 

lifetime(s) of the uranium complexes two series of measurements were performed for each 

sample. One of them was performed with a step size of the delay time of 200 ns to determine 

uranium species exhibiting short luminescence lifetimes. For the calculation of longer 

lifetimes yet a second series was recorded with delay times of 5 µs and 0.5 µs for the samples 

incubated at pH 4.5 and 6, respectively. The obtained luminescence data were processed by 

using Origin 7.5 (OriginLab Corporation, Northampton, MA, USA) including the PeakFit 

module 4.0. 

 

Enzymatic assay 

The activity of the acid phosphatase (APase) was determined by the “Acid Phosphatase 

Assay Kit” from Sigma-Aldrich (Saint Louis, USA). The assay is based on the enzymatic 

hydrolysis of p-nitrophenyl phosphate to p-nitrophenol, a chromogenic product with an 

absorbance maximum at 405 nm. One unit of APase was defined as the amount of the 

enzyme that hydrolyzes 1 µmol of p-nitrophenyl phosphate per minute. Deviant from the 

manufacturer’s instructions, p-nitrophenyl phosphate was dissolved in 0.1 M NaClO4 and pH 

of the solutions was brought to 4.5 or 6, respectively. In addition, a p-nitrophenyl phosphate 

solution with pH 3 was prepared to measure the enzymatic activity at the physiological pH 

optimum of the investigated strain. For each pH value three samples, each containing 2 mg of 

freshly grown cells of S. acidocaldarius were washed four times with 0.1 M NaClO4 (pH 3, 

4.5 or 6). At each washing step pH was controlled and if necessary readjusted to the required 

values. After that, the cells were suspended in 100 µl 0.1 M NaClO4 with the corresponding 

pH. The cells of three more samples were killed by heating at 121°C for 20 min and 

afterwards studied analogically at pH 3. 50 µl from each of the cell suspensions was 

transferred to 50 µl p-nitrophenyl phosphate solution with the same pH. Control reactions 

without cells were prepared to quantify and later take account of the spontaneous hydrolysis 

of p-nitrophenyl phosphate at the different pH values. After incubation for 30 min at room 
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temperature, the reaction was stopped by the addition of 200 µl 0.5 M NaOH. Subsequently 

the cells were spun down and the supernatants of the samples were used to quantify the 

produced p-nitrophenol at 405 nm. APase activity in the different samples was calculated 

according to the protocol of the manufacturer.  

 

Colorimetric determination of phosphate 

Phosphate was quantified by colorimetric measurements using malachite green. This dye 

complexes inorganic phosphate groups in the presence of molybdate and forms a complex 

which can be determined at a wavelength of 660 nm [139]. The phosphate reagent containing 

ammonium molybdate and malachite green was prepared as described by Ekman and Jäger 

[140]. Eleven potassium dihydrogen phosphate solutions (0 - 20 µM) were prepared and 

served as a standard. For the test about 5 mg of freshly grown cells of S. acidocaldarius were 

suspended in triplicate in 10 ml uranyl nitrate solution. In addition, parallel samples without 

uranium were prepared. Samples were shaken for 48 hours at room temperature. After that 

the samples were centrifuged and the amount of inorganic phosphate in the supernatant was 

determined. For this purpose 100 µl of the phosphate reagent was added to 100 µl of the cell 

supernatants as well as to the standard solutions. Samples were incubated for 20 min at room 

temperature and subsequently the absorption of the complex was measured at 660 nm and 

quantified via the determined standard curve. As a control, phosphate concentrations of the 

initial solutions were checked and corresponding values were subtracted from the 

concentrations determined in the supernatants of the cell samples. 

 

Live/Dead staining 

After the uranium treatments at pH 3, 4.5 and 6 for 48 hours, the archaeal cell suspensions 

were centrifuged at 4 °C and 10000 g for 10 min. After that, the cells were washed twice with 

0.9% NaCl and subsequently suspended in 330 µl of the same solution. 1 µl of the staining 

solution, containing a mixture of two fluorescence dyes (SYTO® 9 and propidium iodide) 

(Live/Dead® BacLightTM Bacterial Viability Kit L-7012, Molecular Probes, Inc., Eugene, 

OR, USA) was added to the samples. After incubation in the dark and on ice for 15 min, the 

samples were centrifuged once again and the supernatant containing the unbound stains was 

removed. Cells were suspended in 25 µl 0.9% NaCl and examined with an Olympus light 

microscope (Olympus Europa Holding GmbH, Hamburg, Germany) - BX-61, combined with 

BX-UCB (control box) and U-RFL-T (power supply for the 100 W mercury lamp) - along 

with the accompanying imaging software “cell^P”. Fluorescence was excited by light with 
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wavelengths between 420 and 460 nm, using a super-wide band filter mirror unit (U-MSWB, 

Olympus Europa Holding GmbH, Hamburg, Germany). 

 

Microscopic analyses 

The mineral formation in the samples of S. acidocaldarius treated with U(VI) was studied by 

using a motorized epifluorescence microscope (Olympus BX-61; Olympus Optical Co. 

GmbH, Hamburg, Germany). Digital pictures of the samples, treated for 48 hours with uranyl 

nitrate solutions (pH 4.5 and 6) and subsequently washed with 0.1 M NaClO4, were taken in 

phase contrast mode. Luminescence of the uranium minerals was excited using a 

fluorescence mirror unit (U-MNU2; Olympus Optical Co. GmbH, Hamburg, Germany) with 

excitation wavelengths between 360 and 370 nm. 

In addition, the cellular localization of the uranium accumulated by the cells was performed 

by using Transmission Electron Microscopy (TEM) combined with Energy-dispersive X-ray 

spectroscopy (EDX) at the “Centro de Instrumentatión Científica” of the University of 

Granada (Spain). For this analysis, each about 5 mg of the cells were treated with 10 ml 

uranyl nitrate solution (pH 4.5). After incubation for 48 hours the archaeal cells were rinsed 

twice with 0.1 M NaClO4, with the corresponding pH. A third washing step was performed 

with 0.1 M sodium cacodylate buffer (pH 5.2) followed by a prefixation with 2.5% 

glutardialdehyde in the same buffer. After that, the samples were washed three times with 

0.1 M cacodylate buffer and postfixed for 60 min at 4 °C in the dark using 1% osmium 

tetroxide in distilled water. The samples were dehydrated with ethanol and subsequently 

infiltrated in a resin (EMbed 812; Electron Microscopy Sciences, Hatfield, PA, USA). After 

polymerization of the resin at 60 °C, ultrathin sections (50-70 nm) were cut using a diamond 

knife on an Ultracut-R microtome (Leica Microsystems, Wetzlar, Germany). The ultrathin 

sections were mounted on copper grids and contrasted with lead citrate according to the 

method described by Reynolds [138]. Parallel TEM samples were prepared which were not 

contrasted with lead citrate. Finally all samples were coated with carbon. TEM observations 

were made using a “High Resolution Philips CM 200” transmission electron microscope at an 

acceleration voltage of 200 kV. EDX analyses, which provide elemental information, were 

performed at the same voltage using a spot size of 7 nm and a live-counting time of 200 s. 
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RESULTS AND DISCUSSION 

U(VI) bioaccumulation  

The studies on the bioaccumulation of uranium showed that the cells of S. acidocaldarius 

accumulate significant amounts of this radionuclide from the acidic solutions. As evident 

from Figure 3.1 the amount of uranium bound to the cells strongly depends on the biomass 

concentration. The negative correlation between these two parameters can be explained by 

the agglomeration of the microbial cells, which reduces the surface contacting with U(VI). 

This was confirmed by microscopic analyses (not shown). For kinetic studies we used a 

biomass concentration of (0.5 ± 0.05) g/L. The analyses demonstrated a rapid complexation 

of uranium by the cells (Fig. 3.2), which is a typical feature of the biosorption process at 

functional groups on the cell surface [19]. 
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Figure 3.1. U(VI) accumulation by the cells of S. acidocaldarius after 48 hours at pH 4.5 and 6 as a function of 
biomass concentration. 
 

Already after an incubation of five minutes significant amounts of U(VI) (7.6 ± 2.2) and 

(10.8 ± 0.7) mg U/g dry biomass were bound by the cells at pH 4.5 and pH 6, respectively 

(Fig. 3.2). Also the binding capacity is stable for some hours at both pH values (Fig. 3.3), a 

significant increase was observed after longer incubations at pH 4.5. The binding capacity of 

the cells after an incubation of 48 hours at this pH was determined to be 

(41.3 ± 3.4) mg/gdry biomass. This value is about twice as high as those U(VI) binding capacities 

determined in our laboratory for the strain under highly acidic conditions [133]. The binding 
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capacity after 48 hours at pH 6 was calculated to be (26.1 ± 1.5) mg U/gdry biomass. However, it 

was limited to this value, due to the lower U(VI) concentration used in this sample. 
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Figure 3.2. U(VI) accumulation by the cells of S. acidocaldarius at 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 at binding-capable functional groups at the cell 

surface, which mainly takes place within the first minutes to hours of incubation, the cells of 

S. acidocaldarius adsorb about (14.6 ± 3.5) mg uranium per gram dry biomass within one 

hour of incubation at pH 4.5 (Fig. 3.2). This value is well in line with the results of U(VI) 

sorption studies performed with the strain at highly acidic conditions [133]. The amount of 

uranium bound to the cells at pH 6 within one hour is higher (~19 mg U/gdry biomass) compared 

to the binding capacity at pH 4.5, which is most likely due to the uranium complexation at 

additional deprotonated and therefore binding-capable functional groups at the cell surface. In 

particular carboxylic groups provided by the negatively charged amino acids of the S-layer 

protein might be involved in the uranium complexation at increased pH values. This 

assumption is supported by titration studies of the cell surface of Bacillus subtilis, 

demonstrating a pKa value of about 4.8 for the carboxylic groups [205]. Further studies of 

uranyl surface complexes on this strain pointed out that the reversible adsorption of UO2
2+ 

onto deprotonated carboxylic groups is the only mechanism that can reasonably explain an 

increase of U(VI) adsorption by increasing the pH in the range between, 2.5 and 5 [155]. 

The capability of U(VI) biosorption demonstrated for the cells of the archaeal strain 

S. acidocaldarius is significantly lower than those determined for the cells of bacteria at 
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corresponding pH values. For instance, it was demonstrated that Chryseomonas sp. 

accumulates about 60 mg U/gdry biomass from a uranyl nitrate solution (Uinit ~0.42 mM, pH 4) 

within one hour [156]. Studies on Bacillus sphaericus ATCC 14577 revealed amounts of 

more than 70 mg uranium which were adsorbed at the cell surface per gram of dry biomass 

(Uinit= 0.14 mM, pH 4.5, biomass concentration = 0.5 g/L) [154]. An even higher binding 

capacity were determined for Pseudomonas fluorescence ATCC 55241 (92 mg U/gdry biomass) 

within an incubation of two hours at pH 5 (Uinit= 0.125 mM) [178]. 

The high uranium binding capacity of bacteria is attributed to the large number of 

uranium-binding ligands of their multilayer cell wall structure [157]. In contrast to that, the 

only cell wall component of S. acidocaldarius is its cytoplasma membrane-anchored surface 

layer (S-layer) [180]. Because of the low content of negatively charged amino acids 

(1.2 mol% aspartate and 1.8 mol% glutamate) and especially because of the absence of 

phosphorylated sites, this glycoprotein should be almost ineffective in uranium complexation. 

Interestingly, Francis and co-workers [178] demonstrated an unusually high uranium binding 

capability for the neutrophilic haloarchaeon Halobacterium halobium (114 mg U/gdry biomass) 

at pH 5, although its cell wall is also limited to a glycosylated S-layer protein. However, in 

contrast to that of S. acidocaldarius, this S-layer is enriched in carboxylic amino acid 

residues [180]. According to Francis and co-workers [178] these negatively charged amino 

acids support proper protein folding in the high salt conditions at which the strain is living. 

Besides that, the high amount of negatively charged amino acids, should be also involved in 

the initial binding of U(VI) by the S-layer of H. halobium, because they represent the main 

binding sites for U(VI) at the studied pH of 5. The final U(VI) accumulation in the strain was, 

however, in a form of deep uranyl phosphate deposits onto the cytoplasma membrane [178]. 

Another reason for the low uranium binding capability of S. acidocaldarius, along with the 

low content of negatively charged amino acids of its S-layer, might be the significantly lower 

amount of polyphosphate granules in its cells in comparison to many other microorganisms 

[193]. The role of these granules in supplying effective uranium-binding orthophosphate 

ligands was demonstrated by Renninger and co-workers [89]. 

The significant increase of the binding capacity after the longer incubation of 48 h at pH 4.5, 

which was not detected in the studies at highly acidic conditions [133], indicated that 

uranium was in this case accumulated by more than one process: a rapid biosorption at the 

cell surface and additional slower processes, which occur at the later stages of the cell 

treatments. 
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XAS 

The X-ray absorption spectra recorded from the uranium complexes formed by 

S. acidocaldarius at pH 4.5 and 6, as well as the corresponding first derivatives of the spectra 

are illustrated in Figure 3.3. For comparison, the X-ray absorption spectra recorded from two 

reference solutions are presented as well. The stock solution of U(VI) was prepared by 

dissolving sodium diuranate in 7 M HClO4. Part of this solution was reduced 

electrochemically to U(IV) at a mercury pool cathode. The uranium oxidation state in the 

solutions was confirmed by UV/Vis spectroscopy (not shown). The spectra obtained from the 

investigated cell samples showed a peak at 17188 eV (dashed line in Fig. 3.3) which is 

assigned to the contribution of the multiple scattering of the two axial oxygen atoms of U(VI) 

[137]. In addition, the maximum of the first derivatives and the intensity maximum of the 

absorption edge, i.e. the white line, were observed in both samples at positions characteristic 

for U(VI) (compare the dotted lines in Fig. 3.3). These findings show that the added U(VI) 

was not reduced in the samples to U(IV).  
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Figure 3.3. Uranium LIII -edge X-ray absorption spectra (top) and their first derivatives (bottom) recorded from 
the uranium complexes formed by S. acidocaldarius at pH 4.5 (orange) and pH 6 (green). The X-ray absorption 
spectra of the reference solutions of U(VI) and U(IV), each at a concentration of 4 · 10-2 M in 1 M HClO4, are 
shown in the figure as well. All spectra were normalized to an equal intensity at 17230 eV. The peak marked by 
the dashed line is assigned the multiple scattering contributions of the axial oxygen atoms of U(VI) and the 
dotted lines represent the peak maxima of the X-ray absorption spectra of U(IV) and U(VI) as well as those of 
their first derivatives. 
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The isolated U LIII -edge k3-weighted EXAFS spectra and their corresponding Fourier 

Transforms (FTs) of the uranium-treated cell samples, along with the best calculated fits are 

illustrated in Figure 3.4. In addition, the spectra of two relevant model compounds, 

UO2-fructose(6)phosphate (organic uranyl phosphate) and meta-autunite (inorganic uranyl 

phosphate) are given for comparison. 
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Figure 3.4. Uranium LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier Transforms 
(right) of the uranium complexes formed by S. acidocaldarius at pH 4.5 and 6 and those of the model 
compounds UO2-fructose(6)phosphate [158] and meta-autunite [169]. The spectra of the uranium complexes 
formed by S. acidocaldarius at pH 1.5 [133] and those formed by the acidophilic bacterial strain A. 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, quantitative fit results were obtained using 

theoretical phase and amplitude functions calculated with the FEFF8.2 code from the crystal 

structure of meta-autunite Ca(UO2)2(PO4)2 · 6 H2O [186]. The EXAFS spectrum of the 

sample incubated at pH 4.5 was fitted using the model described by Merroun and co-workers 

[150]. This model contains fragments of two molecules: meta-autunite and uranyl triacetate. 

The structural parameters obtained from the fitting procedures are summarized in Table 3.1. 

The Fourier-transformed EXAFS data of the sample incubated at pH 4.5 showed FT peaks at 

radial distances of R+∆ ~1.3 Å and R+∆ ~1.8 Å representing the shells of two axial (U-Oax) 

and of about five (NOeq= 5.0 ± 0.6) equatorial (U-Oeq) oxygen atoms at radial distances of 

1.78 Å and 2.35 Å, respectively (the data of the shell fit with only one U-Oeq shell are not 

presented in Table 3.1). However, the large Debye-Waller factor of 0.016 Å2 for the U-Oeq 

shell (not shown) indicated the existence of more than one type of oxygen atoms in the 

equatorial plane. Hence, the U-Oeq shell was split in two components: the first U-Oeq shell 

(U-Oeq1) at distance of 2.33 Å and the second one (U-Oeq2) at a somewhat longer distance of 

2.50 Å. These two shells are not represented as separate peaks in the FT since their distances 

span a R range which is not large enough to be discerned as individual peaks in the EXAFS 

spectrum, for which ∆k = 9.3 Å-1 in accordance with ∆R ≥ π/(2∆k).  

