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Thermodynamics of U(V1) sorption onto Shewanella putrefaciens
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Abstract

We have conducted acid—base potentiometric titrations and U(VI) sorption experiments using the Gram negative,
facultatively anaerobic bacterium Shewanella putrefaciens. Results of reversed titration studies on live, inactive bacteria
indicate that their pH-buffering properties result from the equilibrium ionization of three discrete populations of functional
groups. Carboxyl (pK ,=5.16 + 0.04), phosphoryl (pK ,= 7.22 + 0.15) and amine ( pK ;= 10.04 + 0.67) groups most
likely represent these three resolvable functionalities, based on their pK , values. Site densities for carboxyl, phosphoryl and
amine groups on the bacterial surface were approximately 31.7 wmol sites/g bacteria (0.35 + 0.02 sites/nm?), 8.95
wmol /g (0.11 + 0.007 sites/nm?) and 38.0 wmol /g (0.42 + 0.008 sites/nm?), respectively, based on an estimated
bacterial specific surface area of 55 m?/g. Sorption experiments showed that U(VI) can reversibly complex with the
bacterial surface in the pH 2-8 interval, with maximum adsorption occurring at a pH of ~ 5. Sorption is not strongly
sensitive to ionic strength (NaCl) in the range 0.02-0.10 M. The pH and ionic strength dependence of U(VI) sorption onto
S putrefaciens is similar to that measured for metal-oxide surfaces and Gram positive bacteria, and appears to be similarly
governed by competitive speciation constraints. Measured U(V1) sorption is accounted for by using two separate adsorption
reactions forming the surface complexes > COO-UO; and > PO,H-UO,(OH),. Using S putrefaciens as a model
organism for dissimilatory metal-reducing Gram negative anaerobes, our results extend the applicability of geochemical
speciation models to include bacteria that are capable of reductively solubilizing or precipitating a wide variety of
environmentally and geologically important metals and metallic species. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Pu(V,VI) (Rusin et a., 1994). Dissimilatory anaero-
bic bacteria that respire using oxidized metals must
obtain energy by coupling the enzymatic reduction
of Fe(lll), Mn(1V) or other species to the oxidation
of organic matter (Lovley, 1991; Neason and Saf-
farini, 1994). However, unlike dissolved oxygen,
nitrate or sulfate, the predominant aquatic Fe(l11) and
Mn(IV) species are relatively insoluble metal-oxide
phases. Thus, anaerobic metal-reducing bacteria
(MRB) are typically faced with a physiological prob-
lem; oxidized metal species that are needed for
" Corresponding author. Fax: +1-616-387-2909. respiration are encountered in a solid form that is not

E-mail address: jhaas@wmich.edu (JR. Haas). readily amenable to uptake via simple diffusion

The majority of bacteria in the subsurface exist
and grow anaerobicaly, respiring on a variety of
terminal electron acceptors (TEAS) other than oxy-
gen, including NO3, Fe(lll), Mn(IV), SOZ~ (Madi-
gan et al., 2000), trace species U(VI), Se(1V), AS(V),
Cr(VI) (Winkler et al., 1995; Wade and DiChristina,
2000; Taratus et al., 2000) and exotic species such as
To(VIl) (Lloyd et al., 1998, 1999) and possibly

0009-2541,/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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across the cell membrane. In contrast, MRB that
respire using soluble oxidized-metal species such as
UVl) (Lovley et d. 1991, 1993; Wade and
DiChristina, 2000) may potentially acquire TEA ions
through cross-membrane diffusion. Surface complex-
ation represents a potentially more efficient mecha
nism by which bacteria may concentrate dissolved
TEAs at the cell-aqueous or cell-minera interface.
MRB may facilitate this process by optimizing cell-
surface properties to maximize the efficiency of ion
acquisition or cell-mineral attachment. Quantification
of the chemical thermodynamic properties of MRB
cell walls should therefore promote a much clearer
understanding of the importance of MRB in the
biogeochemical cycling of metals, Fe and Mn min-
eral formation and dissolution, and the speciation,
mobility and bioavailability of redox-sensitive chem-
ica contaminants.

Several recent studies have sought to quantify the
phenomenon of solute adsorption onto microbial sur-
faces, focusing primarily on the chemical thermody-
namics of coordination onto Gram positive aerobic
bacteria such as Bacillus sp. (e.g. Fein et al., 1997;
Daughney et al., 1998; Fein and Delea, 1999; Fowle
and Fein, 1999). For example, Fowle et al. (2000)
demonstrate that U sorption onto B. subtilis can be
described using a multisite surface complexation ap-
proach and report that U sorption onto that bacterium
is governed by the formation of U-carboxyl and
U-H-phosphory! surface species. The stability con-
stants obtained by Fowle et al. (2000) and others can
be used to predict the speciation of solutes in oxy-
genated ground waters where aerobic Gram positive
species similar to Bacillus are abundant. However,
Gram positive and negative bacteria differ signifi-
cantly in their cell membrane structures and compo-
sitions. Studies focusing on Gram positive species
can provide only limited information regarding the
coordination properties of Gram negative strains.
Most bacteria in marine and freshwater settings are
Gram negative (Hodgkiss and Shewan, 1968). MRB
and sulfate-reducing bacteria (SRB), predominantly
Gram negative Bacteria or Archaea (Barns and
Nierzwicki-Bauer, 1997), are thought to be predomi-
nant in anoxic marine, estuarine and lacustrine sys-
tems where sulfate or metal-oxide minerals are abun-
dant (Lee, 1979; Neason and Stahl, 1997). Gram
negative dissimilatory MRB such as Shewanella and

Geobacter are widespread in aguatic and marine
systems and are thought to govern the global biogeo-
chemical iron cycle (Nealson and Stahl, 1997).

In this study, we present potentiometric titration
and U(VI) adsorption measurements made using S.
putrefaciens strain 200R (Obuekwe et al., 1981;
MacDonell and Colwell, 1985; DiChristina and De-
Long, 1994). These data were used with a constant
capacitance surface complexation model to derive
standard state thermodynamic stability constants for
protonation, deprotonation and U(V1) adsorption at
the bacteria cell wall. We have selected S putrefa-
ciens as a model organism representing a dissimila-
tory Gram negative MRB found in a wide variety of
aguatic settings. U(V1) is a widespread environmen-
tal contaminant in ground and surface waters, and
can be enzymatically reduced to U(IV) by S putre-
faciens (Lovley et a., 1991; Wade and DiChristina,
2000).

2. Structure and acid—base chemistry of the Gram
negative cell envelope

The cell walls of Gram negative bacteria differ
significantly from those of Gram positive species.
The Gram positive cell envelope is characterized by
a cytoplasmic membrane consisting of a phospho-
lipid bilayer and associated wall proteins and en-
zymes, surrounded externally by a thick layer of
peptidoglycan (PG) or murein, a biopolymer consist-
ing of peptide-cross-linked N-acetylglucosamine and
N-acetylmuramic acid. The PG layer is studded with
wall-associated proteins and teichoic and lipoteichoic
acid derivatives which presents a surface that is rich
with acid functional groups that deprotonate in pH-
neutral agueous solutions to yield a net negatively
charged surface electric field (Beveridge and Koval,
1981; Beveridge et a., 1982; Beveridge and Fyfe,
1985; Schultze-Lam et al., 1995; Fortin et al., 1997;
Madigan et al., 2000).

