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Bacillus sphaericus JG-A12 is a natural isolate recovered from a uranium mining waste pile near the town of
Johanngeorgenstadt in Saxony, Germany. The cells of this strain are enveloped by a highly ordered crystalline
proteinaceous surface layer (S-layer) possessing an ability to bind uranium and other heavy metals. Purified
and recrystallized S-layer proteins were shown to be phosphorylated by phosphoprotein-specific staining,
inductive coupled plasma mass spectrometry analysis, and a colorimetric method. We used extended X-ray
absorption fine-structure (EXAFS) spectroscopy to determine the structural parameters of the uranium
complexes formed by purified and recrystallized S-layer sheets of B. sphaericus JG-A12. In addition, we
investigated the complexation of uranium by the vegetative bacterial cells. The EXAFS analysis demonstrated
that in all samples studied, the U(VI) is coordinated to carboxyl groups in a bidentate fashion with an average
distance between the U atom and the C atom of 2.88 � 0.02 Å and to phosphate groups in a monodentate
fashion with an average distance between the U atom and the P atom of 3.62 � 0.02 Å. Transmission electron
microscopy showed that the uranium accumulated by the cells of this strain is located in dense deposits at the
cell surface.

Uranium is a long-lived radionuclide that is an ecological
and human health hazard. The mining and processing of ura-
nium for nuclear power plants and nuclear weapons produc-
tion have resulted in the generation of significant amounts of
radioactive wastes. The mobility of this radionuclide is con-
trolled by its interaction with ions, minerals, and microorgan-
isms present in nature. As a consequence of their small size
and diverse metabolic activities, bacteria are able to interact
intimately with metal ions present in their environment (15).
Highly reactive bacterial cell surfaces bind uranium and other
metal ions (7). This reactivity arises from the presence of a
wide array of ionizable groups, such as carboxylate and phos-
phate, present in the lipopolysaccharides (LPS) of gram-neg-
ative bacterial cell walls (8) and the peptidoglycan, teichuronic
acids, and teichoic acids of gram-positive bacteria (9).

The bacterial cell wall may be overlayed by a number of
surface structures, which can also interact with metal ions.
These may be composed primarily of carbohydrate polymers
(e.g., capsules) or proteinaceous surface layers (e.g., S-layers)
and may occur singly or in combination (15). The crystalline
bacterial cell S-layers represent the outermost cell envelope
component of many bacteria and archaea (50). S-layers are
generally composed of identical protein or glycoprotein sub-
units, and they completely cover the cell surface during all
stages of bacterial growth and division. Most S-layers are 5 to
15 nm thick and possess pores of identical size and morphology
in the range of 2 to 6 nm (6). As porous lattices completely
covering the cell surface, the S-layers can provide prokaryotic

cells with selective advantages by functioning as protective
coats, as structures involved in cell adhesion and surface rec-
ognition, and as molecule or ion traps (53).

Strong interest in sorption of U by bacterial surfaces as a
method of U immobilization for the bioremediation of urani-
um-contaminated waters has resulted in numerous macro-
scopic, microscopic, and spectroscopic sorption studies of U by
gram-positive and gram-negative bacteria (19, 26, 40, 42). Mi-
croorganisms can mobilize radionuclides and metals through
autotrophic and heterotrophic leaching, chelation by microbial
metabolites and siderophores, and methylation, which can re-
sult in volatilization. Conversely, immobilization can result
from sorption to cell components or exopolymers (33), intra-
cellular sequestration, or precipitation as insoluble organic and
inorganic compounds, e.g., oxalates, sulfides, or phosphates
(10, 49). In the context of bioremediation, solubilization pro-
vides a route for removal from solid matrices such as soils,
sediments, dumps, and industrial wastes. Alternatively, immo-
bilization processes may enable metals to be transformed in
situ into insoluble and chemically inert forms and are partic-
ularly applicable to the removal of radionuclides and metals
from mobile aqueous phases.

In this paper, we describe the interaction of B. sphaericus
JG-A12 cells and its S-layer with uranium. This bacterium was
isolated from a uranium mining waste pile near the town of
Johanngeorgenstadt in Saxony, Germany. It has been demon-
strated that this strain possesses an S-layer protein that differs
significantly in its primary structure from those of the other B.
sphaericus S-layers studied to date (45, 47). The interaction of
this strain with 19 heavy metals (Al, Ba, Cd, Co, Cr, Cs, Cu, Fe,
Ga, Mn, Ni, Rb, Si, Sn, Sr, Ti, U, and Zn) was investigated. The
results of these studies demonstrated that this strain selectively
and reversibly accumulates U, Cu, Pb, Al, and Cd (52).
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The aim of the present investigation is to elucidate the
nature of the chemical interactions between uranium and the
S-layer and cells of B. sphaericus JG-A12 using spectroscopic
and microscopic methods. To our knowledge, this is the first
study that investigates the coordination of U to bacterial S-
layer sheets at a molecular scale.

MATERIALS AND METHODS

Bacterial growth. B. sphaericus JG-A12 cells were grown to late exponential
phase in 6 liters of nutrient broth medium (8 g/liter; Difco), pH 7.0, in 7.5-liter
bioreactors (Ochs, Bovenden/Lenglern, Germany). All runs were performed in
batch culture at 30°C at a stirring speed of 500 rpm using a magnetic stirrer and
airflow at a rate of 3 liters/min. Bacterial growth was monitored by measuring
optical densities at 600 nm using Pharmacia Biotech spectrometer Ultrospec
1000 (Amersham Biosciences, Freiburg, Germany). The bacterial cells were
harvested by centrifugation at 10,000 � g for 20 min.

Preparation of S-layer protein. Intact cells were washed once in a buffer
containing 50 mM Tris-HCl, 1 mM MgCl2 · 6H2O and 3 mM NaN3, pH 7.5
(referred to as standard buffer). For removing bacterial flagella, the suspension
was homogenized in a rotating-blade IKA T8 blender (IKA Labortechnik,
Stauffen, Germany) at maximum speed for 10 min on ice. Flagellum-free cells
were harvested by centrifugation at 6,000 � g for 10 min at 4°C, resuspended 1:1
in the standard buffer, and mixed with a few crystals of DNase II and RNase.
Cells were disintegrated in a Microfluidizer 110L (Microfluidics Cooperation,
Newton, Mass.) on ice at a pressure of 9.6 � 107 Pa, with three passes. After
removing the unbroken cells by centrifugation at 6,000 � g for 10 min at 4°C, cell
wall fragments were washed two times in the standard buffer. Plasma membranes
were solubilized in 1% Triton X-100 in the standard buffer solution for 10 min
at room temperature, and the remaining cell wall fragments were washed twice.
Peptidoglycan was hydrolyzed by incubating the samples in a standard buffer
solution containing 0.2 mg/ml lysozyme for 6 h at 30°C. The S-layer fraction was
washed several times, resuspended in standard buffer, and stored at 4°C.