During the fitting procedure the coordination numbers of the two equatorial oxygen shells 

were linked to each other and stabilized to a total number of five, as it was calculated by the 

shell fit with only one U-Oeq shell. The U-Oeq1 bond distance corresponds to the previously 

reported values for oxygen atoms of organic phosphate groups bound to uranyl in a 

monodentate binding mode in the case of Acidithiobacillus ferrooxidans [87, 162]. The high 

similarity of the EXAFS spectra obtained from the uranyl complexes formed by this 

acidophilic bacterium to that of UO2-fructose(6)phosphate (Fig. 3.4), allowed the authors to 

conclude that uranium was bound exclusively by organic phosphate groups [162]. 

Corresponding complexes were also exclusively found in the samples of S. acidocaldarius 

treated with U(VI) at highly acidic conditions (Fig. 3.4, Chapter II) [133]. Assuming the 

presence of corresponding complexes also in the here studied sample incubated at pH 4.5, we 

introduce a shell of phosphorous atoms in the shell fit (Table 3.1). The radial distance 

obtained for this shell was 3.61 Å, which is characteristic for the proposed monodentate 

U(VI) complexation mode [169] and well in line with those radial distances calculated for the 

U-P shells of the uranium complexes formed by S. acidocaldarius at highly acidic conditions. 
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Table 3.1. Structural parameters of the uranium complexes formed by the cells of S. acidocaldarius at pH 4.5 
and 6, as well as those of the two model compounds UO2-fructose(6)phosphate and meta-autunite. 

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) 

UO2-fructose(6)phosphate U-Oax  2.0d 1.77(1) 0.001(1) 0.1(7) 
pH 5.5 [160] U-Oeq1 4.8(5) 2.30(1) 0.020(4)  

      
pH 4.5 U-Oax  2.0d 1.78(1) 0.0026(1) 3.7(7) 

 U-Oax (MS)  2.0d 3.56e 0.0052e  
 U-Oeq1 3(1) 2.33(2) 0.008(3)  
 U-Oeq2 2f 2.50(5) 0.010(2)  
 U-C 1.8(4) 2.91(1)  0.0038d  
 U-P 1.1(5) 3.61(4)  0.0080d  
 U-Oeq1-P (MS) 2.2g  3.71h  0.0080d  
      

pH 6 U-Oax  2.0d 1.77(1) 0.0030(2) -2.6(9) 
 U-Oax (MS)  2.0d 3.54e 0.0060e  
 U-Oeq 4.3(3) 2.25(1) 0.0053(6)  
 U-P 2.8(7) 3.57(2) 0.0080d  

 U-Oeq1-P (MS) 5.6g  3.66h 0.0080d  
      

meta-autunite [169] U-Oax 2.2(1) 1.76 0.0045 -11.0 
 U-Oeq 3.9(2) 2.29 0.0026  

 U-P 2.3(3) 3.60 0.008d  

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Error in coordination number is ± 25% 
b Error in distance is ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 
f Coordination number (N) linked to the N of U-Oeq1 path (NU-Oeq1+NU-Oeq2=5) 
g Coordination number (N) linked twice to the N of the U-P path 
h Radial distance (R) linked to R of the U-P path, according to the used structural model 

     

However, as shown in Figure 3.4, the EXAFS spectrum of the S. acidocaldarius cells treated 

with uranium at pH 4.5 differs from the above mentioned spectra of A. ferrooxidans at pH 2 

and 4.5 as well as that of S. acidocaldarius at pH 1.5. This indicates that at this pH not only a 

monodentate binding of U(VI) to organic phosphate groups occurred. The EXAFS 

parameters of the sample incubated at pH 4.5 are rather complex and suggest, in combination 

with other methods two additional U(VI) complexation modes. As demonstrated by TEM and 

FT-IR (see below) a small amount of the added U(VI) was precipitated in inorganic uranyl 

phosphate phases. Moreover and to a higher extent, carboxylic groups of organic molecules 

at the cell surface are involved in the uranium complexation at this pH (see TRLFS section). 

In accordance, the calculated longer equatorial oxygen bond length of 2.50 Å, is in line with 

previously reported values (2.45 to 2.51 Å) for the radial distance of carbon atoms bound to 

U(VI) in a bidentate binding mode [150, 206]. Consequently, the part of the EXAFS 

spectrum, corresponding to the FT peak at R+∆ ~2.3 Å (radial distance of 2.91 Å) was fitted 

with the scattering contribution of carbon atoms which were bidentately bound to uranium. 
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However, a shell related to bidentate-coordinated carbon atoms should be fitted only after 

thoughtful consideration, since the addition of a corresponding shell also improves EXAFS 

fits, where a corresponding complexation is improbable [158, 207], and even in carbon free 

systems like uranyl hydrate (see the residual in the brownish part of Fig. 3.5). For the latter, 

the reduced error (χ2) calculated by EXAFSPAK decreases from 0.196 to 0.177 by adding 

such a simulated U-“C” shell (Table 3.2). The radial distance (R = 2.92 Å) of this false U-“C” 

shell in uranyl hydrate is very similar to that calculated for the U-C shell of the U(VI) 

complexes built by S. acidocaldarius at pH 4.5. Although the coordination number of the U-

C path, calculated for the U(VI)/S. acidocaldarius sample, is higher (N = 1.8) than that of the 

false U-“C” shell in uranyl hydrate (N = 1.2), this difference is not significant enough to 

confirm by itself the presence of the U-C shell in the studied sample. 
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Figure 3.5. Uranium LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier Transforms 
(right) of uranyl hydrate. Shell fit was performed with the software EXAFSPAK, without (model 1) and with 
(model 2) the addition of a U-C shell, related to bidentate coordinated carbon atoms with a radial distance of 
~2.9 Å (R+∆ ~2.3 Å, highlighted in brownish).  
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Table 3.2. Structural parameters of uranyl hydrate obtained by fitting procedures, performed using 
Fourier-filtered data (R = 0.6 to 3.4 Å) with (model 2) and without (model 1) the consideration of a U-C shell.  

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) χ

2 

model 1 U-Oax  2.0d 1.76(1) 0.0021(1) 3.0(4) 0.196 
(without U-C shell) U-Oax (MS)  2.0d 3.52e 0.0042e   

 U-Oeq1 4.7(3) 2.41(1) 0.0072(5)   
       

model 2 U-Oax  2.0d 1.76(1) 0.0021(1) 2.7(4) 0.177 
(with U-C shell) U-Oax (MS)  2.0d 3.52e 0.0042e   

 U-Oeq1 4.6(2) 2.40(1) 0.0070(5)   
 U-C 1.2(3) 2.91(1)  0.0038d   

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Error in coordination number is ± 25% 
b Error in distance is ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 

 

In order to decide whether the consideration of a U-C shell in this sample is reasonable, we 

performed the so called “F-test” according to Michalowicz and co-workers [204]. This 

statistical test can be used for the comparison of two different EXAFS fitting models and 

evaluating the more likely of them. The EXAFS signal between 3.18 and 12.48 Å-1 was 

Fourier-filtered in the R-range from 0.6 to 3.4 Å and subsequently back-transformed. Shell fit 

was applied for model 1 (without U-C path) and model 2 (with U-C path) on the 

back-transformed EXAFS signal (Fig. 3.5). 

The U-C shell, relevant for the F-test, has the highest backscattering amplitude at lower 

k-values, as it is commonly observed for light backscattering atoms. Therefore we performed 

the shell fitting for model 1 and model 2 with a k1-weighting. The fitted structural parameter 

for these shell fits agree with those obtained for a k3-weighting in the limits of the errors in 

determination of coordination numbers (20%) and radial distances (0.02 Å) (compare 

Tables 3.1 and 3.3). For the given k- and R-interval the number of independent parameters is 

Nind = 2·∆k·∆R/π = 16 [204]. For model 1 (without U-C path) ten parameters were fitted, 

while for model 2 (with U-C path) two additional parameters were included in the fit (NCarbon 

and RCarbon) (Table 3.3). With the number of the fitted parameters the degrees of freedom 

were calculated for both models (ν1 = 6, ν2 = 4). Basing on the reduced standard deviations of 

the two shell fits (∆χ2
ν1 = 7.076 · 10-4 and ∆χ2

ν2 = 2.953 · 10-4) a F-value of F = 2.79 was 

calculated [204]. According to these parameters the probability that model 2 is better than 

model 1 is P = P(F, ν1, ν1- ν2) = P(2.79, 6, 2), i.e. 86%. Hence, model 2 (with U-C path) is, 

with a score of 86%, the more conceivable model. Although the value of 86% is not 

absolutely decisive, we introduced the C backscattering contribution in the shell fit, mainly 
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because this is in accordance with our TRLFS results (see below), which clearly demonstrate 

that in the sample incubated at pH 4.5 U(VI) was complexed by the carboxylic groups of the 

studied archaeal cells. Additional arguments supporting the consideration of the 

C-backscattering contribution in the shell fit of the studied sample can be found in the 

literature. As already mentioned, Fowle and co-workers [155] have demonstrated that at pH 

4.5 most of the carboxylic groups of microbial cell walls exist in their deprotonated form and 

are implicated in U(VI) complexation. In addition, Rossberg and Scheinost [208], studying 

U(VI) interactions with acetic acid, demonstrated by using EXAFS that U(VI) complexation 

by deprotonated carboxylic groups occurs even at pH values below 4.  

The presented results about the U(VI) complexation by S. acidocaldarius at pH 4.5 are in 

contrast to the previously observed pH-independent complexation of U(VI) solely via organic 

phosphate groups by the acidophilic bacterium A. ferrooxidans in the range from pH 2 to 4.5 

(Fig. 3.4) [87, 162]. In addition, the results differ also from those obtained from neutrophilic 

bacteria, which at this pH immobilizes U(VI) predominantly in meta-autunite-like mineral 

phases [70, 83, 199, 200].  

 

Table 3.3. Structural parameters of the uranium complexes formed by the cells of S. acidocaldarius at pH 4.5. 
Fitting procedure was performed using Fourier-filtered data (R = 0.6 to 3.4 Å) with (model 2) and without 
(model 1) the consideration of a U-C shell.  

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) ∆χ

2 
ν 

model 1 U-Oax  2.0d 1.78(1) 0.0026(3) 3.8(7) 7.076 · 10-4 
(without U-C shell) U-Oax (MS)  2.0d 3.56e 0.0052e   

 U-Oeq1 2.5(8) 2.32(1) 0.007(4)   
 U-Oeq2 2.5f 2.48(2) 0.010(4)   
 U-P 1.3(5) 3.59(4)  0.0080d   
 U-Oeq1-P (MS) 2.6g  3.69h  0.0080d   
       

model 2 U-Oax  2.0d 1.78(1) 0.0025(2) 2.2(5) 2.953 · 10-4 
(with U-C shell) U-Oax (MS)  2.0d 3.56e 0.0050e   

 U-Oeq1 3(1) 2.32(1) 0.009(3)   
 U-Oeq2 2f 2.49(6) 0.014(7)   
 U-C 1.9(3) 2.92(1)  0.0038d   
 U-P 0.8(3) 3.62(4)  0.0080d   
 U-Oeq1-P (MS) 1.6g  3.72h  0.0080d   

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Error in coordination number is ± 20% 
b Error in distance is ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 
f Coordination number (N) linked to the N of U-Oeq1 path (NU-Oeq1+NU-Oeq2=5) 
g Coordination number linked twice to the N of the U-P path 
h Radial distance (R) linked to R of the U-P path, according to the used structural model 
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The EXAFS spectrum of the uranium complexes formed by the cells treated at pH 6 differs 

significantly from all above discussed spectra. This spectrum has a high similarity to that 

measured from the inorganic uranyl phosphate mineral, meta-autunite [169, 209]. The 

structural parameters obtained for the uranium complexes formed at pH 6 confirmed this 

result (Table 3.1), e.g. the coordination number of the U-Oeq is nearly four and the radial 

distances of the U-Oeq1 (2.25 Å) and U-P shells (3.57 Å) are, in analogy to those of 

meta-autunite, significantly shorter than those calculated for the organic phosphate 

complexes (Table 3.1) Therefore it is obvious that at this pH most of the added uranium was 

complexed by inorganic phosphate groups. This finding suggested the precipitation of poorly 

soluble uranyl phosphate complexes. We suggest that the inorganic phosphate groups were 

released by the cells of S. acidocaldarius, as a result of the pH stress. Interestingly, the FT 

peak at about R+∆ ~2.3 Å (bond distance of 2.85 Å) was also found in the sample treated at 

pH 6 and the addition of a shell of about one carbon atom at this bond distance improves 

significantly the fit (not shown). However, as above mentioned this alone does not prove the 

bidentate complexation of U(VI) via carbon atoms. And although the carboxylic groups, 

which are present at the cell surface and other cell compounds, are deprotonated at pH 6, the 

obtained EXAFS parameters (short U-Oeq1 bond distance of 2.25 Å, in combination with a 

low Debye-Waller factor) as well as the results of the TRLF spectroscopic studies (see 

below) are inconsistent with the presence of uranyl carboxylate complexes in this sample and 

strongly designate that in this case uranium is exclusively bound via inorganic phosphate and 

precipitated in a form of meta-autunite-like mineral phases.  

 

FT-IR 

The FT-IR spectra of the uranium-treated samples, those of the control samples without 

U(VI), as well as the corresponding difference spectra are illustrated in Figure 3.6 in the 

range from 1800 cm-1 to 800 cm-1.  

All recorded spectra exhibit common absorbance features, which occur independently of the 

pH and the presence of uranium. The first two, most prominent bands located at around 

1655 cm-1 and 1570 cm-1 are characteristic for the amide I and amide II bands of the proteins, 

respectively [210]. They represent the ν(C=O) stretching mode (amide I) and a combination 

of the δ(N-H) bending mode as well as the ν(C-N) stretching mode (amide II) arising from 

peptide bonds. The absorption band located at 1453 cm-1 can be assigned to the bending 

modes of CH2 and CH3 groups [211]. The band around 1235 cm-1 probably attributes to the 
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νas(P=O) mode of phosphate groups [212]. However, contributions from the (N-H) 

deformation mode of the amide group (amide III mode) are also expected in this region [213].  

The IR range between 950 cm-1 and 1150 cm-1 can be attributed to various vibration modes 

arising from functional groups like phosphate and sulphate, as well as from sugar rings [159, 

210-212, 214]. These groups and compounds are characteristic for various cellular 

components, and constitute potential binding sites for uranium or other metals.  
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Figure 3.6. FT-IR spectra obtained from the uranium-treated and untreated cells of S. acidocaldarius at 
different pH values and the difference spectra calculated from the spectra of the U(VI) treated cells minus the 
corresponding spectra of untreated cells ([U]init= 5 · 10-4 M, beside at pH 6: [U]init= 5 · 10-5 M). 
 

The bands at 1720 cm-1 and 1278 cm-1, which are only present as shoulders in the spectra 

recorded at low pH arises from the ν(C=O) and δ(C-O-H) vibration modes of protonated 

carboxylic groups, respectively [215]. The disappearance of these shoulders with increasing 

pH, and the simultaneous appearance of a band around 1394 cm-1, assigned to the νs(COO-) 

mode, indicates the change of the protonation state of the carboxylic groups. [212]. The 

expected band of the νas(COO-) mode (1550 to 1600 cm-1) is hidden under the amide II bands.  
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To clearly determine the chemical groups which are involved in the uranium complexation, 

difference spectra between the uranium-treated cells and the control samples were calculated. 

In all samples, the band of the asymmetric stretching vibration ν3(U-O) of the uranyl ion is 

shifted to lower wavenumbers, compared to that of the unbound uranyl ion [216], confirming 

the complexation of the uranium by the cells. Under strong acidic conditions (pH 1.5 and 

pH 3), the absorption maximum is located at around 920 cm-1 whereas at pH 4.5 the band is 

split into two bands showing up at 919 and 906 cm-1. At pH 6, a single band showing an 

absorption maximum at 907 cm-1 is observed. 

The frequency of the ν3(UO2) mode correlates with the molecular environment of the uranyl 

unit. It is commonly known that an increasing number of electronegative ligands in the 

equatorial plane of the uranyl unit generates an increasing bathochromic shift of the υ3(UO2) 

absorption band compared to the fully hydrated ion [217]. Infrared spectra of uranyl(VI) 

minerals containing relatively strong electronegative ligands and a manifold coordination to 

the uranyl unit, such as carbonate, generally show strongly shifted absorption bands of the 

υ3(UO2) mode [217]. Consequently, the observed bathochromic shift of the uranyl band in the 

spectra at pH 4.5 (split band) and pH 6 obviously indicates an enhanced complexation of the 

uranyl ions. According to the results from XAS experiments, the enhancement of the U(VI) 

complexation, which occurred at pH 6, can be explained by a biomineralization of this 

radionuclide in a form of uranyl phosphate phases. These inorganic phases are obviously 

present also in the sample treated at pH 4.5, in addition to the complexes formed at highly 

acidic conditions (see the split peak in Fig. 3.6). The presence of different uranyl phosphate 

complexes in the samples is verified by the difference spectra which show a significantly 

different band pattern in the spectral region of the phosphate groups between 1250 and 

950 cm−1 at pH values ≥ 4.5, compared to that at highly acidic conditions. At pH 1.5 and 3 

enhanced absorptions were detected in this FT-IR region (Fig. 3.6). The latter is in 

accordance to the difference spectra of the organic uranium phosphate complexes formed by 

three eco-types of the acidophilic bacterial strain Acidithiobacillus ferrooxidans [159]. In 

contrast to this, the difference spectra obtained from the samples incubated at pH 4.5 and 

pH 6 showed reduced absorptions in this region, representing great changes of the origin of 

the phosphate groups. The spectral changes observed by infrared spectroscopy at pH ≥ 4.5 

indicate that a formation of uranyl phosphate mineral phases occurs. 