Gram negative cells also possess a cytoplasmic
envelope consisting of a phospholipid bilayer sur-
rounded by a PG layer. However, in Gram negative
cells the PG layer is much thinner than what is
typical for Gram-positive species, and is found in the
periplasmic space between the underlying cytoplas-
mic membrane and an overlying outer membrane.
This outer membrane is anchored to the PG layer by
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lipoprotein molecules, which are in turn linked to the
overlying inner aspect of the outer-membrane phos-
pholipid bilayer. The outer-membrane bilayer is tra-
versed by proteins and porin channels that link the
outer membrane to the periplasmic space and alow
the exchange of low-molecular-weight chemical
species between the cytoplasm and the external envi-
ronment. The outer aspect of the outer membrane is
composed largely of lipopolysaccharide (LPS), which
is thought to play an important role in metal binding
to the cell exterior (Langley and Beveridge, 1999).
Structurally, LPS consists of a basal lipid A compo-
nent linked to a core polysaccharide complex that
projects from the lipid A matrix. Ketodeoxy-
octonoate (KDO) links the core polysaccharide to
lipid A, which in turn is linked to a chain-like
arrangement of heptoses, glucose, galactose, and N-
acetylglucosamine that projects into the agueous
medium. The distal end of this strand consists of
O-polysaccharide, containing galactose, glucose,
rhamnose, mannose and other sugars in a branched
repeating sequence (Madigan et d., 2000). O-poly-
saccharide varies in structure and composition among
strains and thus acts as a serological antigen unit.

S. putrefaciens LPS has been characterized (Moule
and Wilkinson, 1989). By weight, fatty acids are its
most abundant components, consisting of linear and
branched 11- to 15-carbon fatty acids, most of which
possess three hydroxyl groups. Fatty acids contribute
as the predominant fraction of carboxylic groups
associated with LPS in this bacterium, athough ab-
solute abundances of ionizable groups are difficult to
extract since the majority of LPS fatty-acid carboxyl
groups are occupied in ester linkages. Carbohydrates
and sugars contribute the second-most abundant
source of potentially ionizable LPS functionalities in
the form of hydroxyl groups on sugars. A number of
these OH groups may remain ionizable even though
the sugar units are linked in polysaccharide and
carbohydrate chains. For example, a six-carbon-sac-
charide carbohydrate chain will yield two OH groups
per repeating six-carbon sugar. Amino compounds
comprise the third-most abundant source of ionizable
functional groups in LPS, including glucosamine,
galactosamine and similar amino-compounds. These
components provide one amine group per molar unit,
but like the carboxyl contribution to LPS many
amines will tend to be occupied in peptide bonds and

thus may not be ionizable. However, an additional
source of ionizable amine groups may be found in
proteins, enzymes and porins associated with the
outer aspect of the cell membrane. These molecules
present a variety of ionizable groups in solution,
most notably carboxyl and amine groups, with a
lesser contribution by other groups such as phenolic
(i.e. tyrosine) and sulfhydryl (i.e. cysteine) moieties
(Voet and Voet, 1995). Phosphate represents a minor
LPS component, found primarily in the core poly-
saccharide complex, but because most phosphate
groups are found as terminal units this functional
group may provide a significant source of ionizable
groups.

3. Theoretical depiction of chemical interactions
at the cell envelope

The aggregate of ionizable groups associated with
the cell surface will contribute an overall electrical
charge that will vary in magnitude with pH and ionic
strength of the agueous medium. Describing the pH
and compositional dependence of the overall electri-
cal field exhibited by the cell surface is facilitated by
the application of chemica thermodynamic princi-
ples. In this approach, the overall properties of the
cell surface are quantified in terms of discrete mass-
law and mass-action equations that account for varia-
tions in charge density and metal coordination with
pH and fluid compositions. Possible mass-law ex-
pressions accounting for surface charge on bacterial
cell walls include

> COOH = > COO™ + H* (1)
>NH3=>NH,+H" (2)
>PO,H=>PO, +H" (3)

which represent carboxyl, amine and phosphoryl ion-
ization reactions, respectively. In each of reactions
(1) through (3), the symbol “ > > indicates the bind-
ing point of each functional group to the remainder
of its respective biomolecule. Reactions involving
surface functional groups may be described using
mass—action relations, which for Eq. (1), for exam-
ple, will take the form

_ [>coo ][H"]

[> COOH] (4)



36 J.R Haaset al. / Chemical Geology 180 (2001) 33-54

where K represents the apparent equilibrium con-
stant for reaction (1). Because these reactions take
place on the surface, their physical—chemical depic-
tion must account for electrostatic effects that will
tend to modify the chemical thermodynamic relation.
Including an electrostatic term in relation (4) yields

AZFY,
RT ) (%)

where K,,, stands for the intrinsic equilibrium con-
stant for the reaction at a condition of zero net
surface charge and zero surface concentration of the
adsorbing ion (H*), AZ represents the change in
charge of the adsorbing ion, F is the Faraday con-
stant, ¥, stands for surface electrical potential, R is
the gas constant and T is temperature in Kelvin
(Stumm and Morgan, 1996). In this study we de-
scribe the electrical potential near the cell surface
using a constant capacitance model of the electrical
double layer, wherein capacitance C is related to the
surface electrical potential and surface charge o by
the following relation:

c-— (6)

0o

A constant capacitance model is used to describe
the surface of Bacillus sp. by Fein et al. (1997),
Daughney et a. (1998), Fein and Delea (1999),
Fowle and Fein (1999) and Fowle et a. (2000) and a
similar approach was used in this study to yield
values that may be compared directly with previ-
oudly published data describing bacteria—solute in-
teractions. A capacitance of 1.0 F/m? for the S
putrefaciens surface was used in this study, based on
the recommended value of Sahai and Sverjensky
(1997) for capacitance for the inner Helmholtz layer
of mineral surfaces in a NaCl solution. Results ob-
tained in this study from modeling titration data were
not particularly sensitive to values of C, therefore a
value of 1.0 F/m? was selected and used for all
calculations presented here.

K= Kintexp( -

4. Uranium geochemistry

Uranium occurs predominantly in two valence
states under natural conditions, as U(V1) and U(IV).
U(V1) hydrolyzes in solution to form the aguo-ca-

tionic complex UO3* or uranyl. U(IV) occurs as the
aguo cation U**. Both valence states strongly com-
plex anions and ligands forming a diverse suite of
aqueous complexes. Most notably, UO3* readily
complexes with dissolved carbonate, phosphate, hy-
droxyl and carboxylic acid ligands (e.g. Wagman et
a., 1982; Tripathi, 1984; Grenthe et al., 1992; Shock
and Koretsky, 1993, 1995; Ticknor et a., 1996;
Prapaipong et al., 1999). High ligand concentrations
promote U solubility via chelation reactions, but can
also result in immobilization of U(VI) through chela-
tion or adsorption onto colloidal organic matter (Read
et al., 1993), onto mineral surfaces (Ho and Miller,
1985, 1986; Gabriel et al., 1998) or through precipi-
tation of a variety of carbonate, sulfate, phosphate
and arsenate minerals. Adsorption of U(V1) by min-
eral and organic substrates can also remove U(VI)
from solution. Experimental and field studies by
Moulin and Ouzounian (1992), Kohler et a. (1996),
Hs and Langmuir (1985), Ho and Doern (1985),
Sagert et al. (1989), Sheppard and Thibault (1992),
Prikryl et al. (1994), Bruno et al. (1995), Waite et al.
(1994), Haas et a. (1998) and others have demon-
strated that sorption of U(VI) onto mineral and
biomass surfaces can extract nearly 100% of aqueous
U(VI) at redlistic environmental concentrations, and
that this process is highly pH-dependent. At pH
values below ~ 3, U(V1) sorption is minimal, while
sorption increases to a maximum through the pH
interval ~ 3-7, forming a characteristic “edge” on
diagrams of pH versus extent of sorption. At pH
vaues above ~ 7-8, competition for U(VI) with
aqueous carbonate and hydroxide reduces the extent
of sorption, resulting in the release of U(VI) back to
solution at increasingly basic pH values.