Recrystallization of the S-layer. For solubilization of the S-layer, protein
suspensions, each at a concentration of 20 mg/ml, were mixed with a volume of
6 M guanidine hydrochloride in 50 mM Tris (pH 7.2) five times as large as that
of the protein suspension and stirred at room temperature for 6 h. Nonprotein
components were precipitated by centrifugation at 12,400 � g for 60 min at 4°C.
The reassembling of the S-layer proteins was performed by dialyzing the super-
natant two times against 2 liters of 10 mM CaCl2 for 24 h at 4°C using dialysis
tubes with a molecular weight cutoff of 1,000 to 50,000. Reassembled S-layer
sheets were harvested by centrifugation at 12,400 � g for 60 min at 4°C, resus-
pended in 10 mM CaCl2, and stored at 4°C until use.

Cross-linking of the S-layer. To stabilize the square lattice structure of the
isolated native and recrystallized S-layer sheets, they were incubated with 1-eth-
yl-3-(N,N�-dimethyl-aminopropyl)-carbodiimide (24) (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) at a concentration of 30 mg/ml in standard
buffer for 48 h at 20°C. Cross-linked S-layer sheets were harvested by centrifu-
gation at 12,400 � g for 30 min at 4°C, washed three times with deionized water,
and stored at 4°C.

Determination of phosphorus content using ICP-MS. The surface layer pro-
tein was washed 10 times with 30 ml sterile 0.9% NaCl and once with 30 ml sterile
ultrapure water. For determination of the phosphorus content of the native
surface layer protein, 100 mg of it was resuspended in 1.7 ml sterile ultrapure
water in order to achieve a concentration of 60 mg (dry weight) per ml. Samples
were treated with 3 to 4 ml 55% (vol/vol) HNO3 and 100 �l 30% (vol/vol) H2O2

and ashed in a microwave (Büchi Labortechnik GmbH, Konstanz, Germany).
Sample volumes were adjusted to 20 to 30 ml with ultrapure water, and the
phosphorus content was determined by using inductive coupled plasma mass
spectrometry (ICP-MS).

Colorimetric determination of phosphorus. For the determination of phos-
phorus bound to seryl and threonyl residues in phosphoproteins, a method
described previously by Ekman and Jaeger (17) was used. Before the procedure,
all glassware was washed with 6 M HCl. The phosphate reagent was prepared as
follows: 1 volume of 10% (wt/vol) (NH4)6Mo7O24 · 4H2O in 4 M HCl was mixed
with 3 volumes of 0.2% (wt/vol) malachite green. After being stirred for 30 min
at room temperature, the solution was filtered. The filter paper and funnel were
prewashed in 6 M HCl and drained well before filtering. The first 25% of the
filtrate was discarded. For the colorimetric quantification of phosphorus, 100 �l
of 2 M NaOH was added to 100 �l of protein suspension, mixed, and incubated
for 15 min at 100°C in a water bath. The alkaline hydrolysis was stopped by
adding 100 �l of 4.7 M HCl, and samples were cooled to room temperature.

After the addition of 100 �l phosphorus reagent, the samples were incubated for
at least 20 min at room temperature. The optical density of the solution was
measured at 660 nm. The calibration curve was prepared under identical condi-
tions using 0 to 2 nmol K2HPO4 in 100 �l ultrapure water.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out in a Mini Protean II cell (Bio-Rad Laboratories,
München, Germany) as described previously by Laemmli (30). The protein
analysis was performed using a gel system with a 4% stacking gel and a 10%
separation gel. As molecular weight standards, �-2-macroglobulin (181 kDa),
bovine serum albumin (68 kDa), egg albumin (43 kDa), carbonic anhydrase (29
kDa), and lysozyme (14.3 kDa) (Sigma-Aldrich Chemical, Deisenhofen, Ger-
many) were used. Gels were stained with Sypro Ruby (Bio-Rad Laboratories,
München, Germany) or by use of the GelCode phosphoprotein staining kit
(Pierce, Rockford, Ill.).

Phosphoprotein-specific staining of SDS-PAGE gels. For phosphoprotein-
specific staining, the gel was washed in 50 ml of deionized water by gentle
agitation for 10 min. Afterwards, the water was replaced by 25 ml of reagent 1
(sulfosalicylic acid solution), and the gel was incubated for 15 min. Reagent 1 was
then removed, and 25 ml of reagent 2 (sulfosalicylic acid plus CaCl2 solution) was
added. Thirty minutes later, reagent 2 was poured off, and the gel was quickly
rinsed with deionized water to eliminate any surface sorbed CaCl2. In a next step,
the gel was transferred in 25 ml of reagent 3 (0.5 N NaOH), and the tray was
covered with a lid and placed in an oven at 65°C for 20 min. Reagent 3 was
replaced by 25 ml of reagent 4 (ammonium molybdate solution) for 10 min with
agitation. This step was repeated once. Reagent 4 was then removed from the
tray, and the gel was incubated for 20 min in 25 ml of reagent 5 (ammonium
molybdate plus HNO3 solution) for 20 min with gentle agitation. Reagent 5 was
poured off, 25 ml of reagent 6 (methyl green solution) was added, and the gel was
agitated for 20 min. After removing reagent 6, the gel was destained two times
for 15 min by adding 25 ml of reagent 1. For complete destaining, the gel was
transferred to 25 ml of reagent 7 (7% acetic acid) and incubated overnight with
gentle agitation. Solution 7 was replaced once after it turned green.

Preparation of biological samples for X-ray absorption spectroscopy (XAS)
analyses. Bacterial cells grown to the late exponential phase were harvested by
centrifugation at 10,000 � g for 20 min at 4°C and washed three times with 0.01
M NaClO4 to remove the contaminants and the interfering ingredients of the
growth medium. The washed cells and S-layers were resuspended and shaken for
48 h in 35 ml of 9 � 10�4 M UO2(NO3)2 · 6H2O, pH 4.5. We used 0.01 M
NaClO4 as a background electrolyte.

After contact with the uranium solution, the cells were harvested and washed
with 0.01 M NaClO4. The pelleted samples were dried in a vacuum incubator at
30°C for 24 h and powdered.