Moreover, the data suggests the involvement of carboxylate groups in the uranium 

complexation at pH 4.5 due to two significant minima at 1397 cm-1 and 1578 cm-1 in the 
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difference spectra calculated for pH 4.5. Corresponding minima, which are very close to the 

absorption bands of the symmetric double stretching and the antisymmetric stretching modes 

of carboxylate groups, respectively, were not or only very weakly observed in the difference 

spectra of all other samples. From the reduction of these vibration modes due to the addition 

of uranium, the assumed involvement of deprotonated carboxylic groups in the uranium 

complexation at pH 4.5 is supported. 

 

TRLFS 

Another powerful and very sensitive method which allows distinguishing between different 

functional groups implicated in the uranium binding is TRLF spectroscopy. Besides the high 

sensitivity, a big advantage of this method is the possibility to identify and distinguish single 

uranium species in a multi-component system, like microbial cells. In Figure 3.7 the 

luminescence emission spectra of the U(VI) complexes formed by the cells of 

S. acidocaldarius at pH 4.5 and pH 6, respectively, are shown. The corresponding peak 

maxima are summarized in Table 3.4.  
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Figure 3.7. Luminescence spectra of the uranium complexes formed by S. acidocaldarius at pH 4.5 and 6. For a 
better comparison the position of the calculated peak maxima of the sample incubated at pH 4.5 are pointed out 
by dotted lines. The dashed line indicates the position of the luminescence peak exclusively detected in the 
sample incubated at pH 4.5. 
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Table 3.4. Luminescence emmission maxima of the uranium complexes formed by S. acidocaldarius at pH 4.5 
and 6 as well as those of some model compounds and uranium complexes formed by bacteria. 

a Main luminescence emission bands were pointed out by bold letters 
b Error of emission bands is ± 0.5 nm 

 

As evident from these results the recorded spectra exhibit a significant bathochromic shift of 

more than ten nanometres in comparison to the luminescence spectrum of the aqueous uranyl 

ion (Table 3.4). The main luminescence emission maxima of the formed uranium complexes 

at pH 4.5 correspond well to those determined for the complexation of U(VI) by phosphate 

groups of various organic model compounds, such as phospholipids [161], 

lipopolysaccharides [163] and sugar phosphates [158]. Highly similar luminescence emission 

maxima were also found in comparable cell samples of S. acidocaldarius incubated at lower 

pH values of pH 1.5 and 3 [133]. In addition, the emission maxima are well in line with those 

obtained from TRLFS studies of the uranium complexes produced by the bacterial strain 

Bacillus sphaericus [154]. The authors of the two latter studies demonstrated that the added 

Sample Luminescence emission maximaa,b Lifetime(s) 
(µs) 

UO2
2+ (pH 1.5)  473.1 489.5 511.0 534.3 559.6 1.92 ± 0.12 

U(VI) + S. acidocaldarius pH 4.5 469.8 

 

 

482.9 

 

 

499.2 

 

 

520.0 

 

 

542.7 

 

 

568.0 

 

 

0.71 ± 0.03 
4.08 ± 0.72 
10.8 ± 1.4 
39.7 ± 5.9 

U(VI) + S. acidocaldarius pH 6  488.0 502.6 523.1 545.4 574.2 3.97 ± 0.76 

Organic uranyl phosphate complexes        

UO2-fructose(6)phosphate [158]  478.9 497.1 519.0 543.3 568.9 0.13 ± 0.05 

UO2-DMGP [161]  481.5 497.4 519.3 542.4 567.5 1.0; 20 

UO2-[NH3CH2CH2OPO3]
+ [161]  483 498.0 518.4 541.3 565.9 3.1 ± 0.6 

UO2-AMP [159]   497 519 542 569 n.d. 

Uranyl lipopolysaccharide complex        
R-O-PO3-UO2 [163]  481.5 498.1 519.6 542.9 567.5 1.2 ± 0.4 

Bacteria [154]        
Bacillus sphaericus    498 519 542 569 n.d. 

Bacillus sphaericus (decomposed cells)   502 524 548 574 n.d. 

Uranyl phosphate minerals        
saleeite [165]  489.0 501.1 522.1 545.7 570.9 2.3 ± 0.2 

meta-autunite [165]  491.3 501.8 522.9 546.9 572.2 0.74 ± 0.1 

Uranyl carboxylate complexes        
(R-COO)2-UO2 [167] 466.0 481.6 498.1 518.0 539 566 0.7 ± 0.1 

R-COO-UO2 
+ [167]       7.3 ± 1.4 
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uranium was predominantly bound by organic phosphate groups [133, 154]. However, in the 

case of the here studied sample incubated at pH 4.5, the spectrum also exhibits a distinct 

luminescence peak at 469.8 nm, which cannot be assigned to uranyl phosphate complexes. A 

similar peak at about 466 nm was recently detected in luminescence spectra of uranyl 

carboxylate species formed at phosphate-free peptidoglycan [167]. Hence, the detected 

emission maximum may rather be assigned to uranyl carboxylate complexes. 

The U(VI) luminescence properties of the sample incubated at pH 6 differ significantly from 

those of the sample incubated at pH 4.5. The resulting luminescence emission maxima 

exhibit an additional bathochromic shift of 3 to 6 nm in comparison to the spectra of the cell 

sample incubated at pH 4.5. In agreement with the XAS and FT-IR studies the emission 

maxima correspond well to those of meta-autunite (Table 3.4) as well as other uranyl 

phosphate minerals [165]. Almost similar emission maxima were also obtained from 

decomposed cells of Bacillus sphaericus (Table 3.4) [154]. In accordance to our results the 

authors of the latter study assumed that the corresponding luminescence spectrum arises from 

inorganic uranyl phosphate complexes (UO2(H2PO4)2), formed due to the liberation of 

inorganic monophosphate from the decomposed cells of this bacterial strain [154].  

Besides the position of the emission maxima the decay of the luminescence was used to 

distinguish between the different uranyl species present in the archaeal cell samples. The 

luminescence lifetimes were determined by using the function I(t) = I0 + ∑ Ii * exp(-t/τi) 

where I0 is the background signal, measured after a delay time of 2 ms, Ii the signal factors of 

the uranium compounds, τi the corresponding luminescence lifetime and t the delay time. 

The lifetime analysis of the sample incubated at pH 4.5 revealed four luminescence lifetimes, 

which were determined to be τ1= (0.71 ± 0.03) µs, τ2= (4.08 ± 0.72) µs, τ3= (10.8 ± 1.4) µs 

and τ4= (39.7 ± 5.9) µs. However, we could not detect a significant shift of the luminescence 

emission maxima depending on the delay time. With regard to the calculated errors, two of 

the calculated lifetimes (τ2, τ4) are well in line with those determined in studies performed in 

our laboratory on uranium accumulation by S. acidocaldarius at pH values around the 

physiological optimum of this strain (pH 1.5 and 3) [133]. Due to the formation of 

corresponding uranium complexes also at highly acidic conditions and the consistent 

emission maxima, the lifetimes τ2 and τ4 were assigned to organic uranyl phosphate 

complexes, which differ in their metal-to-ligand ratio and/or in the binding of U(VI) to 

deprotonated or protonated phosphate groups as discussed earlier [133]. The lifetime of (4.08 

± 0.72) µs agrees also well to the luminescence lifetimes calculated for the organic phosphate 
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complexes formed by the acidophilic bacterial strains A. ferrooxidans and Thiomonas cuprina 

[198]. Further studies on one of these strains (A. ferrooxidans ATCC 33020) revealed a 

significantly longer lifetime of about 45 µs [159], which is very similar to the longest 

luminescence lifetime τ4 of (39.7 ± 5.9) µs found in this study.  

The uranium species exhibiting luminescence lifetimes of τ1= (0.71 ± 0.03) µs and τ3= 

(10.8 ± 1.4) µs were almost identical to those of the recently investigated uranyl carboxylate 

complexes formed at phosphate-free peptidoglycan [167]. Therefore these lifetimes were 

assigned to uranyl carboxylate complexes causing the luminescence emission maximum at 

469.8 nm. A short luminescence lifetime, comparable to τ1, was also calculated from parallel 

samples incubated under highly acidic conditions (Chapter II). In the latter case, this short 

lifetime was assigned to uranyl phosphate complexes, suggesting that τ1 had also arisen from 

corresponding complexes. However, a bi-exponential decay with similar lifetimes to τ1 and τ3 

was also observed for the U(VI) luminescence between 465 and 470 nm. This finding 

strongly supports the assumption that τ1 and τ3 arose from uranyl carboxylate complexes, as 

this region of the spectrum is exclusively determined by the luminescence of the first 

emission band, which is characteristic for these complexes. Besides this first emission band, 

the remaining spectrum of the uranyl carboxylate complexes is masked by the highly 

luminescent uranyl phosphate complexes. 

For the uranyl complexes formed at pH 6 only one lifetime of (3.97 ± 0.76) µs was 

calculated, which we therefore clearly attribute to the formed uranyl phosphate mineral 

phases. The lifetime agrees well to those obtained from TRLFS studies of various uranyl 

phosphate minerals (Table 3.4) [165]. However, it is also very similar to one of the lifetimes 

calculated from the sample incubated at pH 4.5 (τ2= 4.08 ± 0.72 µs). As mentioned above, a 

very similar lifetime was also calculated from parallel cell samples incubated at lower pH 

values where the presence of corresponding uranyl phosphate mineral phases was excluded 

[133]. This suggests the formation of organic (at highly acidic conditions) and inorganic 

(pH 6) uranyl phosphate species with similar luminescence lifetimes. With regard to this 

finding as well as to the XAS and FT-IR results, it is obvious that at pH 4.5 the calculated 

lifetime of τ2= (4.08 ± 0.72) µs is most likely the result of the decay of these two different 

uranyl phosphate species. Hence, the TRLFS results demonstrate that at pH 4.5 at least four, 

but rather five different uranyl complexes were formed; three different uranyl phosphate and 

two uranyl carboxylate complexes. 
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In contrast to this, the TRLFS studies confirmed the exclusive formation of inorganic uranyl 

phosphate mineral phases at pH 6. Even though this method is outstanding due to its high 

sensitivity, we could not detect any organic uranyl compounds at this pH. This finding, 

combined with the fast removal of uranium from the solution observed at pH 6 (Fig. 3.2), 

suggests that at this pH uranium was initially bound to the functional groups of the cell 

surface biopolymers and after longer incubations complexed by inorganic phosphate groups 

which seems to possess a higher complexing capability than the organic ligands. A similar 

process was recently shown for P. aeruginosa [89]. In this case uranium was initially 

adsorbed to the cells of this bacterial strain in the form of uranyl hydroxides. However, after a 

longer incubation uranium was predominantly complexed by orthophosphate liberated by the 

cells. Our results obtained by a combination of EXAFS-, FT-IR-, and TRLF- spectroscopic 

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

 

Acid phosphatase assay and determination of phosphate concentration 

To clarify the origin of the inorganic phosphate groups which are responsible for the uranium 

complexation, we used an enzymatic assay. It is well-known that inorganic phosphate groups 

were liberated at acidic conditions by the activity of various enzymes summarized as acid 

phosphatases (APases) [218]. A corresponding enzyme had also been purified from 

S. acidocaldarius [33]. The authors of the latter study demonstrated that the isolated acid 

phosphatase of S. acidocaldarius possesses pH and temperature optima of 5 and 70 °C, 

respectively [33]. At moderate temperatures of 30 °C the enzyme has a significantly lower 

but detectable activity, which is about 10% of that at 70 °C. In contrast to this study, we used 

intact cells of S. acidocaldarius for determining the APase activity at room temperature. The 

obtained APase activities at the studied pH values (pH 3, 4.5 and 6) are presented in 

Figure 3.8.  

As evident from the figure, the considerably highest activity was calculated for the sample 

incubated at pH 3, which equates to the physiological optimum of the strain. The reduced 

APase activity at pH 4.5 is most likely a result of the stress due to the non-optimal pH 

conditions. The latter assumption was supported by Live/Dead staining which demonstrated 

an increased rate of cell death (Fig. 3.9). At pH 6, in addition, the enzyme by itself is 

inhibited and possesses a lower activity [33].  
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Figure 3.8. Acid phosphatase activity of S. acidocaldarius at different pH values. Heat-killed cells were used as 
a control to calculate the abiotic conversion of p-nitrophenyl phosphate. 
 

We also determined the amount of orthophosphate in the supernatants of the cell samples 

after incubation for 48 hours in 0.1 M NaClO4 (pH 3, 4.5 or 6) with and without the addition 

of uranyl nitrate (Fig. 3.10). As expected from the APase activity studies, we observed a 

significant release of orthophosphate from the cells into the supernatant at pH 3. The higher 

amounts of phosphate in the control samples incubated at pH 4.5 and 6, compared to that 

incubated at pH 3, are at first view inconsistent with the results obtained by the APase 

activity studies. However, Live/Dead staining demonstrated a significant higher amount of 

cells exhibiting damaged cell envelopes at pH 4.5 and 6 (~45% and ~50%, respectively), 

compared to the sample incubated at pH 3 (~10%) (Fig. 3.9). The increased cytoplasma 

membrane permeability of some cells may lead to an enhanced release of phosphorylated 

organic compounds which serve as substrates for the archaeal APase.  

Although a significant release of inorganic phosphates from the cells was demonstrated at 

pH 3, we observed, considering the error bars, no differences between the uranium-treated 

and untreated cell samples. This finding excludes the formation of uranyl phosphate mineral 

phases at this pH, which is in accordance to spectroscopic studies of the uranium complexes 

produced by S. acidocaldarius at pH 1.5 and 3 [133]. The absence of U(VI) biomineralization 

might be explained by the lower release of orthophosphate and/or a general inhibition of the 

mineral formation at highly acidic conditions. The latter assumption is supported by a recent 
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study demonstrating that uranyl phosphate minerals are rather unstable at acidic pH values 

[86].  
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B

C
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B
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Figure 3.9. Microscopic pictures of S. acidocaldarius stained with the Live/Dead Kit after the treatment with 
uranium at pH 3 (A), pH 4.5 (B) and pH 6 (C) for 48 hours. Pictures were taken at 1000-fold magnification in 
fluorescence mode using a fluorescence mirror unit (U-MSWB; Olympus Optical Co. GmbH, Hamburg, 
Germany) with excitation wavelengths between 420 and 460 nm. For the differentiation of live and dead cells a 
mixture of two stains was used. Green fluorescence is caused by SYTO 9, a stain which generally labels all cells 
in a population. In contrast, the red fluorescent stain, propidium iodide, penetrates only cells with damaged cell 
membranes, causing a reduction in the SYTO 9 fluorescence when both dyes are present. 
 

In contrast to that, the uranium-treated and untreated samples incubated at pH 4.5 and pH 6 

differed significantly from each other. Phosphate concentration in the supernatant of the 

uranium-treated sample incubated at pH 4.5 was reduced to more than 80% compared to the 

control sample. In the sample incubated at pH 6 the difference in phosphate concentration 

was about 65%. This removal of phosphate from the supernatant was assigned to the 

precipitation of inorganic uranyl phosphate complexes in both samples. The reason for the 

lower removal of phosphate from the uranium-treated samples at pH 6, compared to that at 

pH 4.5, is most likely due to lower uranium concentration used at this pH. 

Our findings demonstrate that inorganic phosphate, responsible for the uranium complexation 

at moderate pH values (pH 4.5 and 6), is released by the cells of S. acidocaldarius, as a 
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consequence of both, increased cytoplasma membrane permeability and the APase activity of 

the strain. 
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Figure 3.10 Amount of orthophosphate released by the cells of S. acidocaldarius into the supernatant after an 
incubation of 48 hours in dependency on pH and the presence of uranium. 
 