5. Experimental methods
5.1. Cultivation methods

S. putrefaciens strain 200R (Obuekwe et al., 1981;
DiChristina and DelLong, 1994) was used in all
experiments in this paper. Cultures were grown at 30
°C in liquid Luria Bertani (LB) medium in the
presence of 100 pwg/ml rifamycin under anaerobic
conditions. 200R is a spontaneous rifamycin-resistant
strain. S. putrefaciens cultures were grown to mid-
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logarithmic stage before harvest. Cell densities at
extraction were measured using UV-visible spec-
trophotometry. Under invariant growth conditions,
absorbency of cell suspensions at 600 nm correlates
with cell density and growth stage (DiChristina,
1989). At harvest, cells were treated with 25 g /1 of
the antibiotic chloramphenicol. The principal effect
of chloramphenicol on S putrefaciens isto arrest the
synthesis of new proteins. Chloramphenicol treat-
ment was thus used in this study as a means of
preventing subsequent cell growth or the expression
of new proteins by viable cells during experiments.
Harvested cells were separated from their growth
media through a repeated centrifugation and resus-
pension procedure that was duplicated for all cell
crops. The wash procedure involved centrifugation at
5000 X g for 10 min to pelletize the cell mass, after
which the supernatant was discarded and the pel-
letized cell mass was resuspended in 0.1 M NaCl
electrolyte solution and concentrated by a factor of
four from the original incubation volume. Cells were
then centrifuged again for 10 min at 5000 X g, the
supernatant discarded and the cell pellet resuspended
in 0.1 M NaCl without additional concentration.

Cell densitiesin final 0.1 M NaCl solutions were
counted via epifluorescence microscopy (Nikon
Daiphot 300 microscope) using an acridine orange
direct count (AODC) method (Lovley and Phillips,
1988). Cell suspensions in 0.1 M NaCl were used
immediately in experiments or maintained at 4 °C for
no longer than 1 week. In other studies (e.g. Fein et
a., 1997; Daughney et a., 1998; Fein and Delea,
1999; Fowle and Fein, 1999) of Gram positive bacte-
ria, chemical treatments with EDTA or strong acid
were used to remove adsorbed cationic species from
cell membranes. In this study no such chemical
treatments were used to avoid damaging structural
molecules of the LPS layer. The LPS layer can be
altered or damaged by chemical treatments including
EDTA (Birdsell and Cota-Robles, 1967; Costerton et
al., 1967; Costerton, 1970), resulting in detachment
of cationic cross-links between LPS strands and
shortening of LPS units.

5.2. pH titrations

Acid—base titrations of S. putrefaciens were per-
formed in an electronic titration apparatus (Mettler

Toledo model DL-58) at 25 °C. Solutions to be
titrated were prepared using stock suspensions of S
putrefaciens with known cell density, which were
diluted to desired experimental cell densities in a
background €electrolyte solution of 0.1 M NaCl. The
total mass of cells used in each titration was approxi-
mated from measured cell density values using the
growth data of DiChristina (1989) for S putrefa-
ciens. DiChristina (1989) report an average S. putre-
faciens mass of 10%? bacteria/g under a range of
growth conditions. Solutions to be titrated were dis-
pensed into polypropylene vessels and secured to the
burette assembly, then subsequently purged with N,
gas to exclude atmospheric CO, for 1 h before the
beginning of each titration. Control titrations with
distilled-deionized water (DDW) showed that nitro-
gen purging was effective in removing dissolved
CO, after approximately 15 min, determined via an
observed elevation of fluid pH from a starting value
of ~5.6 (representing equilibration with atmo-
spheric CO,) to ~ 7.0. Fresh titration-grade 0.1 M
NaOH and 0.1 M HCI (Titristar) standard solutions
were used for titration experiments. Titrant standard
solutions were calibrated against potassium hydrogen
phthalate (for NaOH) and TRIS (for HCI). Titrations
were performed by first allowing a given cell sus-
pension to attain pH equilibrium to a drift of less
than 0.1 mV (~ 0.001 pH unit) /10 s, then initiating
an acid titration to an end-point of pH 3.0, followed
by a base titration from pH 3.0 to an end-point of pH
10.0, followed by a second (reversed) acid-titration
to an end-point of pH 3.0. Hysteresis of titration data
was minimal and titrations appeared to be fully
reversible. Titrations were performed by instrumental
addition of titrant, in volumes of 10.0 wl, after
achieving a pH drift at each step of equal to or less
than 0.1 mV /10 s. Titrant volumes were accounted
for in calculating dilution factors. The total volume
of titrant delivered during each titration series was
less than 2% of initial solution volume.

5.3. Surface area estimation

The wet surface area of S putrefaciens was
estimated in this study using a geometric approach.
The external dimensions of viable bacteria were
measured in photomicrographs obtained with scan-
ning electron microscopy (SEM). The measured av-
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erage long and short axes of S putrefaciens were
1.92 + 0.32 and 0.38 + 0.09 p.m, respectively, yield-
ing an average aspect ratio of ~ 5.1. We calculated
the volume of acylindrical S putrefaciens bacterium
to be 0.367 + 0.07 um?® and the surface area to be
548 + 1.0 pm? He and Tebo (1998) found that
BET estimates of surface area for freeze-dried bacte-
rial spores underestimated the wet surface area, ob-
tained through dye-adsorption experiments, by
roughly an order of magnitude. Using a wet/dry
surface area ratio of ~ 10 and a cell mass of 102
bacteria/g (DiChristina, 1989) yields a specific sur-
face area of approximately 55 m?/g for wet S
putrefaciens bacteria. This value is similar to previ-
ous estimates of wet surface area for viable Bacillus
sp. cells (140 m? /g; Fein et a., 1997) and spores
(75 m?/g; He and Tebo, 1998) obtained using a
combination of geometric, gas-adsorption and agque-
ous dye-adsorption methods.