Reference samples. Two solutions, one of U(VI) and another one of U(IV),
each at a concentration of 4 � 10�2 M in 1 M HClO4, served as reference
samples for the uranium oxidation states. The stock solution of U(VI) was
obtained by dissolving Na2U2O7 · 6H2O in 7 M HClO4. Part of this solution was
reduced electrochemically to U(IV) at a mercury pool cathode. The uranium
oxidation state in these solutions was confirmed by UV/visible spectroscopy.

The U-oxygen axial atom (Oax), U-equatorial oxygen atom (Oeq), U-C, and
U-P bond length values found in this work were compared to those of solid
U(VI) reference compounds to characterize the coordination of the uranium
species formed on the cells and S-layer of B. sphaericus JG-A12. Good agree-
ment was found with the structures of calcium uranyl phosphate (meta-autunite,
Ca[UO2PO4]2 · 6H2O), a uranyl phosphate mineral phase from Autun/France
and a solution of uranyl triacetate [UO2(CH3COO)3

4�] at pH 4.48. Therefore,
extended X-ray absorption fine-structure (EXAFS) measurements of these com-
pounds were performed. The compositional and structural identity of meta-
autunite to the compounds reported in the literature (22, 32, 35) was checked by
energy-dispersive X-ray fluorescence spectroscopy and powder X-ray diffraction
(XRD) analysis.

XAS measurement. Uranium LIII edge XAS spectra were collected at room
temperature in fluorescence and in transmission mode at the Rossendorf Beam-
line at the European Synchrotron Radiation Facility, Grenoble, France (36),
using the Si(111) double-crystal monochromator. The energy was calibrated by
measuring the Y K-edge transmission spectrum of an yttrium foil and defining
the first inflection point as 17,038 eV. The biological/uranyl samples were mea-
sured as dry samples. Eight spectra for each sample were recorded. 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 pre-edge
background was then subtracted, and the absorption coefficient was normalized
to equal intensity at 17,230 eV so that all the spectra could be plotted on the
same scale in the figure.

The EXAFS oscillations were isolated from the raw, averaged data by removal
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of the pre-edge background, approximated by a first-order polynomial, followed
by �0 removal via spline-fitting techniques and normalization using a Victoreen
function. Dead-time correction was applied. The ionization energy for the U LIII

electron, E0, was arbitrarily defined as 17,185 eV for all averaged spectra. The
EXAFS spectra were analyzed according to standard procedures using the pro-
gram EXAFSPAK (20). The theoretical scattering phase and amplitude func-
tions used in data analysis were calculated using FEFF8 (3). All fits included the
four-legged multiple-scattering path of the uranyl group U-Oax-U-Oax. The co-
ordination number (N) of this multiple-scattering path was linked to N of the
single-scattering (SS) path U-Oax. The radial distance (R) and Debye-Waller
(�2) factor of the multiple-scattering path were linked at twice the R and �2 of
the SS path U-Oax, respectively (25). During the fitting procedure, N of the
U-Oax SS path was held constant at 2. The amplitude reduction factor was held
constant at 1.0 for the FEFF8 calculation and EXAFS fits. The shift in threshold
energy, �E0, was varied as a global parameter in the fits.

Sample preparation for electron microscopy. Transmission electron micros-
copy (TEM) is a useful technique that can help to localize and to identify
uranium deposited within or around microbial cells.

After incubation with uranium, the bacterial cells were fixed in 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 h at 4°C and then washed
three times with the same cacodylate buffer. The cell pellets were fixed for 60 min
at 4°C in 1% OsO4 in cacodylate buffer before being dehydrated with ethanol and
embedded in Spurr resin. The samples were thin sectioned (0.25 �m) using a
diamond knife on a Reichert Ultracut S ultramicrotome, and the sections were
supported on copper grids and coated with carbon. Samples were examined with
a high-resolution Philips CM 200 transmission electron microscope at an accel-
eration voltage of 200 kV under standard operating conditions with the liquid
nitrogen anticontaminator in place.

Energy-dispersive X-ray (EDX) analysis can provide elemental information
via the analysis of X-ray emissions caused by a high-energy electron beam. EDX
analysis was also performed at 200 kV using a spot size of 70 Å and a live
counting time of 200 s. For selected-area electron diffraction, we used the Philips
CM 200 transmission electron microscope in the diffraction mode with a camera
length of 1,000 mm and an exposure time between 15 and 20 seconds.

RESULTS

Determination of phosphorus content. The phosphorus con-
tent of all samples studied in this work was determined in order
to quantify the bioavailable phosphorus that could serve as a
possible binding site for uranium. The phosphorus in cells, cell
walls, and S-layer sheets of B. sphaericus JG-A12 was measured
by ICP-MS (Table 1). To confirm the results obtained by the
ICP-MS measurements, the P content of the S-layer protein
from B. sphaericus JG-A12 was also analyzed by use of a
colorimetric method described previously by Ekman and Jäger
(17) (Table 1). Results of the B. sphaericus JG-A12 S-layer
analyses were compared to those of analyses performed with
the S-layer from the reference strain, B. sphaericus NCTC
9602.

The cells had the highest phosphorus content of all exam-
ined samples. Many structures in the bacterial cells contain this

element. Gram-positive bacteria like Bacillus may possess tei-
choic acids as part of their cell wall (4, 23). In addition, the
phospholipids of the plasma membrane and the phosphodi-
ester or phosphonate compounds of energy metabolism and
signal transduction cascades make a contribution to the total
quantity of phosphorus. The sample with the second-highest P
content was the cell wall fraction, followed by the S-layer
samples. As evident from the results presented in Table 1, the
S-layer of the U waste pile isolate B. sphaericus JG-A12 con-
tains six times more phosphorus than the S-layer of the refer-
ence strain, B. sphaericus NCTC 9602. The quantification of
phosphorus by ICP-MS resulted in higher amounts of phos-
phorus than those obtained by the colorimetric method. The
differences in P content could be due to the different detection
limits of the two methods.

Phosphoprotein-specific staining following SDS-PAGE. Be-
cause a contamination of the S-layer fraction with phosphorus-
containing cell wall components cannot be completely ex-
cluded from the results of the ICP-MS measurements and the
colorimetric determination of phosphorus, phospho-specific
staining following SDS gel electrophoresis was undertaken to
verify that S-layer proteins of B. sphaericus JG-A12 and NCTC
9602 contain phosphorus.