Microscopic Analyses 

The formed uranyl phosphate minerals were localized by using light microscopy. As evident 

from the results presented in Figure 3.11, the mineral phases formed after 48 hours exhibit a 

needle-like structure with a length of up to 2 µm (Fig. 3.11-A). In addition, they show a green 

luminescence after excitation with ultraviolet light (Fig. 3.11-a), as it is well-known for 

autunite and other secondary uranium minerals [219]. In parallel samples, which were stored 

after the treatments with uranium for a longer time at 4 °C, a further mineralization of U(VI) 

was observed. As shown in Figures 3.11-B and 3.11-b, after two weeks bigger uranyl 

minerals with more complex morphology, consisting of several needle-like crystals, started to 

appear. The formed minerals continued to grow and after six months the single crystals 

exhibited a length of up to 10 µm (Fig. 3.11-C and c). 
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Figure 3.11. Light microscopic pictures of the uranyl phosphate mineral phases formed by the cells of 
S. acidocaldarius at moderate acidic conditions after an incubation for 48 hours (A and a), two weeks (B and b) 
and six months (C and c). All pictures were taken at 1000-fold magnification in phase contrast mode (A, B and 
C) and in fluorescence mode using a filter unit with excitation wavelengths between 360 and 370 nm (a, b and 
c). 
 

In order to improve uranium detection in the samples incubated with U(VI) for 48 hours we 

additionally performed TEM analyses coupled with EDX. By using this method we observed 

in the sample treated at pH 4.5 contrasting electron-dense uranium accumulates, which were 
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localized intracellularly, associated with the cytoplasma membrane (Fig. 3.12-A). These 

deposits probably represent a part of the formed organic uranium complexes and contained 

only low amounts of uranium. Therefore, these deposits were exclusively detected in the 

parallel TEM samples, which were not contrasted with lead citrate (Fig. 3.12-A).  

 

 
Figure 3.12. TEM micrographs of ultra-thin sections of S. acidocaldarius incubated with 0.5 mM U(VI) at 
pH 4.5 for 48 hours. Uranium accumulates were located at the inner surface of the cytoplasma membrane (A) as 
well as in extracellular accumulates (B). EDX-spectra of selected uranium accumulates, marked with 
arrowheads, were recorded to confirm the presence of uranium (a and b). 
 

As evident from the presented EDX spectrum (Fig. 7a), the most likely organic complexes 

consist besides of uranium (U) of phosphorous (P) and oxygen (O). The peaks for C, Cu, Os, 

Pb and Cl are a result from the TEM sample preparation and the copper grid used to support 

the ultra-thin cell sections. The presence of Si results from the oil in the diffusion pump of the 

column of the used TEM system. Such intracellular uranium deposits were exclusively 

detected in apparently empty cells. This indicates that the formation of these uranium 

deposits is a consequence of the increased cytoplasma membrane permeability due to the cell 

death. Overall such uranium deposits were detected in five to ten percent of the cells.  

We did also observe some extracellular uranium-containing complexes most likely 

representing the inorganic mineral phases (Fig. 3.12-B). As evident from the corresponding 
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EDX spectrum they contain high amounts of uranium (U), and as in the case of the organic 

complexes, phosphorous (P) and oxygen (O) (Fig. 3.12-b).  

Hence, TEM studies revealed that the increased binding of this radionuclide which was 

observed after longer incubations of 48 hours at the studied moderate pH of 4.5 is primarily 

based on an uncontrolled uranium uptake by the damaged archaeal cells, which exhibit an 

increased permeability of the cytoplasma membrane, and consequent intracellular U(VI) 

binding by functional groups, provided by the cytoplasma membrane and other cellular 

structures. In addition, and to a much lesser extent, the extracellular precipitation of inorganic 

uranyl phosphate minerals contributed to the increased U(VI) binding after 48 hours. 

As already suggested within the bioaccumulation results, we did not observe uranium 

deposits at the S-layer which is the only cell wall component in the studied archaeon. This is 

in contrast to bacteria which have a thick peptidoglycan layer (in the case of Gram-positive 

bacteria) or a complex multi-layered cell wall (in the case of Gram-negative bacteria) both 

rich in uranium binding ligands, which may protect the bacterial cells from the toxicity of 

uranium [150]. It was approved that the basic function of the S-layer of S. acidocaldarius is 

to keep the cell shape at extreme conditions such as high temperatures (about 70 °C) and 

acidity (pH about 2) [220, 221] but as demonstrated by TEM obviously not to bind metals. 

Unfortunately, our efforts to localize uranium by TEM in the sample incubated at pH 6 failed 

most likely due to ten-times lower uranium concentration used, compared to that used for the 

sample incubated at pH 4.5. The formation of uranium minerals in the sample incubated at 

pH 6 was, however, clearly demonstrated by light microscopy. 

 

 

CONCLUSIONS 

Results obtained in this study allow to conclude that at moderate acidic conditions, typical for 

environments polluted with uranium, U(VI) can be immobilized by thermoacidophilic 

archaeal strains of the species S. acidocaldarius which are indigenous in heavy 

metal-polluted environments. At pH 4.5, U(VI) is bound to organic phosphate groups, which 

are also involved in the U(VI) complexation at lower pH values. In addition, the unusual cell 

wall structure of S. acidocaldarius which in contrast to bacteria consists only of a 

proteinaceous S-layer, allowed the spectroscopic detection and the determination of the 

structural parameters of U(VI) complexes formed by the carboxylic groups. After longer 

incubations at these non-optimal for the archaeal strain conditions an increased cytoplasma 
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membrane permeability was observed, which results in an uptake of U(VI) into the cells and 

a subsequent binding by functional groups of the intracellular structures. TEM also revealed 

extracellular uranium accumulates which might have inorganic origin. However, the 

spectroscopic data clearly demonstrated that the studied archaeal cells bind the main part of 

U(VI) via organic functional groups. This result is in contrast to the previously studied 

interactions of acidophilic bacteria with U(VI), where the binding occurs in a pH-independent 

way, e.g. only organic phosphate groups participate in the complexation process at pH 2 and 

at pH 4.5 as well. Moreover, the described process differs also from the observed 

precipitation of U(VI) mainly in inorganic phosphate phases by all neutrophilic bacteria, at 

this pH. In the case of S. acidocaldarius this function seems to be limited at pH 4.5, maybe 

due to the non-optimal temperature conditions and/or the fact that this archaeon contains less 

polyphosphate bodies which are the source of the enzymatically-produced orthophosphate 

implicated in the process of biomineralization. Therefore, the results of the present study 

suggest that the mechanisms of interaction and detoxification of U(VI) by the cells of the 

studied here archaeal strain S. acidocaldarius differ significantly from both acidophilic and 

non-acidophilic bacteria. At pH 6, however, uranyl phosphate mineral phases were, as in the 

case of most bacteria, the only uranium complexes found after the treatment of the cells with 

U(VI) for 48 hours. This can most likely be explained by the lower amount of uranium in the 

solution along with the higher release of orthophosphate from the cells. 
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ABSTRACT 

U(VI) binding by two cell envelope fractions of S. acidocaldarius, both maintaining the 

shape of the cells, was investigated by using time-resolved laser-induced fluorescence 

spectroscopy and X-ray absorption spectroscopy, combined with biological methods. The 

first fraction, refereed as “SlaA-layer ghosts”, consisted of the outermost proteinaceous 

surface layer of S. acidocaldarius called “SlaA-layer”. The second fraction, refereed as “cell 

envelope ghosts”, consisted of cytoplasma membrane and another inserted in it S-layer 

protein, called “SlaB”, anchoring the SlaA. We demonstrate that at highly acidic conditions 

(pH 1.5 and 3), covering the physiological optimum of the archaeal strain, the “SlaA-layer 

ghosts” do not bind U(VI), while the “cell envelope ghosts” bind U(VI) via organic 

phosphate groups similarly to whole cells. Hence, at acidic conditions the outermost 

SlaA-layer does not provide protective functions against U(VI) to the cells of this acidophilic 

archaeon. 

In contrast to the whole cells, the U(VI) binding mode of the cell envelope ghosts at moderate 

acidic pH (pH 4.5 and 6) is not significantly changed. At these pH values a complexation of 

U(VI) by the SlaA-layer ghosts via its carboxylic groups is stimulated. At these unfavourable 

for S. acidocaldarius conditions the fraction of the extremely stable SlaA-layer ghosts is 

strongly increased due to the death of a considerable part of the cells. The latter indicates that 

in moderate acidic environments the “SlaA-layer ghost” structures may influence migration 

of U(VI).  

 

Keywords: Sulfolobus acidocaldarius, S-layer, Cell envelope ghosts, Interactions with 

U(VI), X-ray absorption spectroscopy, Time-resolved laser-induced fluorescence 

spectroscopy 
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INTRODUCTION 

Highly ordered and self-assembling proteinaceous surface layers (S-layers) are widespread 

structures of the prokaryotic cell envelopes [220-224]. In Gram-positive bacteria they are 

usually anchored to the peptidoglycan and in Gram-negative mostly to their outer membrane 

[91, 224, 225]. In many archaea, as in the case of the studied in the present work 

acidothermophilic crenarchaeon Sulfolobus acidocaldarius, S-layers represent the only cell 

wall component and provide mechanical, osmotic and possibly thermal stabilization of the 

cells, crucial for their survival in harsh environmental conditions [220-222, 226]. Despite 

their occurrence in a wide range of prokaryotes, no uniform function was attributed to the 

known up to date S-layers. For many bacteria, in contrast to most archaea, S-layers are not 

essential for their survival and can be even lost in laboratory. Their maintenance on the cell 

surface in natural conditions can be, however, connected with various important 

environmental functions, such as a barrier for cell-lytic enzymes [223] and shields against 

predators [227]. S-layers support the invasive process of various pathogenic bacteria via their 

protection against humoral immune defence of the infected organisms [228] and play 

important role as a virulence factor [223]. In Bacillaceae S-layers serve as adhesion sites for 

cell-associated exoenzymes [91] or as metal [93, 229-231] and even radionuclide binding 

surfaces [150, 231]. For the latter case an interesting protection mechanism against U(VI) 

toxicity was postulated, which is based on the high uranium binding capacity of the S-layer of 

the uranium waste pile isolate Bacillus sphaericus JG-A12 [150]. The authors of the latter 

study demonstrated that after the saturation with uranium the S-layer was discarded from the 

cell surface and replaced by newly-synthesized S-layer lattices which continue to bind the 

radionuclide [150]. 

It was published that the S-layers of most bacteria living at moderate conditions possess 

tetragonal (p4) or oblique (p2) lattices regularity, while the S-layer lattices of extremophilic 

archaea usually exhibit p6- or p3-symmetry [220] and as a rule they are much more stable 

[226]. Their function as an exoskeleton structure, which gives the archaeal cells defined and 

invariable shape at various harsh conditions was recently postulated [221]. The possible 

function of archaeal S-layers against toxic metals and radionuclides was not yet studied.  

The cells of the studied archaeal strain are covered with a detergent-resistant proteinaceous S-

layer, called SlaA-layer [81]. The outermost SlaA-layer possesses p3-symmetry and is fasten 

to the archaeal cells via another, integrated into the cytoplasma membrane, anchoring protein 

[90], recently called SlaB [81]. The SlaA-layer is very stable against high temperature, 

proteases, and detergents. Therefore standard purification procedures result in the isolation of 
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empty SlaA-layer ghosts with the shape of the cells [232, 233]. These ghosts can be only 

mechanically (e.g. via sonication) disrupted in monolayer sheets, which are comparable to 

those yielded usually from bacteria without mechanical disintegration. Due to the extreme 

stability of the SlaA-layer such empty ghosts of S. acidocaldarius may also be present in 

natural systems. 

In this study the interactions were investigated of U(VI) with purified SlaA-layer ghosts and 

with cell envelope ghosts of S. acidocaldarius, consisting of cytoplasma membrane covered 

with SlaB- and SlaA-protein layers. The comparison of the obtained results with those about 

the recently published interactions of whole cells of S. acidocaldarius with uranium [133, 

164] allow to clearly differentiate the role of the SlaA-layer in the bioaccumulation of this 

radionuclide. 

 

 

MATERIALS AND METHODS 

Preparation of the SlaA-layer ghosts and the cell envelope ghosts 

S. acidocaldarius (strain DSM 639) was purchased from the German Collection of 

Microorganisms and Cell Cultures - “Deutsche Sammlung für Mikroorganismen und 

Zellkulturen” (DSMZ, Braunschweig, Germany) and cultivated at pH 2.7 and 70 °C in a 

large-scale fermentation system (Pilot System, Applikon Biotechnology Inc., Foster City, 

CA, USA) equipped with a 70 L bioreactor, a bio-controller (Model ADI 1010), and a control 

unit (ADI 1075) with three pneumatic pumps (acid, base, and antifoam), stirrer controller, 

and rotameters. The automatic control of pH, temperature and dissolved oxygen during the 

fermentation process resulted in an efficient growth of the strain, which assured high yields 

of cell envelope structures. After reaching the end of the logarithmic growth phase 

(OD600 ~0.9), the archaeal cells were harvested by using a continuous flow centrifuge 

(10000 g, 15 min) (CARR® ViaFuge® Pilot 9010, Kendro, Newtown, CT, USA). For cell 

lysis, the biomass was suspended in 10 mM HEPES buffer (pH 7), containing 2 mM EDTA 

and 0.15% SDS, and stirred for one hour at room temperature, according to Michel and 

co-workers [201]. After the addition of 4 mM MgCl2, released DNA was digested by 

DNase I. Preparation of the SlaA-layer ghosts was performed in the following way: To 

achieve complete removal of the cytoplasma membrane and the additionally anchored in it 

SlaB protein, the cell lysate was treated with 2% SDS and stirred overnight. After a 

centrifugation of the suspension (40000 g, 30 min), the lower dark part of the resulting pellet 
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was discarded, whereas the upper white part was suspended in HEPES buffer (pH 7) 

containing 2 mM EDTA and 2% SDS and incubated for 60 min at 60 °C. This washing 

procedure with hot SDS was performed one more time. After that the suspension was 

centrifuged and the upper part of the resulting pellet, consisting of the purified outermost 

S-layer sacculi, i.e. SlaA-layer ghosts, was suspended in distilled water (pH ~6.4). SDS was 

removed from the SlaA-layer ghosts by eight wash steps with distilled water. In order to 

obtain “cell envelope ghosts”, i.e. empty cell sheaths, consisting of the cytoplasma membrane 

covered by the SlaB and SlaA-layers, an aliquot of the thick mucilaginous suspension, 

obtained after a shorter cell lysis (20 min), was directly centrifuged for 30 min at 40000 g 

without any further SDS treatment. After that the upper beige layer was selectively suspended 

and washed five times with distilled water. Both cell envelope fractions were stored at 4 °C 

and microscopically checked for microbial contamination before use.  

 

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

The protein content of both cell envelope fractions (SlaA-layer ghosts and cell envelope 

ghosts) was analysed by using denaturing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) according to Laemmli [131] in a Mini-PROTEAN® II 

electrophoresis cell system (Bio-Rad Laboratories, Munich, Germany). For complete 

solubilisation, the SlaA-layer and the cell envelope ghosts were initially incubated in sodium 

carbonate buffer (20 mM, pH 10) for 20 min at 45 °C according to Grogan and co-workers 

[232] and subsequently heated (95 °C) for 5 min in SDS sample buffer [131]. The proteins 

were separated on a 10% separation gel. Because of the low content of basic amino acids 

(0.3 mol% arginine, 0.3 mol% histidine and 2.2 mol% lysine) [220] the common Coomassie 

Brilliant Blue dye is unsuitable to stain the S-layer protein of S. acidocaldarius. To increase 

sensitivity we stained the SDS gel with colloidal Coomassie Brilliant Blue G-250 [234]. 

 

SlaA-layer stability assay 

The pH stability of the isolated SlaA-layer ghosts was studied in two buffer systems, in order 

to cover a pH range from pH 1 to 12 - Sörensen’s citrate buffer (0.1 M citric acid, 0.2 M 

NaOH; pH adjusted with 0.1 M HCl) and Theorell-Stenhagen-buffer (33 mM citric acid, 

33 mM phosphoric acid, 57 mM boric acid, 34.4 mM NaOH; pH adjusted with 0.1 M HCl). 

200 µg each of the purified SlaA-layer ghosts were suspended in 2 ml of the buffer solutions. 

The tested pH ranges were pH 1 to 4 for Sörensen’s citrate buffer and pH 2 to 12 for the 

Theorell-Stenhagen-buffer (step size in both cases was 0.5). The suspensions were incubated 
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for 48 hours on a rotary shaker at room temperature and afterwards absorption spectra of all 

samples were recorded in the range from 245 to 400 nm using a UV/Vis spectrometer 

(TIDAS 100, J&M Analytik AG, Esslingen, Germany) with the accompanying software 

TidasDAQ. The integration time was set to 250 ms and 20 single spectra were accumulated 

for each sample. Background was recorded by measuring a buffer solution without 

SlaA-layer protein and automatically subtracted from the spectra of all samples. For 

comparison, untreated SlaA-layer ghosts suspended in distilled water and SlaA-monomers 

were measured as well. The latter were produced by a dissociation 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 carried out under inert gas (N2) atmosphere at 

25 °C. About 75 mg SlaA-layer ghosts were suspended in carbonate-free deionised water, 

supplemented with sodium perchlorate to assure an ionic strength of 0.1 M. The suspension 

was initially acidified with carbonate-free HClO4 to a starting pH of about 2.7 and 

subsequently titrated with carbonate-free 10 mM NaOH (Titrisol, Merck, Darmstadt, 

Germany). The pH was continuously measured with a BlueLine 16 pH electrode (Schott, 

Mainz, Germany). The dynamic titration procedure was performed with an automatic titrator 

(TitroLine alpha plus, Schott, Mainz, Germany), monitored by the accompanied software 

(TitriSoft 2.11, Schott, Mainz, Germany), and analysed with the Software Hyperquad2006 

[235]. 