5.4. UO2* sorption experiments

Stock cell suspensions of inactive, viable S. putre-
faciens were diluted with 0.1 M NaCl to desired
concentrations and titrated with trace metal grade
NaOH and HCI to desired pH values. Aliquots were
extracted at desired pH conditions, in volumes of 4.0
ml, and dispensed into 4.0-ml polypropylene sample
vias. Forty microliters of a 1.0-mM UO3" solution
was added to each vial, yielding initially a solution
of 10 pM U. Stock 1.0 mM U solutions were
prepared by dilution and pH neutralization of an
atomic absorption standard solution (10,000 mg U /I
in 2% HNO,) in DDW. Experimental solutions were
allowed to equilibrate for 12 h at 25 °C while being
mixed on a circular rotational shaker. Overnight
equilibration was used to overcome any potential
problems arising from slow adsorption kinetics.
However, test experiments were conducted at 1-h
equilibration times (data not shown), which demon-
strated that nearly 90% of potential U uptake was
attained within the first hour of equilibration. Re-
versibility of U uptake was tested by randomly se-
lecting a small number of experimental solutions and
mildly acidifying them (to a pH of ~ 2-3) after 1 h
of equilibration. Results of reversibility trials (not
shown) indicated that the extent of U uptake and U
acidification-release were similar. Controls were run

without bacteria to test for loss of U to the vessel
walls; no systematic U loss was observed.

At the end of the trids, equilibrium pH was
measured using a glass-combination semimicro pH-
electrode directly in experimental vessels. After pH
measurements, aliquots were transferred to 1.5 ml
centrifuge tubes and centrifuged at 8000 rpm in an
Eppendorf microcentrifuge for 30 min. Supernatants
were decanted into 15 ml polypropylene centrifuge
tubes. After which, 20 ! of 6.0 M trace metal grade
HNO; were added to each 15-ml tube and the con-
tents diluted to 10.0 ml with DDW. Resulting solu-
tions were analyzed for U using inductively coupled
plasma mass spectrometry (ICP/MS). Measured U
concentrations reflected U not sorbed by bacteria
during the experiments. In all experiments the avail-
ability of cell surface binding sites (see Section 6.2)
was in excess of the U concentration. The low initial
concentration of U (10.0 wM) was selected to avoid
problems arising from UO,(OH),(s) (schoepite) pre-
cipitation or strong U loading of cell walls resulting
in precipitation of Uranyl phases on bacteria, as was
reported by Barker et al. (1998) and Suzuki and
Banfield (1999) for lichen fungal cells.

6. Reaults

6.1. pH titrations

Fig. 1 displays sample titration curves for S
putrefaciens in 0.1 M NaCl electrolyte solution at
three different cell densities. The net concentration
of exchanged H* is calculated according to the
following relation,

[H" Jmeas = [OH ™ Jimeas = [H™ Jadded + [OH ™ Jadded
= [H+]exchanged (7)

where [H* ], o5 and [OH ] ... are obtained from the
pH at each titration step, [H*],y4eq @d [OH ] ggeq
are known at each titration step, and the term
[H" Jxchangea Teflects the sum of all other proton
exchange reactions in the system.

The titration curves in Fig. 1 are displayed in
comparison to the calculated titration curve of pure
water (dotted line) for a solution of identical volume
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Fig. 1. Acid—base potentiometric titration data for S. putrefaciens at three different cell densities as a function of [H* Jechangea @1d PH.
Values of [H" ]eccnanged @re calculated using relation (7). A calculated titration curve for pure water is shown by the dotted line. Smoothed

lines connect titration data points.

to the experimental solution. The curves for S. putre-
faciens cross the titration curve for water near a pH
of ~ 7.5, indicating that the surfaces of S putrefa-
ciens cells are capable of gaining protons at low pH
and acquiring a net positive charge. At pH values
higher than ~ 7.5, [H" ]ocnanged 1S Negative and the
cell surface acquires a net negative charge. Previous
studies of Gram positive bacteria of the genus Bacil-
lus have reported that their cell membranes display a
net negative charge at pH values greater than ~ 3.5
and are neutrally charged at lower pH values (Fein et
al., 1997; Daughney et al., 1998). Those findings are
consistent with the known composition of the outer
aspect of Gram positive cell envelopes, which are
comprised largely of PG and associated teichoic and
lipoteichoic acids (Madigan et al., 2000) that display
abundant carboxyl, phosphoryl and hydroxyl groups.
Most studies assume that the outer surfaces of Gram
negative bacteria behave similarly to Gram positives
in regard to acid—base chemistry (Schultze-Lam et
al., 1995), in that the cell surface is largely anionic.
However, our titration results clearly demonstrate
that the cell surface of S putrefaciens is positively

charged at pH values more acidic than ~ 7.5. At pH
values higher than ~ 7.5, cell surfaces become in-
creasingly negatively charged strongly buffering pH
up to the maximum titration pH ~ 10.0. Interest-
ingly, the optimal growth pH for S. putrefaciens is
~ 7.0, a which the surface of this bacterium, ac-
cording to titration data, will exhibit a dlightly posi-
tive net charge. Under more basic conditions in most
natural ground waters and in the oceans (pH ~ 8),
our titration data indicates that S. putrefaciens will
exhibit a dightly negative net charge, and thus ad-
sorption of cations will not be electrostatically inhib-
ited. However, in mildly acidic soils or in acidified
ground waters the positive net charge of S putrefa-
ciens cell surfaces may significantly curtail cation-
adsorption reactions. Conversely, ligand sorption at
low pH is likely to be significant.

6.2. Thermodynamic modeling of titration data
The results of titration experiments were used to

constrain an optimal description of the number, con-
centrations and thermodynamic properties of ioniz-
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able functional groups on the S. putrefaciens surface.
To facilitate the extraction of thermodynamic values
from the titration data, the computer code FITEQL
(Westall, 1982) was used to test the appropriateness
of differing chemical mass-action and mass-law rela
tions in describing the proton-exchange behavior of
S putrefaciens cell surfaces. FITEQL performs non-
linear least squares regressions of experimental data
using stoichiometric constraints supplied by the user.
The quality of results obtained using FITEQL may
be evaluated by direct comparison with observed
experimental values and by seeking to minimize the
sum of squares of residuals differential function
(W,,,/df; dimensionless) generated by the regres-
sion algorithm.

Specific adsorption of electrolyte ions to the bac-
terial surface was not accounted for computationally
in this study. In order to reliably estimate the effects
of electrolyte adsorption onto the bacterial surface, it
would be necessary to conduct titration studies over
a range of ionic strength values ideally covering
severa orders of magnitude in electrolyte concentra:
tion. This procedureis precluded on practical grounds
because of the sensitivity of the bacterial surface to

0.0015

extreme shifts in osmotic pressure and salt concen-
tration. If exposed to ionic strengths significantly
lower than that of their growth media (LB ~ 0.1 M
NaCl) bacteria cells will tend to undergo sponta-
neous lysis, while at significantly higher ionic
strengths membrane-mounted proteins will tend to
solubilize (Voet and Voet, 1995; Madigan et a.,
2000). For example, in NaCl an increase in ionic
strength from ~ 0.1 to 1.0 will result in an increase
in the solubility of carboxy-hemoglobin by approxi-
mately an order of magnitude (Voet and Voet, 1995).
This “salting in” effect is routinely used in micro-
biology as a method of protein extraction. Titration
data at NaCl ionic strengths of 0.1 and 0.05 were
obtained in this study and the results are shown in
Fig. 2. These results demonstrate that within a nar-
row range of ionic strength proton exchange at the
bacterial surface is not measurably sensitive to elec-
trolyte concentration, indicating that specific elec-
trolyte adsorption by the bacterial surface is minimal.