All of the different protein samples were analyzed using
conventional staining of SDS-PAGE gels. As highly phosphor-
ylated proteins cannot be stained by Coomassie brilliant blue
or silver staining, the reference gel was stained with the fluo-
rescent dye Sypro Ruby. As evident from the results shown in
Fig. 1A, neither purified S-layer protein sample showed any
signs of protein contamination (Fig. 1A, lanes 2 and 3). An
SDS-PAGE gel prepared in parallel was stained with the
GelCode Phosphoprotein Staining kit (Pierce, Rockford, Ill.)
(Fig. 1B) for the detection of phosphoproteins. The positive
staining of the S-layer proteins from B. sphaericus JG-A12 and
from B. sphaericus NCTC 9602 confirmed phosphorylation
(Fig. 1B, lanes 2 and 3).

TEM. TEM observation of B. sphaericus JG-A12 cells ex-
posed to 0.9 mM U solution (Fig. 2) revealed the presence of
electron-dense accumulations on the cell surface (cytoplasmic
membranes, peptidoglucan, and S-layer). The EDX spectrum
derived from these deposits (Fig. 3) indicated that they are
composed of oxygen (O), phosphorus (P), and uranium (U).
The high copper (Cu) peak is from the electron microscopy
grid used to support the specimen. The lead (Pb) peak origi-
nated from the lead citrate solution which was used to improve
the visualization of the uranium-treated thin cell sections. The
presence of the Si peak can be attributed to impurities from
the culture medium and/or from the glass material of the flasks
in which the cells were grown.

XANES. XANES spectra (Fig. 4) of the uranium complexes
formed by cells and S-layer of B. sphaericus JG-A12 contained
a XANES peak at 17,188 eV which has previously been attrib-
uted to uranium in the 6� oxidation state (25). In addition, the
intensity maximum for the absorption edge occurred at the
position characteristic for U(VI). Both observations indicate
that uranium is present in the samples as U(VI).

EXAFS. Information on the local environment of uranium
atoms in the uranium bacterial samples was obtained by anal-
ysis of the EXAFS data.

The k3-weighted 	 spectra determined from EXAFS analy-

TABLE 1. Comparison of phosphorus contents of cells, cell wall,
recrystallized S-layers from B. sphaericus strain JG-A12, and

recrystallized S-layers from B. sphaericus NCTC 9602
determined by ICP-MS and colorimetric measurements

Sample

Phosphorus content
(nmol/mg [dry wt])

ICP-MS Colorimetric methoda

B. sphaericus JG-A12 cells 3,040 
 100 �
B. sphaericus JG-A12 cell wall 460 
 40 �
B. sphaericus JG-A12 S-layer 4.81 
 0.05 1.93 
 0.02
B. sphaericus NCTC 9602 S-layer 0.78 
 0.03 0.35 
 0.02

a �, not determined.
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ses of the uranium species formed at pH 4.5 by the cells, and
by the native and recrystallized S-layer of B. sphaericus JG-
A12, are presented in Fig. 5 along with the best fits obtained
from the fitting procedure. Solely on the basis of the raw data,
the spectra showed a strong similarity. There was close agree-
ment among the three samples in the phases as well in the
amplitude of all the features in k space. Similarly, the R-space

plots of the Fourier-transformed EXAFS shown were also in
close agreement. The Fourier transforms (FTs) represent a
pseudoradial distribution function of the uranium near-neigh-
bor environment. The peaks appeared at lower R values rela-
tive to the true near-neighbor distances as a result of the
EXAFS phase shift, which is different for each neighboring
atom (� � 0.2 to 0.5 Å). The theoretical phase and amplitude

FIG. 1. SDS-PAGE protein analyses. (A) Total protein staining with Sypro Ruby. Ten micrograms of S-layer protein of B. sphaericus JG-A12
(lane 2), 10 �g of S-layer protein of B. sphaericus NCTC 9602 (lane 3), 2 �g nonphosphorylated protein soybean trypsin inhibitor (lane 4), and
the highly phosphorylated protein phosvitine in different concentrations of 10 �g (lane 5), 2 �g (lane 6), and 0.5 �g (lane 7) are shown. In lane
1, molecular mass standards (in kilodaltons) were applied. (B) Phosphoprotein-specific staining. Lane 1, molecular mass standard (molecular
weights in kilodaltons); lane 2, 10 �g B. sphaericus JG-A12 S-layer protein; lane 3, 10 �g B. sphaericus NCTC 9602 S-layer protein; lane 4, 10 �g
soybean trypsin inhibitor (negative control); lanes 5 to 7, phosvitine (10, 2, and 0.5 �g) (positive control).

FIG. 2. Transmission electron micrographs of a thin section of B. sphaericus JG-A12 cells treated with uranium. The metal accumulated is
located on the cell surface (a).
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functions used in data analysis were calculated with FEFF8
using the model described in the legend of Fig. 6, which con-
tains fragments of two molecules: meta-autunite and uranyl
triacetate. This model includes two oxygen axial (Oax) atoms,
two shells of equatorial oxygen atoms (Oeq1 and Oeq2), a shell
of carbon (C) atoms, a U-Oax-U-Oax multiple-scattering path
from the two tightly bound Oax atoms, a shell of phosphorus
(P) atoms, a multiple-scattering path from the Oeq atoms to
the P atoms, and a shell of uranium atoms at approximately
3.65 Å.

The uranyl unit consists of a uranium center with a formal
charge of �6 coordinated to two doubly bonded oxygen atoms
to form a linear dioxo cation, UO2

2�. This unit is highly stable
and binds to other ligands via the formation of U-O bonds in
a plane perpendicular to the axis of the uranyl ion. The “equa-
torial” oxygen coordination number varies from 4 to 6 depend-

ing on the chemical environment, and these equatorial bonds
are the sole means of complexation available for uranyl units
under normal conditions.

The FT of the EXAFS spectra of the samples studied in this
section had five significant peaks (Fig. 5). The first two peaks
arose from the scattering contribution of the Oax at 1.3 Å and
the Oeq at 1.8 Å in the FT. The amplitude of the entire EXAFS
spectrum was influenced mainly by these two strong contribu-
tions. They were considered major components. The weaker
peaks seen above 2 Å in the FT were considered minor com-
ponents. It should be mentioned that the major components
also included the four-legged multiple-scattering path U-Oax-
U-Oax along the uranyl chain, since it has previously been
observed to contribute significantly to the uranyl EXAFS sig-
nal (2). The coordination number (N) of this multiple-scatter-
ing path was linked to N of the SS path U-Oax. The radial
distance (R) and Debye-Waller (�2) factor of the multiple-
scattering path were linked at twice the R and �2 of the SS path
U-Oax, respectively. During the fitting procedure, N of the
U-Oax SS path was held constant at 2.