The amount of phosphate groups of the SlaA-protein was quantified by colorimetric 

measurements, according to [140]. Phosphate was released from the SlaA-layer ghosts by 

alkaline hydrolysis. 100 µl 2 M NaOH were added to 100 µl SlaA-layer ghost suspension, 

containing about 4.5 mg SlaA-protein, and subsequently incubated at 100 °C for 15 min. The 

reaction was stopped by the addition of 100 µl 4.7 M HCl. After cooling down to room 

temperature, 100 µl phosphate reagent [140] was added to the samples. After that, they were 

incubated for 20 min at room temperature and subsequently the absorption of the formed 

complex was measured at 660 nm. In addition, the total amount of phosphorous in the 

SlaA-layer ghost fraction was measured using inductively-coupled-plasma 

mass-spectroscopy (ICP-MS) according to Merroun and co-workers [150].  
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Treatments with U(VI)  

Parallel portions of the SlaA-layer ghosts and cell envelope ghosts were rinsed twice with 

0.1 M NaClO4 at pH 1.5, 3, 4.5, and 6, respectively, and after that suspended in the respective 

NaClO4 solution. The pH of the suspensions was checked and if necessary adjusted to the 

desired values. After the complete removal of the washing solution, uranyl nitrate diluted in 

0.1 M NaClO4 with the corresponding pH was added. The final concentration of the 

SlaA-protein in the samples was 0.5 mg/mL and that of uranium was 5 · 10-4 M, beside at 

pH 6, where it was reduced to 5 · 10-5 M to prevent the formation and precipitation of poorly 

soluble uranyl hydroxide species. Samples were incubated at room temperature for 48 hours 

on a rotary shaker. Subsequently, the SlaA-layer ghosts were removed from the solutions by 

centrifugation (30000 g, 30 min) and the unbound uranium in the supernatant was measured 

by ICP-MS using an Elan 9000 system (Perkin Elmer, Waltham, MA, USA). Control 

reactions without SlaA-layer ghosts were treated in the same way to exclude abiotic uranium 

removal from the solution, due to precipitation and/or chemical sorption at the used test vials. 

The amount of accumulated uranium was normalized to the dry biomass, which was 

determined by weighting parallel samples after drying for 48 hours at 70 °C. Isolated cell 

ghosts were treated analogically.  

 

Time-Resolved Laser-induced Fluorescence Spectroscopy (TRLFS) 

After the contact with U(VI) for 48 hours the SlaA-layer ghosts as well as the cell envelope 

ghosts were washed twice with 0.1 M NaClO4 at pH 1.5, 3, 4.5, and 6, respectively, and 

subsequently suspended in the corresponding washing solution. Room temperature 

measurements of the suspensions were conducted in a quartz micro cuvette by using a 

Nd-YAG laser system (Spectra Physics, Santa Clara, CA, USA) [187] with an intensity of 

0.3 mJ. The central wavelength of the spectrograph was set to 520 nm and the gate time of 

the ICCD camera was between 30 and 50 µs (complete detection system: HORIBA Jobin 

Yvon GmbH, Darmstadt, Germany). For time-resolved measurements a digital delay 

generator (DG535, Stanford Research Systems, Sunnyvale, CA, USA) was used. The number 

of laser pulses for excitation (30 to 70) was adjusted depending on the amount of uranium in 

the samples. Before each series of measurements the background signal was measured 2 ms 

after the laser pulse and automatically subtracted from the spectra. 

For luminescence measurements at cryogenic conditions, 3 ml each of the SlaA-layer ghosts 

suspensions were filled into plastic cuvettes, subsequently sealed with parafilm and placed 

horizontally in a freezer (-20 °C) over night. Immediately before measurement, the frozen 
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sample was removed from the cuvette and transferred in a specifically designed sample 

holder (metal block with one hole to insert the sample and three windows for laser 

irradiation). Temperature of the measuring system was decreased to 153 K using a cryostat 

(RDK 10-320) with an ultra-pump station (PT50 KIT/DN 40 KF), a compression unit (RW2) 

and a low temperature controller LTC60 (complete system: Oerlikon Leybold, Dresden, 

Germany). A Nd-YAG laser system (Inlite II, Continuum Electro-Optics Inc., Santa Clara, 

CA, USA), providing a wavelength of 266 nm, was used for the luminescence excitation in 

the samples. The central wavelength of the spectrograph was 515 nm and spectra were 

recorded between 429 and 600 nm using an ICCD-camera (model 7467-0008, Princeton 

Instruments, Trenton, NJ, USA) with a gate width of 2 µs. 

The spectrographs of both systems were calibrated using a mercury lamp with known 

emission lines. 101 U(VI) luminescence spectra (each calculated by averaging three single 

measurements) were recorded after defined delay times. Deconvolution of the emission 

spectra and luminescence lifetime calculations were performed using Origin 7.5 (OriginLab 

Corporation, Northampton, MA, USA) including the PeakFit module 4.0. 

 

X-ray Absorption Spectroscopy (XAS) 

For XAS measurements, about 50 mg of the SlaA-layer ghosts were treated with U(VI) for 

48 hours. After the contact with U(VI) the SlaA-layer ghosts were washed twice with 0.1 M 

NaClO4 at pH 4.5 and 6, respectively. Subsequently they were dried for three days at 35 °C in 

a vacuum oven (VT 6025, Heraeus-Instruments Vacutherm, Hanau, Germany). After that the 

samples were powdered and mounted on Kapton tape. Six layers of sample-covered tape 

were stuck on the top of each other and subsequently shrink-wrapped. The XAS 

measurements were performed at the Rossendorf Beamline (ROBL) at the European 

Synchrotron Radiation Facility (ESRF), Grenoble, France [134]. Samples were measured at 

room temperature in fluorescence mode using a Si(111) double-crystal monochromator and a 

13-element germanium fluorescence detector. The energy was calibrated by measuring the 

yttrium K-edge transmission spectrum of a Y foil and defining the first infection point as 

17038 eV. Six U LIII -edge fluorescence spectra of each cell sample were recorded and 

averaged. Subsequently dead-time correction was applied. For XANES analysis the pre-edge 

background was subtracted and the absorption coefficient was normalized to equal intensity 

at 17230 eV so that all spectra could be plotted on the same scale. XANES spectra of two 

reference solutions, one of U(VI) and another one of U(IV), each at a concentration of 
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4 · 10-2 M in 1 M HClO4, were recorded as well. The stock solution of the U(VI) was 

obtained by dissolving sodium diuranate in 7 M HClO4. Part of this solution was reduced 

electrochemically to U(IV) at a mercury pool cathode and reduction was confirmed by 

UV/Vis spectroscopy. The EXAFS oscillations were isolated from the raw, averaged data by 

removal of the pre-edge background, approximated by a first-order polynomial, followed by 

µ0-removal via spline fitting techniques and normalization using a Victoreen function. The 

ionization energy for the U LIII -electron, E0, was arbitrarily defined as 17185 eV for all 

averaged spectra. The EXAFS spectra were analysed according to standard procedures using 

the program EXAFSPAK [135]. The theoretical scattering phases and amplitude functions 

were calculated from a structural model of uranyl triacetate via the software FEFF8.2 [136]. 

During the fitting procedure, the coordination number (N) of the U-Oax single scattering (SS) 

path was held constant at two. N of the U-Oax multiple scattering (MS) path was also fixed at 

a value of two and the radial distance (R) as well as the Debye-Waller (σ2) factor were linked 

twice to those of the U-Oax SS path. The second shell of carbon atoms (U-C2) was fitted with 

the SS path as well as the MS paths, U-C2-C1 and U-C1-C2-C1. During the fitting procedure, 

the coordination numbers of these two MS paths were linked twice and once to that of the 

U-C2 SS path, respectively. The radial distance of both MS paths was linked to that of the 

U-C2 SS path. The amplitude reduction factor was held constant at 1.0 for FEFF8.2 

calculations and EXAFS fits. The shift in threshold energy, ∆E0, was varied as a global 

parameter in the fits. 

 

 

RESULTS AND DISCUSSION 

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

Both isolated cell envelope fractions of S. acidocaldarius were checked microscopically for 

the presence of non-lysed cells or other contaminations. As evident from the light 

microscopic pictures of the two cell envelope fractions shown in Figure 4.1, no intact cells 

were present in the purified SlaA-layer ghost and cell envelope ghost fractions. The ghosts of 

both fractions had a translucent appearance, indicating that they were free of cellular 

compounds and they both possessed the shape and the size of the whole cells, perceptibly due 

to the presence of the outermost SlaA-layer, obviously responsible for the shape and 

mechanical stability of the cells of the studied organism (Fig. 4.1). 
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Figure 4.1. Light microscopic pictures of the S. acidocaldarius cells (A), of the isolated SlaA-layer ghosts (B), 
and of the cell envelope ghosts (C). Pictures were taken at 1000-fold magnification in phase contrast mode.  
 

The protein composition of both cell envelope fractions was checked by using denaturing 

SDS-PAGE. As shown in Figure 4.2, only one band was observed in the lane corresponding 

to the purified SlaA-layer ghosts (Fig. 4.2, lane 1). This band represents the denatured 

SlaA-protein monomers which form the highly arranged protein lattice of the SlaA-layer. The 

molecular mass of about 150 kDa is well in line with those obtained in former studies [188, 

201], as well as with the molecular weight, calculated from the primary structure of the 

SlaA-protein [220, 222].  
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Figure 4.2. SDS-PAGE protein gel stained with colloidal Coomassie Brilliant Blue G-250. 1) 15 µg of the 
SlaA-layer ghosts; 2) 10 µg of the cell envelope ghosts; 3) 30 µg of the cell envelope ghosts; M) protein marker 
- PagerulerTM SM0661 (Fermentas GmbH, Sankt Leon-Rot, Germany) 
 

As anticipated, the same protein band was observed in the sample prepared from the cell 

envelope ghosts (Fig. 4.2, lanes 2 and 3). In addition, several further protein bands were 

present in the cell envelope ghost fraction. The most prominent of these additional bands has 

a molecular mass of about 60 kDa which corresponds to that of the SlaB protein [90] 
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anchoring the SlaA-protein to the cytoplasma membrane. The rest of the protein bands most 

likely represent integral membrane proteins or proteins attached to the cytoplasma membrane.  

The pH stability of the SlaA-layer was studied, because the maintenance of the proteinaceous 

layer of the SlaA-layer ghosts in polymeric form during the U(VI) sorption experiments is of 

importance for drawing correct conclusions to natural systems. Dissociation into 

SlaA-protein monomers may lead to complexation of the added U(VI) at functional groups 

which are masked in the polymeric form. As we used an incubation time of 48 hours for the 

U(VI) sorption experiments, stability of the SlaA-layer was checked after incubations of 48 

hours at different pH conditions. UV/Vis spectroscopy demonstrated that the SlaA-layer 

ghosts were stable at all acidic conditions (down to pH 1) as well as at neutral and slightly 

basic pH conditions up to pH of 8 (Fig. 4.3). 
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Figure 4.3. UV/Vis spectra recorded from the SlaA-layer ghosts after incubations at different pH values for 48 h 
at room temperature. The preservation of the polymeric structure is exemplary shown by the samples incubated 
at pH 1.5, 3, 4.5 and 6 together with an untreated SlaA-layer ghosts sample solved in water (green spectrum). 
The SlaA-monomer control sample (red spectrum) was obtained by incubation of the SlaA-layer ghosts at 60 °C 
in 0.1 M phosphate buffer (pH 9) according to Michel and co-workers [201]. 

 

The spectra recorded from these samples correspond very well to that recorded from native 

SlaA-layer ghosts, suspended in distilled water. As evident from the results presented in 

Figure 4.3, the spectra of the native SlaA-layer ghosts as well as those recorded after 

incubations at pH 1.5, 3, 4.5, and 6 shows an absorption maximum at around 277 nm and a 
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light diffusion at lower wavelengths. At pH 8.5 the SlaA-layer ghost polymers started to 

dissociate into monomers, which is indicated by a reduction of this light diffusion effect. At 

pH 9 and above the SlaA-layer ghosts are dissociated into SlaA-protein monomers, which 

exhibit exclusively the peak at 277 nm (Fig. 4.3). Consistently, the spectra recorded from 

these samples (pH 9 to pH 12) show a high similarity to that of SlaA-protein monomers, 

which were produced from polymers by an incubation at 60 °C in 0.1 M phosphate buffer 

(pH 9) according to Michel and co-workers [201]. An extension of the incubation time from 

48 to 60 hours did not change the results regarding the stability of the SlaA-layer ghosts (not 

shown). These findings indicate that the SlaA-layer ghosts are stable at the experimental 

conditions at which their capability to interact with U(VI) was studied, namely room 

temperature, pH range from 1.5 to 6, and incubation time of 48 hours.  

The results of the potentiometric titration measurements are presented in Figure 4.4. Dynamic 

titration, starting at the acidic pH, ensured that the native, polymeric form of the SlaA-layer 

ghosts was preserved, at least in the most relevant pH range (pH 1 to 6), which was used in 

the U(VI) sorption experiments. The best fit of the titration data was obtained using a 

three-site model. The presence of ionisable groups with pKa values of (4.78 ± 0.08), 

(6.31 ± 0.04) and (8.03 ± 0.09) and corresponding concentrations of (6.83 ± 0.66), 

(11.8 ± 0.2), and (5.74 ± 0.48) mol/molSlaA-protein, was demonstrated.  
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Figure 4.4. Titration results recorded from the proteinaceous SlaA-layer ghosts of S. acidocaldarius in the range 
from pH 2.6 to pH 10.1. The best fit, calculated by using the software “Hyperquad” (continuous line) and the 
corresponding residual (bottom) are shown, as well. 
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With respect to the pH range used for the uranium sorption studies, the functional groups 

represented by the first pKa value of 4.78 ± 0.08 might be partly involved in the U(VI) 

complexation at pH 4.5 and, in particular, at pH 6. This pKa value can be assigned to 

carboxylic groups of aspartic and glutamic acid residues [163, 236]. According to the primary 

structure of the mature S-layer protein [220], 18 aspartic acid residues and 27 glutamic acid 

residues provide a total number of 45 binding-capable, carboxylic groups per mol of 

SlaA-protein. However, the potentiometric titration data suggest, that only 15% of these 

groups are available in the native form of the SlaA-layer ghosts polymers. 

The functional groups represented by the pKa of 6.31 play only a minor role in the U(VI) 

complexation at the studied conditions. The pKa can be attributed to the imidazole ring of 

histidine [236]. The third pKa of (8.03 ± 0.09) most likely concerns amino groups [236] or 

possibly hydroxyl groups [205] which are, however, not relevant at the pH conditions during 

the U(VI) sorption experiments. 

The presence of phosphate groups which may provide binding sites for uranium and other 

heavy metals [150] was checked by colorimetric measurements as well as by phosphorous 

determination using ICP-MS. Both methods clearly demonstrated the absence of phosphate 

groups in the SlaA-layer ghost fraction, which is in agreement with previous studies [222] 

and thus verified the high purity of the SlaA-layer ghosts.  

 

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

As demonstrated in Figure 4.5 the uranium binding capacities of the two cell envelope 

fractions differed significantly. No removal of uranium was observed by the purified 

SlaA-layer ghosts from the solutions at pH 1.5 and pH 3. This indicates that the U(VI) 

complexation in this case was very low and below the detection limit of the technique. Small 

amounts of U(VI) were bound by the SlaA-layer ghosts at pH 4.5 (2.1 ± 0.6 mg/gprotein) and 

pH 6 (5.5 ± 1.1 mg/gprotein). These values correspond to a binding capacity of (1.3 ± 0.4) and 

(3.5 ± 0.7) mol of uranium per mol of SlaA-protein at pH 4.5 and 6, respectively. With 

respect to the total amount of binding capable carboxylate groups (6.83 ± 0.66) mol/molSlaA-

protein, determined by titration studies, only about the half of these available functional groups 

were involved in the U(VI) complexation at pH 6, although all of them should exist in their 

deprotonated form. The latter can be explained by unfavourable placement of some of the 

carboxylic groups in spaces of the highly ordered lattice of the SlaA-layer ghosts which are 

inaccessible for the relatively big uranium atoms. The significantly lower amount of U(VI) 

bound at pH 4.5 can be attributed to the high pKa value of the carboxylic groups of the 
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aspartic and glutamic acid residues of the SlaA-layer protein. Hence, not all carboxylic 

groups of the SlaA-protein in the SlaA-layer ghosts are 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 ghosts, the cell envelope ghosts and whole cells of 
S. acidocaldarius at different pH values (biomass concentration was 0.5 ± 0.05 mg). Incubation time was 
48 hours for the SlaA-layer ghosts and the cell envelope ghosts and one hour for the living cells. 
 