Table 1 summarizes the results of FITEQL opti-
mizations for one titration of S putrefaciens (50 g
cells/1), constrained according to a one acid-site
model, a one base-site model, a one-site amphoteric
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Fig. 2. Potentiometric titration curves for S putrefaciens at 25 g bacteria/I and ionic strengths of 0.05 and 0.10 M NaCl.
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Table 1

Results of FITEQL optimizations of differing constant-capacitance model stoichiometries representing the S. putrefaciens surface
A capacitance of 1.0 F/m? for the EDL was used in all calculations. W,,./d f values are sums of squares of residuals for each computation.

N/C = no convergence. SD = site density in pmol sites/g bacteria

Sites: One acid

Reaction: >XH=>X"+H" W, /df: 1006
pK 4 9.51
SD 45.8

Sites: One base

Reaction: >YH;=>YH+H* W, /df: 1881
pK 4 5.70
SD 32.0

Sites: One amphoteric

Reaction: >XH=>X"+H* >XHj=>XH+H?* W, /df: 12.8
pK 4 9.15 pK & 5.75
SD 316

Sites: One acid, one base

Reaction: >XH=>X"+H* >YH}=>YH+H" W, /df: 7.80
pK 4 5.58 pK & 8.98
SD 30.6 sites/nm?: 32.8

Sites: Two acid, one base

Reaction: >XH=>X"+H* >YH}=>YH+H" W, /df: 0.491
pK 4 5.17 pK & 9.37
SD: 9.96 SD: 374
>ZH=>Z"+H"
pK 4 7.06
SD: 294

model, a two-site (acid-site and base-site) model, and
a model involving two acid sites and one base site.
The modeling procedure described here constrains
the thermodynamic properties of the cell surface in
statistical terms only and does not necessarily imply
that regressed thermodynamic values describe the
absolute properties of individual functional groups
belonging to homogeneous populations on the cell
surface. Rather, regressed properties for a particular
reaction represent the average properties of a hetero-
geneous population of functional units, which collec-
tively behave as if they were a single type of func-
tionality. One test of this approach is whether it is
even possible to describe acid—base reactions on the
cell wall using such a discrete-reaction model. The
cell surface, comprising a diverse suite of LPS com-
ponents, wall proteins and enzymes, could in princi-
ple exhibit an assortment of functional groups whose
properties are not collectively amenable to approxi-
mation as a small number of discrete site types, or
which interact sterically as a function of pH, making
the resolution of site properties difficult. The pH-

buffering properties of humic and fulvic acids, for
example, normally cannot be resolved using a dis-
crete multisite approach because of pH-dependent
conformational shifts that shield or expose function-
alities as they acquire or lose charge (Tipping and
Hurley, 1992). However, the relative physical inflex-
ibility of the bacterial cell and the highly structured
nature of the cell envelope suggest that the cell
surface should not behave like a humic acid, but
more like a multifunctional organic acid or peptide.
This expectation is confirmed by titration studies of
Gram positive bacteria (Fein et al., 1997; Daughney
et al., 1998), which show that a discrete multisite
approach is applicable to Bacillus sp. bacteria.
Table 1 may be used to directly compare the
quality of FITEQL-calculated fits to the experimen-
tal data shown in Fig. 3. The first model considered
is the simplest; an approximation of the cell surface
as a monoprotic acid with a pK .. This one-acid-site
model provides a poor fit to the titration data, yield-
ing a high sum of squares of residuals (W,,,/df =
1006). This model fails to reproduce the titration
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Fig. 3. Potentiometric titration curve for S. putrefaciens at 50 g bacteria/I. Also shown are FITEQL regressions (lines connecting data

points) for different models of the cell surface.

data primarily because it cannot account for proton
uptake by the surface under acidic pH conditions. A
model involving only a proton-accepting or “base”
site (i.e. relation (2)) also fails to adequately repro-
duce the titration data (W,,,/df = 1881) because it
cannot account for proton buffering in the basic pH
range. A single-site amphoteric model provides a
substantially better fit to the experimental data
(W,,,/df = 12.8) when compared with the one-acid-
site or one-base-site models. A model separating the
acid and base functions of the amphoteric model into
two discrete sites accounts somewhat better for the
titration data, yielding a W,,./df value of 7.8.

A three-site moddl (two-acid-sites, one-base-site)
provides a substantialy improved fit (W,./df=
0.491) to the titration data when compared with
previous models. Application of this model to the
titration data at 10 and 25 g bacteria/| yields similar
results in terms of pK, values and absolute site
concentrations, and aso returns similarly low
W,,.,/df values (see Table 2). Fig. 3 compares all
the models listed in Table 1 in terms of their corre-
spondence with the titration data at 50-g bacteria/|.

The three-site model fits the experimental data more
closely throughout the measured pH range than ei-
ther the amphoteric or two-site models, while both
the one-acid and one-base models yield titration
curves that depart significantly from the experimen-
tal curve. Multisite models involving more than two
sites (one acid and one base) fail to converge. Values
obtained for titration results at three bacterial con-
centrations are shown in Table 2, along with aver-
ages of values from separate titrations. Average pK,
vaues obtained using the three-site model were (site
> ZH) 5.16, (> XH) 7.22 and (> YH) 10.04, where
ionization of >ZH and > XH obey a mass law
similar to Eq. (1), and > YH obeys a mass law
similar to Eg. (2). The estimated site concentrations
obtained from the model were (> ZH) 31.7 pmol
sites/g bacteria, (> XH) 9.85 umol /g, and (> YH)
38.0 wmol /g.

6.3. Results of U sorption experiments

The results of U sorption experiments involving
S putrefaciens are shown in Fig. 4 as a function of
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Results of FITEQL calculations for individual titrations of S. putrefaciens in 0.1 mol /I NaCl, constrained according to a three-site model of
the bacterial surface
pK , values are calculated for proton-yielding reactions. Site densities assume a bacterial mass of 102 bacteria/g. W,,./df values are sums

of sguares of residuals computed by FITEQL.

g/l pK 4 pmol sites/g pK 4 wmol sites/g pK pmol sites/g W, /df
(> XH) (> XH) (>YH) (>YH) (>ZH) (>ZH)

50 517 9.96 9.37 374 7.06 29.4 0.491

25 5.19 9.20 10.05 388 7.27 32.0 0.211

10 511 10.0 10.70 37.7 7.34 33.6 0.287

Average: 5.16 9.85 10.04 38.0 7.22 31.7

Std: 0.04 0.61 0.67 0.74 0.15 21

pH versus the percentage of available U taken up by
the bacteria at two different ionic strengths and two
different bacteriaU concentration ratios. Under
highly acidic pH conditions U uptake is minimal
(< 4% at pH 1.2). At pH values greater than ~2 U
uptake increases, reaching 70-90% uptake at a pH
of ~ 3. Sorption reaches a maximum at a pH of
~ 4-5 (95% + ) and remains optimal up to a pH of
~ 6-6.5, above which the extent of sorption dimin-
ishes as pH continues to rise. In the basic pH range
the extent of sorption diminishes precipitously, drop-

ping to less than 20% at a pH of ~ 9 and below 5%
at a pH of ~ 10. lonic strength effects appear to be
minimal; an increase in NaCl ionic strength from
0.02 to 0.10 M appears to narrow the adsorption
envelope only dlightly. A similar result was obtained
for U sorption onto hematite (Lenhart and Honey-
man, 1999), which was interpreted to be consistent
with the formation of inner-sphere U(VI)-hematite
surface complexes (Hayes and Leckie, 1987).