The third and the fourth FT peaks, which appeared at 2.3
and 3 Å, were the result of the back-scattering from carbon and
phosphorus, respectively.

The weak FT peak at 3.4 Å could have arisen from the
following: (i) a twofold degenerated three-legged multiple-
scattering path, U-Oeq1-P (model A), (ii) a multiple-scattering
path, U-Oeq1-P and U-distal oxygen atom (Odist) SS (model B),
or (iii) an SS path, U-U (model C).

In order to determine whether this peak arose from SS path
U-U, we measured the same samples at a low temperature, and
we compared the resulting spectra to those obtained at room
temperature. The intensity of the corresponding FT peak did
not change (data not shown), indicating that it originated from
the contribution of single scattering or/and multiple scattering
of a light atom. At low temperature, the disorder due to ther-
mal vibrations is reduced, and therefore, the contribution of
heavy atoms (e.g., U) to the EXAFS amplitude is enhanced
(56). We therefore excluded model C from further discussion.

During the fitting procedure according to models A and B,
the coordination number (N) of the U-Oeq1-P multiple-scat-
tering path was linked at twice the coordination number of the
U-P single-scattering path.

In order to isolate the minor components from the whole
EXAFS spectrum, the difference technique was used (54). This
method can increase the sensitivity in the determination of the
EXAFS structural parameters of more distant coordination
shells of the uranium complexes. Briefly, the difference tech-
nique consists of the following steps. First, the raw k3-weighted
EXAFS spectrum is fitted using a structural model that con-
tains only the SS and multiple-scattering paths of the major
components, i.e., Oax and Oeq1,2. The difference between this
fit and the experimental EXAFS spectrum, i.e., the residual
spectrum, contains the contributions of the minor components
and experimental noise. Second, the residual spectrum is Fou-
rier filtered in the range of 1.8 to 4.0 Å to separate the minor
scattering contributions from the experimental noise.

In addition to the difference technique, we also fitted the raw
EXAFS data in a seven-shell model. It included both the major
and minor components according to cases A and B. The results
for the scattering paths U-Oax, U-Oeq1, U-Oeq2, U-C, and U-P;

FIG. 3. Energy-dispersive X-ray spectrum of the uranium accumu-
lated at the cell surface of B. sphaericus JG-A12.

FIG. 4. Normalized uranium LIII-edge XANES spectra of 0.04 M
U(IV) in 1 M HClO4, 0.04 M U(VI) in 1 M HClO4, cells, and native
and recrystallized S-layer of B. sphaericus JG-A12. The spectra were
normalized to equal intensity at 17,230 eV.
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the U-Oeq1-P multiple-scattering path; and U-Odist (Tables 2
and 3) are very similar to the results obtained by the difference
technique. Small differences in N and �2 between the fits of
raw and filtered residual EXAFS spectra could be due to
nonseparable U-Oeq1,2 contributions, which superimpose onto
the U-P contribution.

Tables 4 and 5 summarize the structural parameters of the
minor components determined according to models A and B,
respectively. Figure 7 shows the best fit to the Fourier-filtered
residual EXAFS spectra.

In all samples, fitting showed that U(VI) has two Oax at a
distance of 1.76 to 1.78 Å and Oeq at 2.31 to 2.50 Å. The Oeq shell
is split into two components, with the first component (U-Oeq1) at
distance of 2.30 to 2.34 Å and the second component (U-Oeq2) at
a somewhat longer distance (2.45 to 2.50 Å). These two shells
were not represented as separate peaks in the FT since their
distances span an R range that was not large enough to be dis-
cerned as individual peaks in an EXAFS spectrum for which �k
� 8.7 Å�1 in accordance with �R � 
/(2�k).

The U-Oeq1 bond distance is within the range of previously
reported values for the oxygen atom of the phosphate bound to
uranyl (22, 26, 40). The longer equatorial oxygen bond length
(2.45 to 2.50 
 0.02 Å) is similar to previously reported values
for the oxygen atom of the carboxyl bound to uranyl (2.45 to
2.51 Å) (14, 26).

As evident in the residual EXAFS (Fig. 7), all spectra con-
tained strong FT components at (i) 2.3 Å, (ii) 3 Å, and (iii) 3.4 Å.
These shells were interpreted as arising from the following: (i) C
at 2.88 Å or P at 3.02 Å, (ii) P at 3.6 Å, and (iii) multiple-
scattering U-Oeq1-P at 3.72 Å or U-Odist at 3.90 to 4.10 Å.

The EXAFS corresponding to the 2.3 Å FT peak was a

FIG. 5. Uranium LIII-edge k3-weighted EXAFS spectra (left) and corresponding FT (right) of the uranium complexes formed by the S-layer
and vegetative cells of B. sphaericus JG-A12.

FIG. 6. Model used for the fit of cell and S-layer uranium spectra
(fragments of two molecules, meta-autunite and uranyl triacetate). In
this model, the uranium has two oxygen axial atoms (Oax) at distance
of 1.77 Å and two types of equatorial oxygen atoms (Oeq1 at a distance
of 2.33 Å and Oeq2 at a distance of 2.46 Å). The uranium is coordinated
to carboxyl groups in a bidentate fashion, with an average distance
between the U atom and the C atom of 2.87 Å, and to phosphate
groups in a monodentate fashion, with an average distance between
the U atom and the P atom of 3.60 Å. In addition, there is a U-U bond
distance of 3.65 Å.
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better fit with one to two carbon atoms at a distance of 2.88 Å
than with a phosphorus shell. A survey of the interatomic
uranium-carbon distances in solid-phase ring-forming com-
plexes with oxygenated organic ligands found in the Cambridge
Structure Database (1) produced the following summary: 2.8

to 2.9 Å for four-membered rings, 3.2 to 3.4 Å for five-mem-
bered rings, and 3.2 to 3.6 Å for six-membered rings (no results
were available for larger rings). The 2.88-Å U-C distance is
most consistent with a four-membered ring resulting from a
bidentate complex with a carboxylate group. This distance has

TABLE 2. Structural parameters of the uranium complexes formed by the S-layer and cells of B. sphaericus JG-A12 (model A)

Sample Shell Na R (Å)b �2 (Å2)c �E (eV) Errord

Cells U-Oax 2e 1.76 0.0023 �10.9 0.028
U-Oeq1 3.1 (6) 2.30 0.0085
U-Oeq2 2.7 (2) 2.45 0.0085
U-C 1.3 (2) 2.89 0.0038f