In contrast to the SlaA-layer ghosts, the cell envelope ghosts bind significantly higher 

amounts of U(VI). After 48 hours of incubation at pH 1.5, 3, 4.5 and 6 the bound uranium per 

gram dry biomass of cell envelope ghosts was (14.9 ± 1.5) mg, (13.6 ± 2.4) mg, (17.3 ± 2.1) 

mg, and (22.3 ± 1.9) mg, respectively. These values correspond well to the binding capacity 

of U(VI) by whole cells of S. acidocaldarius at corresponding experimental conditions 

(Fig. 4.5, Chapter II and III). 

The comparison of the binding capacities of the SlaA-layer ghosts, cell envelope ghosts and 

whole cells of S. acidocaldarius demonstrates that at acidic conditions which are optimal for 

the studied acidophilic archaeal strain no complexation of U(VI) occurs by its outermost 

proteinaceous SlaA-layer. At pH 4.5 and 6 the SlaA-layer ghosts bind about 15% and 25% of 

the total amount of U(VI) complexed by the whole cells, respectively. As shown in 

Figure 4.5, the uranium binding capability of the cell envelope ghosts was comparable to 

those of the whole cells. These findings indicate that the main part of U(VI) is complexed by 

S. acidocaldarius at functional groups of the cytoplasma membrane and/or those of 

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

ghosts  

As already demonstrated by the sorption studies, no U(VI) was bound by the SlaA-layer 

ghosts of S. acidocaldarius at highly acidic conditions (pH 1.5 and 3). In line with this 

finding we could only obtain very weak luminescence spectra featuring main emission bands 

around 489, 510, and 532 nm (not shown) which were assigned to traces of the free uranyl 

ion in the solution (Table 4.1), caused by a desorption of weakly bound to the SlaA-layer 

uranium and/or an insufficient washing procedure.  

In contrast to that, the luminescence intensity of the uranium complexes formed at pH 1.5 and 

3 by the cell envelope ghost fraction of the studied archaeon was much higher (Fig. 4.6) 

which is in agreement with the higher amount of uranium bound by this fraction. As evident 

from the peak fitting results presented in Table 4.1, the corresponding luminescence emission 

maxima of these two samples were shifted to the red with about 9 nm compared to those of 

the free uranyl ion. The emission bands correspond well to those of U(VI) complexed at 

phosphate groups of organic compounds, such as sugar phosphates [158], phospholipids 

[161], phosphorylated nucleosides [159], and lipopolysaccharides [163] (Table 4.1).  
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Figure 4.6. Luminescence spectra of the U(VI) complexes formed at the cell envelope ghosts of 
S. acidocaldarius at room temperature at pH 1.5, 3, 4.5, and 6 as well as that of the free uranyl ion. For a better 
comparison the position of the calculated peak maxima of the sample incubated at pH 1.5 are pointed out by 
dotted lines. 
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Table 4.1. Luminescence emmission maxima of the U(VI) complexes formed by the cell envelope ghosts and 
the SlaA-layer ghosts of S. acidocaldarius as well as those of the uranium complexes formed by whole cells of 
the strain and selected uranyl model complexes. 

Sample Emission peak 
below 470 nm 

Main luminescence 
emission maximaa 

Reference 

Uranyl ion       

UO2
2+ (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      

UO2-fructose(6)phosphate  497.1 519.0 543.3 [158] 

UO2-DMGP  497.4 519.3 542.4 [161] 

UO2-AMP  497.0 519.0 542.0 [159] 

R-O-PO3-UO2  498.1 519.6 542.9 [163] 

Whole Cells (Chapter II/III)       

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  502.6 523.1 545.4 Chapter III 

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 acetate (253 K)                                        463.7 495.3 515.2 537.5 b 

(R-COO)2-UO2                              466.0 498.1 518.0 539.0 [167] 

Uranyl hydrolytic species      

(UO2)2(OH)2
2+  498.3 519.7 543.4 [238] 

(UO2)3(OH)5
+  496 514 535 [239] 

a Error of emission bands is ± 0.5 nm  
b Götz, Christian (personal communication) 

 

The luminescence spectra recorded from the cell envelope ghost fraction incubated with 

U(VI) at higher pH values (pH 4.5 and 6) exhibit less-separated peaks (Fig. 4.6). 

Nevertheless, peak fitting results showed highly similar luminescence emission maxima 
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compared to those found at pH of 1.5 and 3 (Table 4.1). This indicates that at the four pH 

values studied (1.5, 3, 4.5, and 6) the added U(VI) was complexed in an analogous way. The 

emission maxima of the U(VI) complexes obtained from the four samples are very similar to 

those formed by the whole cells of S. acidocaldarius at highly acidic conditions (pH 1.5 and 

3) [133], at which U(VI) was complexed solely via organic phosphate groups, and also to 

those formed by the whole cells at the moderate acidic pH of 4.5, at which U(VI) was 

complexed mainly via phosphate groups of organic origin (Table 4.1) [164]. On the basis of 

this finding we propose that the organic phosphate groups play a significant role in the 

complexation of U(VI) by the cell envelope ghosts not only at pH values of 1.5 and 3 but also 

at pH 4.5 and 6. However, it is important to mention that the luminescence emission of 

organic uranyl phosphate complexes is much stronger than that of uranyl carboxylate 

complexes, and for this reason the formation of the latter complexes at pH of 4.5 and 6 may 

be underestimated by using TRLFS.  

In addition to the position of the emission maxima, the decay of the luminescence was used 

to distinguish the uranyl species present in the samples of the treated cell envelope ghosts 

(Table 4.2). In each of the two samples treated with uranium at pH 1.5 and 3 time-resolved 

studies revealed three different luminescence lifetimes - one of about 3 µs, a second one of 

about 25 µs, and a third one of about 100 µs (Table 4.2).  

Table 4.2. Luminescence lifetimes calculated from room temperature TRLF spectroscopic measurements of the 
U(VI) complexes formed at the cell envelope ghosts of S. acidocaldarius at different pH values.   

 pH 1.5 pH 3 pH 4.5 pH 6 

Lifetime 1 (τ1) 2.61 ± 0.25 µs 3.06 ± 0.25 µs 2.81 ± 0.28 µs 2.81a 

Lifetime 2 (τ2) 25.7 ± 1.6 µs 23.0 ± 1.9 µs 24.5 ± 2.1 µs 22.8 ± 3.3 µs 

Lifetime 3 (τ3) 103 ± 6 µs 97.3 ± 5.1 µs 92.1 ± 8.9 µs 108 ± 13 µs 

Lifetime 4 (τ4)   9.15 ± 1.35 µs 12.1 ±1.8 µs 
a Lifetime was fixed during the fitting procedure 

 

This suggests that the same three luminescent uranium species were formed in these two 

samples. Fitting procedures of the recorded spectra after a delay time of 30 µs (excluding the 

short-living species) and after a delay time of 200 µs (including exclusively the spectra of the 

long-living species) resulted in identical positions of the main emission bands, within the 

margin of error (± 0.5 nm). This indicates that the three uranyl species formed at pH 1.5 and 

3 share a high structural similarity. The two shorter lifetimes of about 3 µs and 25 µs are well 

in line with those of uranyl complexes formed by whole cells of S. acidocaldarius at the same 

pH values of 1.5 and 3, in which organic phosphate groups are implicated [133]. The third 
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luminescence lifetime of about 100 µs was, however, not observed in the mentioned study 

performed with whole cells. One possible explanation for this long lifetime could be that the 

luminescence signal represents a uranyl complex formed at a binding site, specifically 

accessible in the cell envelope ghost sample, e.g. at the inner site of the cytoplasma 

membrane, which in the whole cells is inaccessible for U(VI). Moreover it is also possible, 

that some uranyl ions could be captured in the bag-looking ghosts and as a result the ratio of 

U(VI) to phosphate groups could be increased inside the ghosts that can influence the 

structure of the additionally formed uranium complexes as well. On the basis of the above 

mentioned consistency of the main emission bands of this third uranyl species to those of the 

already described two ones, we suggest that U(VI) in it is complexed via organic phosphate 

groups as well. The different lifetimes of the three uranyl phosphate complexes can be 

explained on one hand by the various origins of the organic phosphate groups which can be 

supplied by different types of biomolecules of the cell envelope ghosts, such as 

phospholipids, phosphorylated peptides, or lipopolysaccharides. On the other hand, diverse 

complexes containing different number of phosphate groups coordinated to U(VI) can also 

exhibit different luminescence lifetimes [161, 163].  

The described three uranyl phosphate species were formed also in the cell envelope ghosts 

sample treated with U(VI) at pH 4.5 (Table 4.2). Moreover, an additional U(VI) species 

characterized by a luminescence lifetime of (9.45 ± 1.35) µs was found in this sample. This 

lifetime is similar to that (10.8 ± 1.4) µs calculated recently for the uranyl carboxylate 

complexes formed by whole cells of S. acidocaldarius [164]. In addition, a similar lifetime of 

(7.3 ± 1.4) µs was obtained for the uranyl glutamic acid complexes, formed at phosphate-free 

peptidoglycan predominantly at pH 4.5 (Table 4.1) [167].  

In the case of the cell envelope ghosts sample incubated at pH 6, four lifetimes, three, 

corresponding to the uranyl phosphate species and one for the uranyl carboxylate species, 

were found as well. In this case, however, the shortest lifetime (τ1) had to be fixed during the 

fitting procedure most likely due to a very low amount of the short-living species in this 

sample. 

Hence, the low separation of the absorption peaks in the TRLF spectra of the samples treated 

at pH 4.5 and 6 in comparison to those of the spectra measured from the samples incubated at 

highly acidic conditions (pH 1.5 and 3), might be caused by the overlapping luminescence of 

uranyl phosphate and uranyl carboxylate species. However, another explanation for the shape 

of the recorded spectra could be the formation of aquatic uranyl hydroxide complexes. The 
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latter, highly luminescent complexes are usually formed at moderate acidic pH, possibly after 

desorption of weakly bound to the cell envelope ghosts uranium into the washing solution. In 

particular, the hydrolytic species (UO2)3(OH)5
+ and (UO2)2(OH)2

2+ are formed at the studied 

pH values (Table 1), according to a calculation with the speciation code EQ3/6 using 

uranyl(VI) hydrolysis formation constants of Guillaumont and co-workers [75]. The presence 

of these hydrolytic species would lead to an overlapping of different luminescence emission 

bands (Table 4.1) and therefore could also explain the low separation of the absorption peaks 

in the TRLF spectra at pH 4.5 and 6. The luminescence lifetimes of these hydrolytic species 

had been determined to be about 23 µs ((UO2)3(OH)5
+) and about 9.5 µs ((UO2)2(OH)2

2+) 

[238, 239]. Hence, they agree very well to two of the lifetimes (τ2 and τ4) determined for the 

U(VI)/cell envelope ghosts complexes and can therefore not be distinguished from them. 

The TRLFS results of the uranium complexes formed by the cell envelope ghosts of 

S. acidocaldarius demonstrate that at highly acidic conditions (pH 1.5 and 3) U(VI) is 

predominately bound via organic phosphate groups. With increasing the pH to 4.5 and 6, the 

carboxylic groups of the cell envelope proteins may also play a role in the uranium binding. 

As mentioned above, we were also able to demonstrate uranium binding by the SlaA-layer 

ghost fraction at moderate acidic conditions (pH 4.5 and 6) (Fig. 4.5). On the basis of the 

performed titration analyses (Fig. 4.3) this might be attributed to the increased part of 

deprotonated carboxylic groups in the SlaA-protein at these two pH values. However, we 

were not able to confirm this assumption by performing TRLF spectroscopy measurements at 

room temperature. Both samples exhibit, in general, low luminescence properties and the 

recorded spectra did not allow to detect any protein-bound U(VI) complexes (not shown).  

In order to reduce dynamic quenching effects and therewith to increase the sensitivity of this 

spectroscopic method we performed the TRLF measurements of U(VI)/SlaA-layer ghost 

complexes formed at pH 4.5 and 6 at cryogenic conditions (153 K). As evident from the 

spectra presented in Figure 4.7 there are three clearly distinguishable luminescence emission 

maxima and in both cases (pH 4.5 and 6) they were slightly shifted to the red in a way similar 

to those found for uranyl acetate, measured at room temperature as well as at lower 

temperature (Table 4.1). In addition, a small but distinct peak located at about 463 nm was 

found in both samples which is also considered as indicative for uranyl carboxylate 

complexes (Table 4.1). The U(VI) luminescence decay of the two uranium-treated SlaA-layer 

ghost samples was fitted with a bi-exponential and tri-exponential decay function, 

respectively. From the SlaA-layer ghost sample incubated at pH 4.5, luminescence lifetimes 

of (23.7 ± 1.3) µs and of (234 ± 15) µs were calculated (Table 4.3).  
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Figure 4.7. Luminescence spectra recorded at low temperature (153 K) of the uranium complexes formed by the 
SlaA-layer ghosts of S. acidocaldarius at pH 4.5 and 6. For a better comparison the position of the calculated 
peak maxima of the sample incubated at pH 4.5 are pointed out by dotted lines. 
 

The lifetime of (23.7 ± 1.3) µs is attributed to the formed organic uranyl carboxylate 

complexes, which was confirmed by a lifetime fit of the data between 460 and 466 nm, a 

region of the spectrum which is exclusively influenced by the luminescence of the first 

emission band. A corresponding lifetime of (23.0 ± 2.4) µs was also calculated from the 

SlaA-layer ghosts sample incubated at pH 6, indicating the formation of identical uranyl 

carboxylate complexes. It is important to stress that some aquatic uranyl carbonate 

complexes, which might be formed in the solution at this pH, also can generate an emission 

band between 660 and 665 nm. However, significantly longer luminescence lifetimes of 800 

to 1000 µs were described for these aquatic uranyl carbonate complexes at cryogenic 

conditions in the literature [240, 241]. Moreover the presence of the latter complexes is 

excluded at the lower pH of 4.5 at which, according to calculations with EQ3/6, no aquatic 

uranyl carbonate complexes are formed (Table 1). The extremely long lifetimes of (234 ± 

15) µs and (141 ± 6) µs found in the samples treated at pH 4.5 and 6, respectively, were 

attributed to one or a mixture of uranyl hydrolytic species, as the emission maxima after 

longer delay times are shifted to higher wavelength towards the positions of the uranyl 

hydrolytic species. Moreover, long luminescence lifetimes of more than 100 µs were recently 

described for aquatic U(VI) hydroxide species by using cryo-TRLFS [240].  
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Table 4.3. Luminescence lifetimes calculated from low temperature TRLF spectroscopic measurements of the 
U(VI) complexes formed at the SlaA-layer ghosts of S. acidocaldarius at different pH values.   

 pH 4.5 (153 K) pH 6 (153 K) 
Lifetime 1 (τ1) 23.7 ± 1.3 µs 23.0 ± 2.4 µs 

Lifetime 2 (τ2) 234 ± 15 µs  

Lifetime 3 (τ3)  4.21 ± 0.44 µs 

Lifetime 4 (τ4)  141 ± 6 µs 

 

In addition, one more luminescence lifetime of (4.21 ± 0.44) µs was calculated from the 

sample incubated at pH 6, which could result from both, another aquatic uranyl complex in 

the solution or from an additional U(VI)/SlaA-protein complex formed at these conditions at 

which, as demonstrated by the titration experiments, more carboxylic groups of the 

SlaA-protein are deprotonated. The results demonstrated that the use of cryogenic techniques 

opens up new possibilities to investigate the U(VI) complexation by organic ligands of the 

microbial cell surfaces. 

 

XAS studies 

In order to obtain information regarding the molecular structure of the uranyl carboxylate 

complexes which were formed at pH 4.5 and 6 by the SlaA-layer ghosts, we performed X-ray 

absorption spectroscopy. X-ray absorption spectra can be divided into four sections: The pre-

edge, the X-ray Absorption Near Edge Structure (XANES), the Near Edge X-ray Absorption 

Fine Structure (NEXAFS) and the Extended X-ray Absorption Fine Structure (EXAFS). The 

XANES region (± 10 eV around the absorption edge) provides information about the 

oxidation state of uranium. The samples were measured as dried powder to avoid 

uncontrolled biochemical processes, which can influence the fate of uranium in the samples 

during their transportation to the beamline. The sample preparation is based on soft 

desiccation, which does not influence the structural parameters of the formed uranium 

complexes, as it was demonstrated by Merroun and co-workers [162]. As shown in 

Figure 4.8, the absorption edge, i.e. white line, of the X-ray absorption spectra of both 

samples is located at ~17166 eV and therewith corresponds well to the edge position of the 

U(VI) reference solution. In addition, a peak located at 17188 eV, arising from the multiple 

scattering contribution of the two axial oxygen atoms of U(VI) [137], was observed in both 

spectra (Fig. 4.8, dashed line). These findings clearly demonstrate that uranium is present in 

both samples as U(VI). 
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Figure 4.8. Uranium LIII -edge X-ray absorption spectra recorded from the uranium complexes formed at the 
SlaA-layer ghosts of S. acidocaldarius at pH 4.5 and 6 together with those of two reference solutions, one of 
U(VI) and another one of U(IV). For comparison, the positions of the white line of U(IV) and U(VI) are 
illustrated by dotted lines. The position of the absorption peak (~17188 eV), which represents the multiple 
scattering path of the axial oxygen atoms of U(VI) is marked by a dashed line. 
 