The pH-dependence of U sorption shown in Fig. 4
is similar to that observed for U adsorption onto
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Fig. 4. Experimental data for U sorption onto S. putrefaciens as a function of pH, ionic strength and bacteriaU concentration ratio.
Incubation time for all experiments was 12 h. Initial U concentration was 10 .M for all experiments.
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ferrihydrite (Waite et al., 1994), hematite (Ho and
Doern, 1985; Lenhart and Honeyman, 1999), and
onto intact lichen biomass (Haas et al., 1998). A
strong sorption edge for uranyl at low pH is charac-
teristic of cation adsorption (Davis and Kent, 1990),
while desorption of U at high pH results from strong
complexation with carbonate and hydroxide anions
at increasingly basic pH conditions. Under oxidizing
and acidic pH conditions, the dominant form of U
dissolved in water in equilibrium with atmospheric
CO, is aguo-uranyl, but as pH increases to near-neu-
trality uranyl increasingly complexes to form a suite
of hydroxide, carbonate and hydroxycarbonate neu-
tral to anionic dissolved species (see Fig. 5). At
increasingly basic pH values these complexes ac-
count for essentially all of available U, forming
predominantly the species UO,(CO;)3~ and
UO,(OH); at a U concentration of 10 .M, pH > 8,
and atmospheric CO,(ag) concentrations (Tripathi,
1984; Grenthe et d., 1992). Lenhart and Honeyman
(1999), Waite et al. (1994), Ho and Doern (1985)
and Haas et al. (1998) demonstrate that this aspect of
U sorption applies to a wide variety of surface types,
including metal-oxide minera surfaces and eukary-
otic cell walls. The results shown in Fig. 4 indicate

100

that similar speciation constraints govern the adsorp-
tion of U by the cell envelope of S putrefaciens.

6.4. Modeling U sorption equilibria

Data obtained from sorption experiments were
used to constrain the properties of U adsorption onto
the S putrefaciens surface. FITEQL was used to
carry out regression calculations testing the corre-
spondence of different adsorption-reaction stoi-
chiometries to the observed uptake data. Because of
the complexity of U agqueous speciation and the wide
range of pH conditions under which adsorption was
measured in this study, complexation reactions form-
ing a wide range of U hydroxide, carbonate, hydrox-
ycarbonate and chloride complexes were included in
the FITEQL speciation matrix. Species chosen for
inclusion were selected based on their significance to
U agueous speciation in a homogeneous aqueous
system. The agueous speciation of U during our
experiments (excluding bacteria) was calculated for
an oxidizing solution (0.2 bar O,(g)) at 25 °C and 1
bar, containing 10 wuM U, 320 pM tota dissolved
CO, and 0.1 M NaCl, as a function of pH. Specia-
tion calculations were performed using the computer
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Fig. 5. Calculated U speciation profile as a function of pH. Solution composition: 0.2 bar pO,, Uy = 10 uM, CO,(ag) = 3.2 X 1074 M,
0.1 M NaCl. Values were calculated using data of Grenthe et a. (1992) and Tripathi (1984).
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code EQ3NR and its thermodynamic database
(Wolery, 1992), which includes thermodynamic data
of Tripathi (1984) and Grenthe et al. (1992) for U
complexes.

Under the experimental conditions U is stable
predominantly as U(VI1) and is undersaturated with
respect to schoepite (UO,(OH),), al dehydrated sto-
ichiometric derivatives of schoepite (UOL(OH)y
where X < 1), rutherfordine (UO,CO,), a-UO;, B-
UQO;, and v-UO;. Aqueous U complexes that are
significant under the experimental conditions are
summarized along with their formation reactions and
appropriate association constants in Table 3. Reac-
tions selected include only those for which > 1% of
aqueous U is accounted for by a given complex over
a pH range of 0.5 log units or greater. Fig. 5
illustrates a speciation profile for U under the experi-
mental conditions as a function of pH, calculated
using the equilibria presented in Table 3.

The FITEQL speciation matrix used to regress
properties of adsorption reactions included all reac-
tions tabulated in Table 3, the autoionization of
water, and dissociation reactions for HCI and NaOH.
Activity coefficients for aqueous species were calcu-
lated by FITEQL using the Davies equation. Adsorp-
tion was constrained using the optimal three-site
model of the S. putrefaciens surface, using average
values for site densities and equilibrium constants of
surface functional groups shown in Table 2. A sum-
mary of stoichiometric relations for U adsorption
that were considered in this study are tabulated in
Table 4, along with W,,./df values generated by
FITEQL for three sets of experimental U-sorption

Table 3

Aqueous complexation equilibria and association constants (log
K) for UOZ™ in experimental solutions (sans S. putrefaciens)
Sources: Tripathi (1994) and Grenthe et al. (1992).

Reaction log K
Uo2* +Cl~ =U0,Cl* 0.157
UO3* +CO2~ = UO,COJ 9.67
UO32* +2C02~ = UO,(CO,)3~ 16.91
UO3™ +3C0O2™ = UO,(CO,)3™ 23.63
Uo2* +H,0=UOQ,OH* +H* -5.21
UO3* +2H,0=UO,(OH)J +2H* -120
UO3* +3H,0=UQ,(OH); +3H"* -19.22
2U03" +3H,0+CO3%™ =(U0,),CO4(OH); +3H"  —0.890

data. As shown in Table 4 most of the reactions
considered can account to some degree for the ad-
sorption of U onto S putrefaciens, but most cannot
account successfully for the extent of sorption ob-
served throughout the entire observed pH range or
under all experimental conditions.

Models considered and listed in Table 4 include
reactions sorbing U onto predicted carboxyl, phos-
phoryl, and amine sites at the bacterial surface.
Stoichiometries for surface complexation involving
protonated and deprotonated carboxyl, phosphoryl
and amine sites were considered, including reactions
coordinating uranyl-hydroxide (UO,OH", UO,-
(OH),, UO,(OH,)™) and uranyl—carbonate (UO,-
COj, UO,(CO,), ) species onto those surface groups.
The most successful single-reaction stoichiometry
involves bidentate adsorption of uranyl onto two
deprotonated surface carboxyl groups, yielding low
W,,./df values under all three experimental condi-
tions. However, regressed association constants for
this reaction at different experimenta conditions are
significantly different from each other (log K = 2.4,
3.2, 45). An average of these three values, when
used to estimate the extent of U sorption by the
bacteria as a function of pH, does not closely dupli-
cate the experimental trends.

Models involving more than one type of surface
complex generally account better for U sorption than
do single-reaction models. The lower section of Table
4 lists a series of models that each include two
separate adsorption reactions, and in most cases
where model convergence is achieved the W, ./df
values obtained are smaller than that of the best of
the single-reaction models. Some of the improve-
ment is due to the increased number of fitting param-
eters in the two-reaction models. However, adding
another reaction can only improve the quality of fit if
a one-reaction model is inadequate, otherwise two
postulated reactions will attain singularity and the
model will fail to converge. All of the two-reaction
models shown include the formation of a surface
carboxyl—uranyl (> COO-UO;) complex plus one
other type of complex. Two-reaction combinations
that did not include the > COO-UO; complex and
combinations using three complexes or bidentate
complexes either failed to converge or returned
W,,./df values significantly higher than those
shown.
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Table 4

A comparison of different models for UOZ™ adsorption onto S. putrefaciens

W,,s/df vaues are sums of sguares of residuals computed by FITEQL. W,,,/df vaues are not directly comparable among experiments,

but may be used to compare different models of a single data set.