U-P 1.7 (1) 3.62 0.0016
U-Oeq1-P (MS) 3.4 3.74 0.0016

Native S-layer U-Oax 2e 1.78 0.0028 �9.5 0.084
U-Oeq1 1.8 (3) 2.32 0.0057
U-Oeq2 3.1 (6) 2.49 0.0057
U-C 1.8 (4) 2.88 0.0038f

U-P 2.2 (4) 3.63 0.0052
U-Oeq1-P (MS) 4.4 3.75 0.0052

Recrystallized S-layer U-Oax 2e 1.78 0.0021 �8.6 0.071
U-Oeq1 2.4 (3) 2.34 0.0058
U-Oeq2 3.2 (4) 2.50 0.0058
U-C 2.1 (4) 2.87 0.0038f

U-P 2.1 (3) 3.64 0.0040
U-Oeq1-P (MS) 4.2 3.76 0.0040

a Errors in coordination numbers are 
25%, and standard deviations, as estimated by EXAFSPAK, are given in parentheses.
b Errors in distance are 
0.02 Å.
c Debye-Waller factor.
d Error is given as the normalized fit error, � [	data(k)k3 � 	fit(k)k3]2/(P � F) (P is the number of data points, and F is the number of variables).
e Value fixed for calculation.
f Value taken from Table 6.

TABLE 3. Structural parameters of the uranium complexes formed by the S layer and cells of B. sphaericus JG-A12 (model B)

Sample Shell Na R (Å)b �2 (Å2)c �E (eV) Errord

Cells U-Oax 2e 1.76 0.0023 �11.6 0.021
U-Oeq1 4.3 (4) 2.31 0.0120
U-Oeq2 2.7 (3) 2.45 0.0120
U-C 1.5 (1) 2.88 0.0038f

U-P 2.1 (2) 3.62 0.0029
U-Oeq1-P (MS) 4.2 3.74 0.0029
U-Odist 1.7 (4) 4.02 0.0097e

Native S layer U-Oax 2e 1.78 0.0028 �9.6 0.075
U-Oeq1 1.9 (3) 2.32 0.0060
U-Oeq2 3.2 (7) 2.48 0.0060
U-C 1.8 (4) 2.88 0.0038f

U-P 2.4 (6) 3.62 0.0059
U-Oeq1-P (MS) 4.8 3.74 0.0059
U-Odist 1.6 (7) 4.09 0.0097e

Recrystallized S layer U-Oax 2e 1.78 0.0020 �8.5 0.066
U-Oeq1 2.0 (2) 2.34 0.0030
U-Oeq2 2.7 (3) 2.50 0.0030
U-C 1.7 (3) 2.87 0.0038f

U-P 2.3 (3) 3.65 0.0047
U-Oeq1-P (MS) 4.6 3.78 0.0047
U-Odist 2.2 (8) 4.05 0.0097e

a Errors in coordination numbers are 
25%, and standard deviations, as estimated by EXAFSPAK, are given in parentheses.
b Errors in distance are 
0.02 Å.
c Debye-Waller factor.
d Error is given as the normalized fit error, � [	data(k)k3 � 	fit(k)k3]2/(P � F) (P is the number of data points, and F is the number of variables).
e Value fixed for calculation.
f Value taken from Table 6.

5538 MERROUN ET AL. APPL. ENVIRON. MICROBIOL.



also been reported for bidentate coordination of carbonate to
uranyl and actinyl complexes (5, 12, 48). In addition, this bond
distance is similar to that found in the EXAFS spectrum of the
reference sample (uranyl triacetate) measured in this work
(Fig. 8 and Table 6).

In this study, bidentate coordination refers to an inner-
sphere complex where two oxygen atoms of a single carboxyl
functional group are shared with a uranyl ion.

The implication of carboxyl groups in the interaction with
uranium is supported by infrared spectroscopy studies (data
not shown). FEFF8 calculations predict that the triangular
U-C-Oeq2 multiple-scattering path (effective bond distance �
3.29 Å) can also produce an FT peak at ca. 2.3 Å but that the
EXAFS oscillations for these paths are about 
 radians out of
phase with the C single-scattering EXAFS and hence do not fit
the residual EXAFS (i.e., other shells fit and were subtracted
from the spectra). Furthermore, the amplitude of the triangu-
lar paths should be much smaller than (about one-fifth) those
of U-C SS paths. For these reasons, the triangular U-C-Oeq

multiple-scattering path is hereafter omitted from discussions.

Approximately 30 to 50% of the 3-Å FT peak amplitude can
be accounted for as linear multiple scattering in the uranyl
transdioxo unit. In all samples, an additional P shell at the later
FT peak (3 Å) was required to fit the spectra. This U-P dis-
tance is consistent with monodentate coordination of phos-
phate to the uranyl equatorial plane as it was found in meta-
autunite (Fig. 8 and Table 6). This topology is common in
crystalline uranyl phosphates (11) and was reported for U(VI)
sorbed by bacterial cells (22, 26, 40) and by plants (21).

A very weak, but real, frequency that has an FT peak at 3.4 Å
was observed in the residual EXAFS for all samples. Attempts to
fit this shell with the U-Odist SS path or with U-Oeq1-P multiple
scattering resulted in significantly poorer qualities of fit, leading
us to prefer the fit in which both paths are included.

DISCUSSION

The speciation and bonding environment of U in bacteria
and their surface structures have been examined with a variety
of spectroscopic techniques such as Fourier-transform infrared

TABLE 4. EXAFS fit results for C, P, and U-O-P multiple-scattering shells from fits to residual spectra (model A)

Sample Shell Na R (Å)b �2 (Å2)c �E (eV)d

Cells U-C 1.2 (1) 2.89 0.0038e �10.9
U-P 2.2 (1) 3.64 0.0016
U-Oeq1-P (MS) 4.4 3.76 0.0016

Native S-layer U-C 1.5 (1) 2.88 0.0038e �9.5
U-P 2.0 (1) 3.62 0.0045
U-Oeq1-P (MS) 4.0 3.74 0.0045

Recrystallized S-layer U-C 1.1 (1) 2.89 0.0038e �8.6
U-P 1.5 (1) 3.65 0.0022
U-Oeq1-P (MS) 3.0 3.77 0.0022

a Errors in coordination numbers are 
25%, and standard deviations, as estimated by EXAFSPAK, are given in parentheses.
b Errors in distance are 
0.02 Å.
c Debye-Waller factor.
d Values taken from Table 2.
e Value taken from Table 6.