The NEXAFS (10-50 eV above the edge) and EXAFS (from 50 eV above the absorption 

edge) regions comprise information about the local environment of the uranium atoms and 

therewith about the molecular structure of the formed complexes. The isolated U LIII -edge 

k3-weighted EXAFS spectra and their corresponding Fourier Transforms (FT) are shown in 

Figure 4.9. Quantitative fitting of the spectra was performed by using the theoretical phase 

and amplitude functions calculated with the FEFF8.2 code from a structural model of uranyl 

triacetate. The best calculated fits for both samples are also shown in Figure 4.9 and the 

corresponding structural parameters are summarized in Table 4.4.  

As already suggested by the results of the TRLFS studies, the EXAFS spectra recorded from 

both samples strongly resemble to each other, which confirms the formation of highly similar 

uranium complexes at both investigated pH values. In addition, the EXAFS spectra are well 

in line with that of uranyl triacetate and even almost identical with the recently recorded 

EXAFS spectrum of an aquatic 1:2 U(VI)/succinate complex [171] indicating that similar 

U(VI) complexes were formed at the archaeal S-layer. The most prominent peak of both FTs 

located at R + ∆ ~1.3 Å is assigned to the single backscattering mode (U-Oax) of the two axial 

oxygen atoms of U(VI). The multiple scattering path (U-Oax-U-Oax) of this axial oxygen shell 

is also quite important for the fitting of uranyl EXAFS spectra and have an intensity 

maximum in the FT at R + ∆ ~2.9 Å. The second peak of both FTs is attributed to the 
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scattering contribution of the oxygen atoms in the equatorial plane. Fitting results of both 

investigated samples revealed four to five equatorial oxygen atoms at a radial distance of 2.42 

to 2.44 Å. In addition, a shell (U-C1) containing two to three carbon atoms was fitted at a 

radial distance of 2.90 Å. This distance is typical for the U-C shell of U(VI) complexed by 

the two oxygen atoms of a carboxylate group in a bidentate binding mode. A corresponding 

complexation mode was already suggested by the EXAFS studies of the uranium complexes 

formed by whole cells of S. acidocaldarius at pH 4.5 [164]. However, the EXAFS spectra, 

obtained from whole cells, were rather complex and strongly dominated by U(VI), 

monodentately bound to organic phosphate groups. Hence, a proper determination of the 

structural parameters of the U(VI) complexes formed at carboxylate groups was impossible in 

these samples. The formation of comparable complexes, possessing a bidentate coordination 

of uranium by carbon atoms was also demonstrated in studies with bacterial cells and their 

S-layer proteins [150]. 
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Figure 4.9. Uranium LIII -edge k3-weighted EXAFS spectra (left) and the corresponding Fourier transforms 
(right), along with the best shell fits, of the uranium complexes formed at the SlaA-layer ghosts of 
S. acidocaldarius at pH 4.5 and pH 6 as well as those of the two model compounds uranyl disuccinate [171] and 
uranyl triacetate. 
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Table 4.4. Structural parameters of the uranium complexes formed at the SlaA-layer ghosts of S. acidocaldarius 
at pH 4.5 and 6, as well as those of the model compounds uranyl disuccinate [171] and uranyl triacetate. 

Sample Shell Na R (Å)b σ
2 (Å2)c ∆E0 (eV) 

      

pH 4.5 U-Oax 2.0d 1.77(1) 0.0021(1) 2.9(4) 
 U-Oax (MS) 2.0d 3.54e 0.0042e  
 U-Oeq 5.0(4) 2.42(1) 0.014(1)  
 U-C1 2.8(2) 2.90(1) 0.0038d  
 U-C2 2.8f 4.37(1) 0.0038d  
      

pH 6 U-Oax 2.0d 1.77(1) 0.0020(1) 3.4(5) 
 U-Oax (MS) 2.0d 3.54e 0.0040e  
 U-Oeq 4.4(5) 2.44(1) 0.011(1)  
 U-C1 2.6(3) 2.90(1) 0.0038d  
 U-C2 2.6f 4.36(1) 0.0038d  
      

Uranyl disuccinate U-Oax 2.0d 1.77(1) 0.0021(1) 3.5(5) 
 U-Oax (MS) 2.0d 3.54e 0.0042e  
 U-Oeq 4.4(5) 2.44(1) 0.009(1)  
 U-C1 2.3(3) 2.90(1) 0.0038d  
 U-C2 2.3f 4.37(2) 0.0038d  
      

Uranyl triacetate U-Oax 2.0d 1.78(1) 0.0022(1) 4.9(4) 
 U-Oax (MS) 2.0d 3.56e 0.0044e  
 U-Oeq 4.8(3) 2.47(1) 0.0064(6)  
 U-C1 3.1(3) 2.89(1) 0.0038d  
 U-C2 3.1f 4.38(1) 0.0038(1)  

Standard deviations as estimated by EXAFSPAK are given in parenthesis 

a Errors in coordination numbers are ± 25% 
b Errors in distance are ± 0.02 Å 
c Debye-Waller factor 
d Parameter fixed for calculation 
e Radial distance (R) and Debye-Waller factor (σ2) linked twice to R and σ2 of the of the U-Oax path 
f Coordination number (N) linked to the N of U-C1 path 

 

A second shell of carbon atoms (U-C2) assigned to the C-atom bearing the carboxylic group 

was detected at radial distances of 4.37 Å and 4.36 Å in the samples incubated at pH 4.5 and 

6, respectively. As mentioned above, the obtained structural parameters of both samples are 

well in line with respect to the calculated errors. The only differences which can be discussed 

were observed in the U-Oeq shell. At pH 6 a radial distance of 2.44 Å and a Debye-Waller 

factor of 0.011 Å2 were calculated for this shell and agree very well to the structural 

parameters calculated for the recently investigated uranyl disuccinate complex (Table 4.4). 

As pointed out by the authors of the latter study, the uranyl ion is bound bidentately in this 

complex to two carboxylic groups and additionally exhibits two fully hydrated equatorial 

oxygen atoms. This structure was also proposed to be the most probable one for the 1:2 

uranyl acetate complex by using Infrared and Raman spectroscopy [242]. The calculated 

structural parameters of the U(VI)/SlaA-layer ghosts sample incubated at pH 6 (R = 2.44 Å, 

σ2 = 0.011 Å2) can thus be explained by a split U-Oeq shell comprising four equatorial oxygen 

atoms which are bidentately bound to carbon (published characteristic distance ~2.47 Å, 
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[168]) and one or two equatorial oxygen atoms which exists in their hydrated form (published 

characteristic distance 2.41 - 2.42 Å[209, 243]).  

In contrast to that, the lower radial distance (2.42 Å) along with the higher Debye-Waller 

factor (0.014 Å2) calculated for the U-Oeq shell of the U(VI) complexes formed at pH 4.5 

suggest that U(VI) is predominantly bound to only one carboxylate group. This assumption is 

supported by highly similar structural data (R = 2.42 Å, σ2 = 0.012 Å2) obtained for the U-Oeq 

shell of uranyl monoacetate [171]. However, the high coordination number calculated for the 

U-C1 shell is not in agreement with this complexation model. This implicates, probably, 

another complexation mode of uranyl, unknown behind the bidentate binding mode, to the 

carboxylate groups of the SlaA-protein at pH 4.5. Infrared and Raman spectroscopic studies 

of uranyl acetate complexes [244] revealed that U(VI) can be bound to carboxylate groups in 

a bidentate, and additionally in a pseudo-bridging complexation mode. The U-Oeq distance of 

such pseudo-bridged structures was estimated to be 2.35-2.40 Å [245] and could therewith 

explain both, the lower radial distance and the higher Debye-Waller factor of the U-Oeq shell. 

The XAS studies demonstrate that U(VI) forms inner-sphere complexes at the carboxylate 

groups of the SlaA-layer ghosts at the studied moderate acidic conditions, predominantly in a 

bidentate binding mode. According to the structural parameters, the existence of 1:2 uranyl 

carboxylate complexes was demonstrated in the sample incubated at pH 6. Besides these 

complexes, the formation of additional uranyl carboxylate complexes was proposed for the 

sample incubated at pH 4.5. 

 

 

CONCLUSIONS 

In this study, the complexation of U(VI) by two different cell envelope fractions of 

S. acidocaldarius, refereed as “SlaA-layer ghosts” and “cell envelope ghosts” was 

investigated. The comparison of the binding capacity of the two cell envelope fractions 

clearly revealed that the major part of the complexed U(VI) is bound to functional groups of 

the cytoplasma membrane. At highly acidic conditions (pH 1.5 and 3) uranium was only 

complexed by the cell envelope ghosts, whereas no complexation by the purified SlaA-layer 

ghosts was observed. By using TRLFS we demonstrated that organic phosphate groups are 

responsible for the U(VI) complexation by the cell envelope ghosts. These results 

demonstrate that the proteinaceous SlaA-layer of S. acidocaldarius does not play a protective 

role against uranium at highly acidic conditions which correspond to the physiological 
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optimum of the strain. With increasing the pH to 4.5 and 6 the carboxylic groups of the 

proteins from the cell envelope ghosts increasingly contribute in the uranium binding. 

The SlaA-layer ghosts complex U(VI) only at pH 4.5 and 6. At these pH values the 

carboxylic groups of the SlaA-layer are partly (pH 4.5) or completely (pH 6) deprotonated, 

that enables the formation of uranyl carboxylate complexes. The XAS studies revealed that 

the complexation mode of the uranyl complexes formed at the SlaA-layer ghosts corresponds 

well to that of uranyl disuccinate. Thus at moderate acidic conditions, the migration of 

uranium may be influenced by the outermost SlaA-layer. Moreover, the extremely stable 

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

influence uranium behaviour by itself as well. 



                                                                     147 

 

 

Chapter V 

 

 

 

 

 

 

 

 

Formation of magnetic gold nanoparticles using the SlaA-layer of 

Sulfolobus acidocaldarius as a template. 

 

Thomas Reitz, Thomas Herrmannsdörfer, Mohamed L. Merroun, 

Andrea Geissler and Sonja Selenska-Pobell 

 

 

Published in extract in: 

Magnetic Au Nanoparticles on Archaeal S-Layer Ghosts as Templates. 

Sonja Selenska-Pobell, Thomas Reitz, Rico Schönemann, Thomas Herrmansdörfer, 

Mohamed Merroun, Andrea Geißler, Juan Bartolomé, Fernando Bartolomé, Luis Miguel 

García, Fabrice Wilhelm and Andrei Rogalev 

Nanomaterials and Nanotechnology, ISSN: 1847-9804, InTech 

 

 

 

 

 

 

 

 

 



148 Chapter V  

 
ABSTRACT 

Gold nanoparticles were produced by using the S-layer ghosts of the acidothermophilic 

crenarchaeon Sulfolobus acidocaldarius as a template. TEM analyses demonstrated that the 

size of the nanoparticles was about 2 to 3.5 nm. EDX analysis revealed that the nanoparticles 

were associated with the surface layer lattice probably, via the thiol groups, which are 

characteristic for the SlaA-protein. We suggest that the pores of the SlaA-layer lattice most 

likely function as a barrier around the single nanoparticles and prevent further crystal growth. 

XPS analysis clearly demonstrated that the clusters consisted mainly of Au(0). Most 

interesting feature of the formed gold nanoparticles is their magnetic behaviour. As 

demonstrated by SQUID magnetometry, the studied gold nanoparticles possess a magnetic 

moment of order 0.1 µB/Au atom. This is the first study demonstrating the formation of 

magnetic gold nanoparticles on a not-modified, natural biotemplate, in a clean and 

environmental friendly way. 
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INTRODUCTION 

During the last decade, the production, characterization and application of nano-sized 

particles of noble metals have become a fast developing topic of modern science and 

technology. These particles are an effective bridge between bulk materials and atomic 

structures and very perspective for the development of future key technologies. Whereas bulk 

material usually exhibits constant physical properties regardless of its size, due to the low 

number of metal atoms at the surface compared to the number of atoms in the bulk, the 

properties of nanoparticles are often unusual and dependent on their size and shape. These 

variable characteristics of metal particles with a size reduced down to the nanoscale, is based 

on an electron redistribution caused by surface- and quantum-size effects [246]. These 

effects, in turn, result from the increase of the relative amount of metal atoms at the particle 

surface and the reduction of the spatial electronic motion to small regions of space in one, 

two, or three dimensions of these surface-localized atoms. With regard to these effects, the 

catalytic, optical and magnetic properties of nano-scaled particles can be changed by a 

variation of their size and shape [247-250]. Nano-sized noble-metal particles have become a 

subject of intense research and were used for catalysis [247, 251, 252], biomedicine [253, 

254], as optical bio- and chemosensors [255-258], and for environmental remediation [259]. 

They can be formed by chemical procedures, but also by using biological substrates. The 

latter mentioned, organic substrates are advantageous, as they provide a non-toxic and 

therefore environmentally friendly matrix for nanofabrication procedures. Suitable templates 

for the formation of noble-metal nanoparticles and nanoclusters are regularly arranged 

biomolecules, like DNA [260, 261] or self-assembling chaperonins [262], and virus particles 

[263, 264]. Moreover, paracrystalline surface layer (S-layer) proteins, which are found at the 

cell surface of many prokaryotic microorganisms, were also used to produce gold, platinum, 

and palladium nanoparticles [94, 248, 265-269] or even regularly distributed gold 

nanoclusters [233]. Recent studies demonstrated that a size reduction of noble-metal particles 

down to the nanoscale can evoke magnetisms in these intrinsically non-magnetic elements 

[248, 270, 271]. The S-layer protein of the bacterial strain Bacillus sphaericus JG-A12 was 

used as biological matrix for the formation of magnetic Pd and Pt nanoparticles, which had a 

size of about 1 nm. [248]. In contrast to that, no magnetism was observed, studying gold 

nanoparticles formed at the mentioned S-layer protein. Magnetic gold nanoparticles were, up 

to date, exclusively synthesized chemically, stabilized by polymers [272, 273] or Fe3O4 

nanoparticles [274]. In addition, some studies derivatized the gold nanoparticles by thiol 

groups to induce ferromagnetism [275-277], based on the method, first described by Brust 
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and co-workers [278]. The thiol groups were shown to interact strongly with a gold surface 

and induce significant charge redistribution [246], in particular, the generation of extra 

electron holes in the 5d band of the gold atoms located at the surface which were caused by a 

charge transfer to the sulphur atoms of the thiol group [277]. Assuming an important role of 

thiol groups for magnetization of gold, the absence of these groups in the S-layer protein of 

B. sphaericus JG-A12 likely explain the formation of non-magnetic gold nanoparticles. 

Diluweit and co-workers introduced thiol-groups into a S-layer protein of another Bacillus 

sphaericus strain and found out that thiol groups stimulate gold nanoparticle formation [94]. 

However, they did not measure magnetic properties of the formed nanoparticles. 

In this work, the S-layer protein, called “SlaA”, of the acidothermophilic crenarchaeon 

Sulfolobus acidocaldarius was used as a matrix for the formation and stabilization of gold 

nanoparticles. The rationale for choosing this S-layer protein was the indigenous presence of 

two sulphur-containing cystein residues per monomer. These residues provide thiol groups, 

usually not present in bacterial S-layer proteins, which might, on the one hand stimulate Au 

nanoparticle formation and, on the other hand influence the properties of the formed gold 

nanoparticles. 

 

 

MATERIAL AND METHODS 

Gold nanoparticles preparation 

SlaA-layer ghosts of Sulfolobus acidocaldarius (strain DSM 639) were prepared from fresh 

grown cells as described in Chapter IV. For metallization the SlaA-layer ghosts were initially 

incubated in gold(III) solution (HAuCl4, pH ~2.5) and shaken at room temperature for 

24 hours in the dark. All experiments were performed in clean and sterile Greiner 

centrifugation tubes. Necessary glassware was rigorously cleaned in “aqua regia” before use. 

The used gold tetrachloride concentrations were 3 mM and 0.3 mM and those of the 

SlaA-layer ghosts 0.1, 0.25, 0.5, and 1 mg/mL. After the first step of incubation, the 

not-deposited Au(III) was removed by centrifugation and subsequent washing procedures of 

the SlaA-layer pellet with triple-distilled water. The amount of gold removed from the 

solution by the SlaA-layer ghosts at different Au(III) and S-layer concentrations was 

calculated after determination of the unbound gold present in the supernatant by using 

inductively-coupled-plasma mass-spectrometry (ICP-MS). For each single approach, a 

reference sample (gold solution without SlaA-layer ghosts) was prepared, shaken, and 



 Chapter V    151 

measured analogically. Gold reduction was performed by using boron hydride dimethylamine 

(DMAB) in a concentration of 22 mM. Immediately after the addition of DMAB, the 

solutions were centrifuged (9000 g, 20 min) and the obtained pellets were dried under 

vacuum at 35 °C. 