Single complex 1.72 g bacteria/| 17.2 g bacteria/| 1.72 g bacteria/|
10 M U (1 = 0.1) 10 uM U (1 =0.1) 10 pM U (1 = 0.02)
log K W,,o/df log K W,,e/df log K W,,/df

> COO-UO; 2.84 0.276 4.96 0.773 342 101

> COO-UO,0H —-195 5.60 —-1.39 2.34 -3.03 7.83

> COO-UO,CO5 10.1 14.6 14.3 7.64 10.6 12.1

> COOH-UO; * 10.1 3.60 12.5 0.786 113 711

> COOH-UO,CO4 17.4 451 20.2 0.250 18.4 2.90

> COOH-UO,(OH), —-195 5.60 —-1.39 2.34 -3.03 7.83

> COO-UO,—CO0 < 242 0.659 4.49 0.203 3.23 0.540

> PO,~UO; 2.55 244 2.30 0.341 3.15 1.19

> PO,~UO,0H —-218 9.60 -2.85 6.51 2.39 0.182

> PO,-UO,CO5 11.6 15.7 10.6 18.0 9.80 17.7

> PO,H-UO; * 8.36 229 10.0 0.786 9.64 6.78

> PO,H-UO,CO4 18.8 5.63 18.9 1.36 17.0 9.56

> PO,H-UO,(OH), —-218 9.60 -2.85 6.51 2.39 0.182

> PO,-UO,-PO, < 4.05 431 1.40 2.99 4.37 6.64

> OH-UO; * 11.7 3.93 125 0.127 12.2 3.06

> OH-UO,OH* 4.80 16.8 7.97 13.1 4.74 16.4

> OH-UO,CO,4 19.2 211 20.1 236 18.9 21.0

> OH-UO2(0OH), 3.77 351 7.64 10.8 5.27 14.0

> OH,-UO,CO3; 253 13.0 279 3.32 25.7 10.8

> OH,-UO,(OH)3 4.80 16.8 10.0 10.8 4.74 16.4

> OH-UO,CO3;—0OH < 243 39.0 39.7 5.28 36.1 141

> OH ,—UO,(OH), 3.77 351 7.64 10.8 5.27 14.0

Two complexes log K W,s/df log K W,,s/df log K W,,/df

> COO-UO3; 2.64 0.144 No Convergence 2.84 0.219

> PO,-UOF 1.58 252

> COO-UO; 2.64 0.150 No Convergence 2.90 0.192

> OH-UO; * 10.8 115

> COO-UO3; 2.68 0.173 2.49 0.070 2.96 0.249

> PO,H-UO,(OH), -551 —-4.72 —-485

> COO-UO; 2.64 0.130 2.49 0.183 291 0.241

> PO,H-UO,CO, 15.2 16.5 16.1

> COO-UO3; 284 0.255 4.95 0.798 3.39 0.993

> OH ,~UO,(OH), -491 -4.83 -432

> COO-UO3; 2.68 0.160 251 0.081 2.98 0.239

> OH,—U0,(CO,); 311 33.0 3L7

Relatively close fits to the experimental data are
obtained for models involving > COO-UO; and a
second surface complex that is electrically neutral,
such as > PO,H-UO,(OH),, > PO,H-UO,CO; or
> OH ,—UO,(OH);. A model employing > OH,—
UO,(OH); and > COO-UO; providesafairly good
fit to each experimental data set, but the different
estimated log K values for > COO-UO; forma

tion range over two orders of magnitude; from 2.84
to 4.95. Because of this broad spread in values, an
averagelog K for > COO-UOJ formation (for this
two-reaction scheme) does not predict the speciation
of U in any of the individual experiments. A moder-
ately good fit is obtained if the negatively charged
complex > OH,—UO,(CO;), is used aong with
> COO-UO;, however the different log K values
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obtained for the reaction forming > OH,-UO,-
(CO,), dso display a divergence of about two
orders of magnitude, from 31.1 to 33.0.

Models with > PO,H-UO,(OH), or > PO,H—
UO,CO;, as a second complex show close corre-
spondence with the experimental data and converge
on similar results for log K values. A model of
uranyl sorption employing the complexes > PO,H—
UO,(OH), and > COO-UO; yields anarrow range
inlog K values for each complex; 0.79 log units and
0.28 log units, respectively. A model employing the
complexes > PO,H-UO,CO, and > COO-UOJ
yields a dlightly wider range of log K values;, 1.3
and 0.42 log units, respectively. Both of these two-
complex models provide better fits to the experimen-
tal data than a single bidentate uranyl—carboxy! sur-
face complex.

7. Discussion
7.1. Acid—base properties of the cell envelope

Optima model fits to the titration data indicate
that the outer aspect of the outer cell membrane of S,
putrefaciens, grown under the conditions outlined
above, can be reasonably approximated as a surface
having two major types of negatively ionizing sur-
face sites (> XH and > ZH) and one type of posi-
tively ionizing site (> YH). The optimal value of
pK , for the > ZH site is 5.16 + 0.04 and its com-
puted site density is 31.7 pmol sites/g bacteria
(0.35 + 0.02 sites/nm?, assuming an SSA of 55
m? /g), where reported uncertainties are 1o~ standard
deviations of model results for three different titra-
tions. For the > XH site the average pK, is7.22 +
0.15 and the average site density is 9.85 pmol
sites/g bacteria (0.11 + 0.007 sites/nm?). The base
ste > YH is estimated to have a pK, vaue of
10.04 + 0.67 and a site density of 38.0 ..mol sites/g
bacteria (0.42 + 0.008 sites/nm?). Site densities are
provided in terms of moles of sites per gram of
bacteria assuming 10%? bacteria/g (DiChristina,
1989), and also in terms of sites/nm? assuming that
the bacteria surface can be approximated as a single
layer. Because of the complex and layered structure
of the outer membrane it is probably not realistic to
assume that all ionizable functional groups on the

bacteria occupy a single surface layer analogous to a
mineral surface. However, a value of site concentra-
tion per unit surface area may be useful as a bench-
mark value in comparing the results of one study
with another. Both expressions of site concentration
(wmol sites/g and sites/nm?) are based, however,
on assumptions relating cell mass to surface area.

Alternatively, site concentrations may be ex-
pressed in terms of the number of sites per bac-
terium. This approach is advantageous in that the
only additional source of significant error beyond
that associated with the model calculation itself de-
rives from the error on cell density. Cell densities
were measured in this study using an AODC method
(Lovley and Phillips, 1988) that in this study typi-
caly yielded errors of ~ 10% or lower on cell
counts of replicate cell-suspension aliquots. Thus,
errors on site densities are realistically on the order
of ~10% in Megasites/bacterium. Site concentra-
tions in these units were estimated to be: > XH =
5934+ 06, >YH=229+2,and >ZH=191+2
Megasites,/bacterium.