TABLE 5. EXAFS fit results for C, P, and U-O-P multiple-scattering shells and U-Odist SS shells from fits to residual spectra (model B)

Sample Shell Na R (Å)b �2 (Å2)c �E (eV)d

Cells U-C 1.2 (1) 2.89 0.0038e �11.6
U-P 2.2 (3) 3.63 0.0040
U-Oeq1-P (MS) 4.4 3.77 0.0040
U-Odist 2.8 (3) 4.01 0.0097f

Native S-layer U-C 1.5 (1) 2.89 0.0038e �9.6
U-P 2.1 (1) 3.62 0.0050
U-Oeq1-P (MS) 4.2 3.74 0.0050
U-Odist 1.4 (4) 4.09 0.0097f

Recrystallized S-layer U-C 1.2 (1) 2.90 0.0038e �8.5
U-P 1.3 (1) 3.64 0.0018
U-Oeq1-P (MS) 2.6 3.77 0.0018
U-Odist 2.2 (2) 4.06 0.0097f

a Errors in coordination numbers are 
25%, and standard deviations, as estimated by EXAFSPAK, are given in parentheses.
b Errors in distance are 
0.02 Å.
c Debye-Waller factor.
d Values taken from Table 3.
e Value taken from Table 6.
f Value fixed for calculation.
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spectroscopy (37), Raman spectroscopy (27), and time-re-
solved laser-induced fluorescence spectroscopy (27, 37, 44). In
addition, synchrotron-based techniques such as X-ray absorp-
tion spectroscopy have been used to determine the oxidation
state (XANES) and to identify the number of atoms and their
distances in the local structural environment (EXAFS) of U
within a variety of microbial samples (22, 26, 38–41). In addi-
tion, XAS is among the few analytical methods that can pro-
vide information on the chemical environment of actinides in
bacterial samples at dilute metal concentrations. XAS is a

nondestructive method, and no sample reduction or digestion,
which would alter the chemistry of the element of interest, is
required.

The present work demonstrates that X-ray absorption spec-
troscopic methods (EXAFS and XANES) coupled with elec-
tron microscopy are particularly suited for differentiating
among the large variety of uranium species that may be asso-
ciated with S-layer sheets and vegetative cells of bacteria.

Interaction of B. sphaericus JG-A12 S-layer protein with U.
B. sphaericus JG-A12 cells possess an S-layer protein, which

FIG. 7. Residual EXAFS of the uranium complexes formed by vegetative cells and native and recrystallized S-layer proteins of B. sphaericus
JG-A12 (produced by subtraction of U-Oax, U-Oeq1,2, and U-Oax multiple-scattering shells) and its Fourier transform corresponding to the region
between 1.8 and 4 Å. The peak at 3.4 Å was modeled as (A) U-O-P (multiple scattering) and U-Odist (SS) and (B) U-O-P (multiple scattering).

FIG. 8. Uranium LIII-edge k3-weighted EXAFS spectra (left) and corresponding FT (right) of the reference compounds (meta-autunite and
uranyl triacetate).
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forms a tetragonally arranged structure on the surface of the
cell wall with a lattice constant of 12.5 nm (47). The molecular
mass of the protein monomers was estimated to be 126 kDa,
and its primary structure differs significantly from that of all
S-layer proteins previously known but shows the greatest sim-
ilarity to that of the S-layer protein from the reference strain
B. sphaericus NCTC 9602 (45, 46). The surface layer protein of
B. sphaericus JG-A12 was studied in detail because this strain
is able to selectively and reversibly bind metals from heavy-
metal-contaminated U wastewaters.

Surprisingly, this S-layer (as the outermost cell wall compo-
nent) possesses phosphate groups. To date, phosphorylation of
the S-layer has been reported only in the pathogen Aeromonas
hydrophila (55). In Lactobacillus helveticus, the exact location
of demonstrable phosphorus in the cell envelope is uncertain
(43). Compared to the S-layer protein of the uranium mining
waste pile B. sphaericus JG-A12, the S-layer protein of its
closest relative, the reference strain B. sphaericus NCTC 9602,
contains about one-sixth as much phosphorus. This difference
may reflect an adaptation of B. sphaericus JG-A12 to the ex-
tensive uranium contamination of its environment. The high
affinity of phosphate groups on the surface of the cell may
allow B. sphaericus JG-A12 to selectively bind large amounts of
uranium before being damaged by this toxic radionuclide. The
MIC of U for the growth of this bacterium is about 2 mM
(unpublished data). EXAFS analysis of the uranium bound to
this surface protein indicated that U is coordinated by phos-
phate groups in a monodentate mode and by carboxyl groups
in a bidentate fashion. Kelly et al. (26) observed the same type
of environment for U adsorbed by Bacillus subtilis cell walls
between pH 1.67 and 4.80.

Previous studies (45) revealed that the amino acid compo-
sition of this surface protein included a high content of glu-
tamic and aspartic acids and of other amino acids such as
serine and threonine. The C-terminal part especially consists
of stretches of glutamic acid and aspartic acid (both residues
with carboxyl groups) and of serine and threonine (both resi-
dues with hydroxyl groups), the latter being potential phos-
phorylation sites. The carboxyl groups and phosphate groups
of these amino acids are probably implicated in the complex-
ation of uranium. The participation of the carboxyl groups of

this S-layer in the binding of palladium has been demonstrated
using EXAFS spectroscopy and attenuated total reflectant-FT-
infrared spectroscopy (46, 51).

Detailed information about the functions of S-layers exists
only for some bacteria. In the case of environmental isolates,
the S-layer may function as a molecular sieve, ion trap, or
protective shell (53). Because of the ability of the S-layer to
self-assemble and replace the “older” S-layer sheets on the cell
surface, one can speculate about the mechanism of its protec-
tive function against uranium and other toxic metals. The sat-
uration with metals (in this case, uranium, as was demon-
strated by TEM studies) may lead to denaturation of the
S-layer lattice, which is then replaced by freshly synthesized
protein monomers.

Interaction of B. sphaericus JG-A12 cells with U. TEM anal-
ysis showed that U accumulated by the cells of B. sphaericus
JG-A12 is located at the cell surface (areas of high contrast).
Extracellular association of uranium with bacterial cell sur-
faces is primarily due to physical and chemical interactions
involving adsorption, ion exchange, and complexation and
does not directly depend on metabolism. Bacterial cell walls,
exopolymers, proteins, and lipids contain functional groups
such as carboxylate, hydroxyl, amino, and phosphate, which are
capable of forming complexes with uranium (19). A similar
accumulation profile was found using another strain of B. spha-
ericus, strain JG-7B, isolated from the same uranium mining
waste (39). Krueger et al. (29) have shown that surface-bound
uranium in Pseudomonas fluorescens was spread over the entire
cell envelope in an outer membrane-peptidoglycan-plasma
membrane complex as fine-grained, platy uranium minerals
(10 nm to 1 �m). Other microorganisms such as Stenotroph-
omonas maltophilia JG-2 and Acidithiobacillus ferrooxidans
(38–41) can accumulate U intracellularly via passive transport
mechanisms, resulting in the formation of dense uranium de-
posits inside the cells.