 

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

(EDX) 

For TEM sample preparation, gold nanoparticle-containing SlaA-layer ghosts were dried, 

subsequently dehydrated with ethanol, sonicated and deposited on a carbon-coated copper 

grid. TEM observations were made using a high resolution Philips CM 200 transmission 

electron microscope at an acceleration voltage of 200 kV. EDX analysis, which provides 

elemental information, were performed at the same voltage using a spot size of 70 Å and a 

live counting time of 200 s. TEM studies were performed at the “Centro de Instrumentatión 

Científica” of the University of Granada (Spain). 

 

X-ray Photoelectron Spectroscopy (XPS) 

XPS enables to determine the binding energies of atoms and thus to characterize the bonding 

states. Nanoparticle-containing SlaA-layer ghosts were prepared as described before. Instead 

of drying under vacuum, the obtained pellet was suspended in triple-distilled water. Two 

times about 10 µL of the S-layer suspension was applied and subsequently dried up on 

Si-wafer. XPS measurements were performed using a scanning auger electron spectrometer 

(Microlab 310F, Fisons, Ipswich, UK) with field-emission cathode and hemispherical sector 

analyser with accessory XPS-unit (Al/Mg - X-ray tube). The X-ray spot had a size of about 

2 x 3 mm. Measurements were conducted in CAE mode using a pass energy of 10 eV. The 1s 

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

 

Magnetization measurements 

Magnetization measurements were performed using a Superconducting QUantum 

Interference Device (SQUID) magnetometer. This method allows for measuring the total 

magnetic moment of a sample, including all atomic and molecular magnetic contributions. A 

small part of the prepared cell pellets was fixed in a specially designed sample holder. During 

the measurement, the magnetic field was held constant (B0 = 2 T) in the superconducting 

magnetic field coil while the sample was consistently moved through a pick-up coil system of 

the flux transformer connected to the SQUID. Magnetization data were taken at temperatures 
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1.8 K < T < 300 K using a liquid-He cooled variable-temperature insert installed in the 

commercial SQUID-magnetometer setup (MPMS, Quantum Design, Inc., San Diego, USA). 

In order to scale the measured magnetic moments on the amount of substance, the weight of 

the sample was determined. For calculating the magnetic moment arising from each single 

gold atom, the proportion of gold in the sample was additionally calculated on the basis of the 

ICP-MS results. 

 

 

RESULTS AND DISCUSSION 

Au(III) complexation 

The calculated amounts of Au(III) associated with the SlaA-layer in dependency on the 

concentration of gold in the solution, as well as on that of the SlaA-layer ghosts in the 

sample, are presented in Figure 5.1.  
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Figure 5.1. Amount of Au(III) associated with the SlaA-layer ghosts in dependency on the initial gold- and 
S-layer concentration after incubation for 24 hours (bottom). In the upper part of the figure the corresponding 
relative amount of remaining Au(III) in the solution is plotted. 
 

The underlying mechanism for the complexation of Au(III) is not yet clear. A covalent 

binding of Au(III) to functional groups of the SlaA-protein, might be excluded, as these 

groups are present in their protonated form at the studied pH conditions. However, a link 

between gold and sulphur atoms at a comparably low pH of 3 has been suggested by previous 
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investigations on Au(III) sorption on seaweed waste [279]. In this case the proposed 

mechanism for Au binding involves a reduction of gold by surface components of the 

biosorbent, followed by the retention of the ionic Au(I) species at the sulphur-containing 

sites. A similar mechanism might underlie the gold deposition at the SlaA-layer. 

As evident from Figure 5.1, the removal of gold from the solution strongly depends on both 

parameters, the initial gold concentration and the SlaA-layer ghost concentration. A reduction 

of the concentration of the SlaA-layer ghosts in the sample resulted in a more efficient gold 

complexation. The reason for this is the aggregation of the SlaA-layer ghosts at increased 

concentrations, limiting the surface and therewith the deposition sites. At the lower gold 

concentration (0.3 mM) the removal of Au(III) from the solution by the SlaA-layer ghosts 

was significantly reduced. This finding is on the first view rather incomprehensible, as a large 

amount (70 to 90%) of the Au(III) was still available in the solutions after the incubation 

(Figure 5.1, top). The most plausible explanation for this is that the gold cations were caught 

in the SlaA-layer sacculi and kept within them by weakly, non-covalent interactions. 

Assuming that, the amount of gold associated with the SlaA-layer sacculi strongly depends 

on the initial Au(III) concentration, as this parameter predominantly determines the number 

of gold atoms which diffuse into the SlaA-layer sacculi and could be entrapped within. To 

what extent the amount of initially complexed Au(III) is relevant for the generation of 

magnetic properties in the formed nanoparticles is not yet examined. However, a 

corresponding correlation is conceivable due to the fact that we observed no magnetic 

properties in a sample with a lower gold/S-layer proportion (35 mg/gSlaA-layer). For the 

production of magnetic gold nanoparticles, initial gold- and SlaA-layer ghost- concentrations 

of 3 mM and 0.1 mg/mL, respectively, were shown to be suitable. We also checked whether 

the pH of the gold solution has an influence on the initial Au(III) complexation and, as a 

consequence of this, possibly on the magnetic behaviour of the formed gold nanoparticles. 

However, we do not observe any significant differences in both parameters, using HAuCl4 

solutions at pH values between pH 2.5 and 7.5 (not shown). 

 

Gold reduction 

After the initial retention of Au(III) within the SlaA-layer ghosts and the removal of the 

unbound gold, the noble-metal in the sample was chemically reduced to its metallic form by 

DMAB. Immediately after the addition of the electron donor DMAB, the colour of the 

SlaA-layer suspension changed from pale yellow to pale purple. This observation confirmed 

the formation of gold nanoparticles and is based on oscillation changes of the conduction 



154 Chapter V  

 
band electrons (surface Plasmon oscillations) [280]. The colour of gold nanoparticles in 

transparent solution depends on the shape and the size of gold nanoparticles, because these 

parameters determine the surface plasmon resonance frequencies as well as the width of the 

plasmon absorption band [281].  

 

Characterization of the gold nanoparticles 

The formed gold nanoparticles were visualized by TEM coupled with EDX. Gold 

nanoparticles were distributed rather irregularly at the S-layer lattice and did not reveal a 

regular pattern (Fig. 5.2).  

 

 
Figure 5.2. Transmission electron micrograph and a representative EDX spectrum of gold nanoparticles formed 
at the SlaA-layer of S. acidocaldarius.  
 

This finding is in agreement with the observation made by Mark and co-workers who 

investigated the formation of self-assembled, ordered arrays of gold nanoparticles using the 

S-layer of S. acidocaldarius [233]. In contrast to our approach, the authors of the latter study 

used another strategy for Au nanocluster formation: S-layer-coated TEM grids were floated 

for 30 min with pre-synthesized, citrate-capped gold nanoparticles with a size of about 5 nm. 

However, as mentioned above, an irregular distribution of gold nanoparticles was observed, 

very similar to the results of our nanocluster formation procedure. 
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The recorded EDX spectra exhibit energy peaks which are specific for gold, as well as for 

carbon, oxygen, sulphur and copper (Fig. 5.2). The carbon as well as the copper peak arises 

from the carbon-coated copper grid supporting the TEM sample. The elements oxygen and 

sulphur are structural components of the SlaA-protein. The large sulphur peak suggests that 

the gold nanoparticles are associated with the SlaA-protein ghosts via the sulfhydryl group of 

the protein. The size of the formed particles varied between 1.8 and 4 nm, whereby most 

particles exhibit diameters between 2 and 3.5 nm (Figure 5.3, bottom).  
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Figure 5.3. Approximated size of the gold nanoparticles formed at the SlaA-layer of S. acidocaldarius, 
determined by transmission electron microscopic analysis. 
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X-ray Photoelectron Spectroscopy (XPS) was used to differentiate the part of metallic gold 

from the amount of Au(III) in the samples. The spectrum shows a rather low signal of the 

gold double-peak, due to the low amount of gold associated with the SlaA-layer (Figure 5.4). 

With regard to the position of the 1s peak of carbon the measured signal was shifted about 

4 eV to higher binding energies.  

 

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

Nevertheless, the position of the Au 4f (7/2)-peak around 84 eV (~88 eV in Figure 5.4) 

clearly demonstrates that most of the gold is present in the samples in its metallic form: 

position of Au 4f (7/2) according to the literature [282]: 84.0 eV (metallic); 85.9 eV (in 

Au2O3). This finding differs significantly from the partial reduction of Au(III) to Au(0) found 

in gold nanoparticles formed at the S-layer protein lattice of the bacterial strain Bacillus 

sphaericus JG-A12 [266]. The authors of the latter study demonstrated that only about 40% 

of the gold in the samples existed in a form of Au(0). The zero-valent oxidation state of gold 

additionally supports the assumption that the gold-thiol linkage does not have the 

characteristics of gold sulphide and suggest another complexation mode. 
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Magnetic properties of the gold nanoparticles 

Magnetic properties of the formed nanoparticles were investigated by using SQUID 

magnetometry - a very sensitive method, which is able to measure extremely weak magnetic 

fields as well as small magnetic moments. 

 

 
Figure 5.5. Magnetic moments of the gold nanoparticles formed at the SlaA-layer of S. acidocaldarius, scaled 
to one gold atom (left) and to the total weight (right). In addition, the SQUID spectrum obtained from a non-
magnetic reference sample, differing from the magnetic sample by a significant lower amount of gold, is 
presented. 
 

The results presented in Figure 5.5 demonstrate that the studied gold nanoparticles are 

paramagnetic and possess a magnetic moment of about 0.1 µB per gold atom. Interestingly, 

no magnetic properties were observed in a reference sample, differing from the magnetic 

sample by a significantly lower Au(III) deposition (~ 30% of that, calculated for the magnetic 

sample). Comparable results, demonstrating the absence of magnetism, also arose from gold 

nanoparticles formed on the S-layer of the above mentioned B. sphaericus S-layer, which 

possesses no sulphur. 

As a control, all samples were checked for iron impurities, which could skew magnetic 

results. The amount of iron determined by ICP-MS was in each sample below the detection 

limit confirming that that the measured signals arise from the gold nanoparticles. However, 

we observed no magnetic properties in a reference sample, differing from the magnetic 

sample by a significant lower amount of gold (35 mg/gSlaA-layer), initially associated with the 

SlaA-biopolymer (Figure 5.5). The amount of gold initially bound by the SlaA-layer likely 

influences the size of the later formed gold nanoparticles and as a consequence of this plays a 

decisive role for the occurrence of magnetic properties. In addition, no magnetic properties 

were observed in gold nanoparticles formed on the already mentioned S-layer protein of 
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B. sphaericus JG-A12, which does not possess cystein residues, and therefore without thiol 

groups (not shown). We suggest that the described magnetic properties of the gold 

nanoparticles formed at the SlaA-layer lattice most likely depends on both, the presence of 

thiol groups and the size of the formed nanoparticles, which in turn can be tuned by varying 

the initial gold- and SlaA-layer concentration. According to the literature, these so-called size 

and ligand effects determine the structure and number of holes in the d-electron band [271], 

which in turn influences the magnetic behaviour of the formed gold nanoparticles. 

 

 

CONCLUSIONS 

In this study we demonstrated that the SlaA-layer ghosts of S. acidocaldarius are a good 

macromolecular template for formation of magnetic gold nanoparticles. Within this process 

the thiol groups provided by the SlaA-protein, are most likely essential for both, the initial 

deposition of gold within the SlaA-layer ghosts and the evocation of the gold magnetism. 

Moreover, the results strongly suggest an influence of the nanoparticle size on the occurrence 

of gold magnetism. 
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Outlook 

The results obtained in the studies performed in the frame of this thesis demonstrate some 

unique and new aspects of microbial interactions with uranium and gold. 

It was shown, that the investigated bacterial isolate Paenibacillus sp. JG-TB8 has a high 

capability to immobilize uranium in oxygenated, moderate acidic soils via mineralization of 

this radionuclide, caused by enzymatically released orthophosphate. However, the 

phosphatase activity, which is responsible for the latter process, is suppressed under 

anaerobic conditions. We demonstrated some aeration-dependent differences in the protein 

expression pattern of the strain. In further studies, the phosphatase protein of this strain could 

be identified by two-dimensional protein gel electrophoresis, sequenced and finally 

over-expressed to enhance U(VI) immobilization. Further research might also investigate the 

reasons for the absence of phosphatase activity under anaerobic conditions. For drawing 

conclusions on the impact of this strain in the uranium mining waste pile “Haberland”, it 

would also be interesting to investigate whether the strain is present mainly in oxic or anoxic 

soil compartments of the Haberlandhalde. This can be investigated via a direct quantification 

of the strain using strain-specific probes or by using real-time PCR with strain-specific 

primer sets. Moreover, another possibility is to monitor the presence of populations of this 

strain in contaminated soils under aerobic and anaerobic conditions within microcosm-scale 

studies. 

The second microbial strain studied in this work, the thermoacidophilic crenarchaeon 

S. acidocaldarius, is for some reasons more relevant to radioactive wastes, and even to future 

repositories, although we demonstrated that this strain immobilizes U(VI) less effective than 

the studied Paenibacillus sp. JG-TB8 and other bacteria. Nevertheless, one of the reasons for 

the relevance of S. acidocaldarius is its intrinsic property to preferentially grow at low pH 

values. Moreover, we demonstrated within this thesis that moderate temperatures do not 

completely suppress the enzyme activity of S. acidocaldarius. These properties allow 

metabolic active S. acidocaldarius populations in uranium wastes and 

radionuclide-contaminated waters that usually exhibit moderate temperatures and a moderate 

or even highly acidic pH. As it is evident from the results within this thesis, S. acidocaldarius 

is able to interact with U(VI) at these conditions, e.g. at moderate acidic pH the strain 

immobilizes U(VI) via biomineralization. However, the results raised questions which need 

further investigation. Future studies may address the reasons for the absence of U(VI) 

biomineralization at pH 3, although the highest phosphatase activity was detected at this pH. 
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In order to determine whether the low amount of degradable organic polyphosphate, 

described for S. acidocaldarius, or the dissolution chemistry of uranyl phosphate minerals 

inhibits mineral formation, an organic phosphate source should be added to the U/archaea 

system. Depending on whether biomineralization occurred in this case or not, the low amount 

of polyphosphate or the uranium chemistry hinders microbial U(VI) biomineralization. In the 

case that the amount of polyphosphates limits the mineralization, the strain in combination 

with organic phosphate sources (e.g. glycerol-3-phosphate) may be used as a biological 

“tool” for uranium immobilization in contaminated sites. The potential of this strain could, 

for example, be studied by performing column experiments. S. acidocaldarius and a 

phosphate source may be added to contaminated soils or sludge and after certain times the 

amount of leachable uranium could be determined. 

Another interesting aspect of S. acidocaldarius is its thermophilic nature, which could be 

used to provide information about microbial interactions with actinides at elevated 

temperatures, which are relevant to nuclear waste repositories, because it is predicted that the 

temperature close to the repositories will be significantly higher than the ambient 

temperature. In case of an accidentally release of radioactive waste material it could be 

transported into and subsequently with the groundwater. As the chemical behaviour as well as 

the thermodynamics of complexation reactions of radionuclides at elevated temperatures 

differs from those at moderate temperatures the interactions of actinides with various organic 

and inorganic ligands at elevated temperatures must be known. For studying the impact of 

microorganisms on uranium mobility at elevated temperatures, future studies could focus on 

exactly this topic, using S. acidocaldarius as a model organism. From the results presented in 

this thesis, one can expect that the phosphatase activity of the strain is significantly higher 

than that measured at room temperature. This might result in a very efficient U(VI) 

biomineralization, at least at moderate acidic conditions. 

Other topics for future studies are based on the unique properties of the archaeal SlaA-layer. 

As demonstrated in this work, the SlaA-layer ghosts are very stable against acidity and 

detergents. Besides that, they are also resistant against high temperatures and decomposition 

enzymes, i.e. proteases. Moreover the SlaA-layer represents a highly-ordered, biological and, 

thus, non-toxic structural matrix which can be used for a multiplicity of applications in 

biotechnology. Although the applicability for uranium complexation is limited due to the low 

amount of U(VI) binding ligands, we demonstrate that Au ions interact with the SlaA-layer, 

which can be used to produce gold nanoclusters with interesting properties. However, there 
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are still open questions regarding the underlying mechanisms for the initial Au deposition and 

the evocation of magnetic properties which are topics of on-going research. Moreover, future 

studies might focus on the production of better applicable Au nanoclusters, i.e. the production 

of highly ordered nanoclusters with a more consistent particle size. This might be achieved 

by dissolving the SlaA-layer ghosts and subsequently reassemble them on different 

supporting material to obtain equally SlaA-coated surfaces. 
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