Optimization of U(VI) bioremediation strategies requires
an extensive understanding of the speciation of uranium asso-
ciated with bacteria. If present in crystalline phases that are
sufficiently concentrated, uranium speciation can be deter-
mined using XRD. However, when the concentration of ura-
nium-containing crystalline phases is below that needed for
identification by XRD (typically �1% by volume) or when
uranium is present in a noncrystalline phase, other molecular-
scale characterization methods are required, including ones
not requiring long-range order. One of the most effective tech-
niques for determining the molecular-level speciation of heavy
metals and actinide ions at dilute concentrations in complex
materials is XAS (XANES and EXAFS) spectroscopy.

In this study, XANES analysis allowed the identification of
U(VI) as the main uranium species bound to the cell surface of
B. sphaericus JG-A12 and to its purified and recrystallized
S-layer protein, excluding the reduction of U(VI) to U(IV).
The combination of the latter spectroscopic study with TEM
analysis demonstrates that the biosorption at the cell surface is
the main mechanism responsible for the interaction of ura-
nium with this bacterium.

Our EXAFS data indicate that U in the whole-cell sample is
coordinated by phosphate groups in monodentate bonding
mode and by carboxyl groups in a bidentate fashion. These
groups are associated with the biocomponents of the cell sur-

TABLE 6. Structural parameters of the uranium reference
compounds used in this work

Sample Shell Na R
(Å)b

�2

(Å2)c �E (eV)

Uranyl triacetate U-Oax 2d 1.78 0.0014 �8.6
U-Oeq 6.0 (4) 2.47 0.0085
U-C1 3.1 (5) 2.87 0.0038
U-C2 3.1 4.39 0.0038

Meta-autunitee U-Oax 2.2 (2) 1.76 0.0045 �11.0
U-Oeq 3.9 (2) 2.29 0.0026
U-P 2.3 (3) 3.60 0.008d

U-U 2.7 (6) 5.20 0.008d

a Errors in coordination numbers are 
25%, and standard deviations, as
estimated by EXAFSPAK, are given in parentheses.

b Errors in distance are 
0.02 Å.
c Debye-Waller factor.
d Value fixed for calculation.
e See reference 22.

VOL. 71, 2005 COMPLEXATION OF URANIUM BY BACILLUS SPHAERICUS JG-A12 5541



face as was demonstrated by the TEM analysis. Typically, the
cell walls of gram-positive bacteria are comprised of approxi-
mately 25 layers of cross-linked linear polymers of peptido-
glycan which consist of up to 40 to 50 repeating dimers of
N-acetylglucosamine and N-acetylmuramic acid rich in carbox-
ylate groups. Teichoic acids are intermeshed in the peptidogly-
can framework and contain phosphate groups as well as D-
alanine (34). These groups can deprotonate to form negatively
charged metal binding sites (57).

Numerous studies have examined the metal ion-cell wall
interactions of gram-positive bacteria (particularly members of
the genus Bacillus). The sites responsible for metal binding in
these organisms are probably the carboxyl sites within the
peptidoglycan as well as the phosphoryl groups of the teichoic
acids and other secondary polymers (16).

In the case of gram-negative bacteria, Ferris and Beveridge
(18) demonstrated that the phosphoryl residues of the polar
head of phospholipids and LPS in the outer membrane were
the most probable binding sites for metal cations in Escherichia
coli K-12, whereas in Pseudomonas aeruginosa, the phosphoryl
groups in the core-lipid A region of the LPS are mainly in-
volved in metal binding (31). The main implication of phos-
phate groups in the complexation of uranium by representa-
tives of gram-negative bacteria is confirmed by the use of
different spectroscopic and microscopic techniques. In previ-
ous studies, the combination of EXAFS spectroscopy, TEM,
and EDX analysis showed that phosphorus-containing residues
of three ecotypes of A. ferrooxidans are involved in the com-
plexation of uranium (40). In addition, the structural parame-
ters of these uranium complexes appear similar to those arising
from the complexation of uranium with organic phosphate
compounds such as fructose 6-phosphate (28).

The pH of the uranium solution used in this study was 4.5.
Under these conditions, it is expected that the cells of B.
sphaericus JG-A12 are dominantly electronegative. Bacterial
cell walls are negatively charged under acidic pH conditions,
and the cell wall chemical functional groups (hydroxyl, car-
bonyl, carboxyl, thioether, amine, amide, phosphonate, phos-
phodiester, etc.) display a high affinity for metal ions in solu-
tion (13). It has been demonstrated that the bacterial cells of
gram-positive bacteria (B. subtilis) display an isoelectric point
of approximately pH 2.4 (57). At this pH condition, the con-
centration of negatively charged surface sites is equal to the
concentration of positively charged amino acids, and the net
surface charge is equal to zero. As the pH increases from the
isoelectric point, the acidic cell wall functional groups progres-
sively deprotonate, generating a net negative charge within the
cell wall and an electronegative potential on the cell surface
(57).

Environmental and application significance. A key implica-
tion of our findings is that the elucidation of interaction mech-
anisms between uranium and B. sphaericus JG-A12 cells and
S-layer protein, the determination of the uranium binding
sites, and the structural parameters of the uranium complexes
formed by these two biological structures may help in the
optimization of bioremediation processes using this bacterium
and its S-layer. Strategies for enhancing the uranium-binding
capacities of the cells and S-layer proteins of this bacterium are
needed. These include chemical or genetic insertion of amino
acids possessing carboxyl groups such as aspartic and glutamic

acids, as well as serine and threonine, into the S-layer protein
sequence. The availability of genetic engineering technology
provides the possibility of specially tailoring microbial biosor-
bents with the required high affinity for uranium. Searching for
novel environmental bacterial isolates possessing S-layer pro-
teins with high phosphate and carboxyl group content is also a
promising strategy for the removal and recovery of uranium
from contaminated water or soil, as is optimization of growth
media by increasing the amounts of phosphates. Some of these
studies are in progress in our laboratory.
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