Model results at different cell densities are simi-
lar, indicating a robust fit to the experimental data.
Statistical uncertainties on pK , values and site den-
sities are below 7% despite the small number (N = 3)
of titration data sets that were compared. Uncertain-
ties on pK, values are likely to be independent of
absolute errors on bacterial density. This is because
pK , values are determined largely by the shapes of
titration curves and not the absolute values of
[H " ] xchanged» Which depend on the absolute concen-
trations of buffering sites. Values of pK, are deter-
mined largely by the pH dependence of 6pH/é6V
during a titration. This is illustrated in Fig. 1, which
shows that titration curves “shallow” with decreas-
ing bacterial density, while the overall shapes of the
curves remain essentially constant regardless of the
number of bacteria present in solution. It is therefore
reasonable to assign uncertainties to pK , values that
equal errors associated with the model optimization
and the titration procedure itself.

It is not possible to uniquely identify the composi-
tions of functional groups by their pK , values alone.
Unequivocal identification of the types of functional
groups responsible for acid—base buffering must be
provided by other techniques that yield composi-
tional data. In particular, spectroscopic techniques
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such as Fourier transform infrared spectroscopy
(FTIR) of adsorbed complexes on cell surfaces, or
gas/liquid chromatography of cell membrane ex-
tracts could potentially identify functional groups
responsible for pH-buffering and metal sorption. In-
vestigations of this kind are beyond the intended
scope of this current work, but would be useful in
further elucidating the coordination chemistry of S
putrefaciens cell envelopes. Constrained pK , values
may, however, be used to suggest or exclude possi-
ble functionalities.

The optimal pK, value for the > XH site is
7.22 + 0.15. Thisis close to the value for the second
disassociation constant for phosphoric acid (pK, =
7.20) and may therefore represent deprotonation of a
surface phosphoryl group associated with cell mem-
brane phospholipids or phosphorylated polysaccha
rides. Phosphate groups are linked to glucosamine in
the lipid A region of the outer cell membrane, and
are also found in association with heptose units of
the core polysaccharide region of LPS (Madigan et
al., 2000). The > XH site is unlikely to be a car-
boxyl group. pK, values of amino acid a-carboxyl
groups range from 1.80 (histidine) to 2.35 (glycine,
alanine), while the y-carboxy! side chain of glutamic
acid is 4.07 (Dawson et al., 1986). Carboxyl side
chains of proteins (Creighton, 1997) can display
shifts in pK, values of several log units due to
conformational and hydrogen-bonding effects, how-
ever a value of ~ 7 is probably too basic to be
attributed to proteinic carboxyl side-groups. Conse-
quently, we propose that the > XH site represents
phosphoryl (> PO,H) groups associated with the
outer membrane phospholipid and LPS components.
Fein et a. (1997) reported a similar model estimate
of pK, (6.9) for surface phosphoryl groups on B.
subtilis.

The > ZH site is more likely to represent car-
boxyl groups found in association with the outer cell
membrane. Its pK, value of 5.16 + 0.04 is similar to
that of the glutamic acid y-carboxyl moiety and is
easily within the range of pK, values for amino
carboxyl side-chains on proteins. A second source of
carboxyl groups on the bacteria surface may be
found in the LPS layer, however this region on S
putrefaciens is relatively poor in free carboxyl
groups. Most carboxyl groups exhibited by fatty
acids in the lipid A region are bound in ester link-

ages to other fatty acids. Free carboxyl groups are
only found within the KDO component of the core
polysaccharide complex, where each LPS strand is
linked to lipid A by a bridging KDO unit that
possesses one carboxyl group per ortho-KDO
molecule. This source of carboxyl groups is essen-
tially ubiquitous on the cell surface because the
KDO component links LPS to the outer membrane.
The density of > XH sites on the bacterial surfaceis
estimated to be ~ 0.35 sites/nm?. This value com-
pares favorably with an approximate separation of
1.4 nm between LPS polysaccharide chains (Moule
and Wilkinson, 1989), resulting in a maximum LPS
density of ~ 0.51 strands/nm?. KDO of Gram nega-
tive bacteria can occur as single bridging units or can
possess non-bridging KDO side-chains attached to
the core KDO unit. Bridging KDO of S. putrefaciens
lacks additional side-chains, suggesting that a maxi-
mum carboxyl site density of ~ 0.51 sites/nm? is
expected on structural grounds. Regressions of titra-
tion data by Fein et al. (1997) for B. subtilis yield a
best-fit pK, of 4.82, which those authors aso at-
tribute to surface carboxyl groups.

The modeled base site > YH is probably an
amine group, based on its pK , value of 10.0 + 0.67
and its predicted ability to acquire a positive electro-
static charge. Its pK , value corresponds closely with
the range of pK , values for a-amino groups on free
amino acids (Dawson et al., 1986), thiol side-chains
of proteins (Creighton, 1997), and phenolic hydroxyl
groups. If > YH is predominantly amine in compo-
sition this site could occur within the LPS or on wall
proteins. LPS components that exhibit amine groups
include glucosamine (average 6.8% by weight nor-
malized in LPS; Moule and Wilkinson, 1989), b-
galactosamine (average 3.2%) and 3-amino-3,6-dide-
oxyglucose (average 1.0%). Wall proteins and porins
will contribute significantly to the abundance of
ionizable amine groups, but the extent of this contri-
bution is not easily quantifiable within the scope of
the present study. Fig. 6 illustrates the estimated
surface speciation of S putrefaciens as a function of
pH and in terms of percent species referenced to the
most abundant (amine) site.

The overall pH-buffering capacity of S. putrefa-
ciens appears to be less than that of Gram positive
bacteria of similar size. Daughney et al. (1998) and
Fein et a. (1997) found that different strains of the



J.R Haaset al. / Chemical Geology 180 (2001) 33-54 49

90 |-

80 |- \
>COOH >C00-
-

70 |-

60 |-

50 |-

40 |-

30 F >PO4H2 >PO4H'
-

Percent Species (relative to 100% >NH,*)

20 |- 4
0 /7
/

10 | 4

7’

_
0k .
3 4 5 6 7 8 9 10

pH
Fig. 6. Estimated speciation profile of the S. putrefaciens surface
according to a three-site depiction, calculated using the constant
capacitance model. Values are plotted as a function of pH versus
percent species. Percentile abundances are referenced to the pre-
dicted amine site concentration as 100%.

Gram positive aerobe Bacillus possess carboxyl site
densities in the range ~ 89-120 pwmol sites/g bac-
teria, compared with our estimate for S putrefaciens
of ~ 32 pwmol sites/g bacteria. Our estimate of the
concentration of ionizable phosphoryl groups on the
S putrefaciens surface is similarly lower (~ 9.9
wmol sites/g bacteria) than that of Bacillus sp.
(~ 44-83 pmol /g bacteria) according to Daughney
et al. (1998) and Fein et al. (1997). Furthermore, our
study indicates a strong amino-group component to
pH buffering that is previously unreported for Bacil-
lus bacteria. In contrast, Fein et d. (1997) and
Daughney et al. (1998) found that hydroxyl groups
strongly buffered pH in the basic region, contributing
to the overall negative charge of the bacterial sur-
face. Unlike Bacillus sp., S putrefaciens exhibits a
net positive charge under acidic pH conditions. Fein
et al. (1997) and Daughney et al. (1998) found that
the surfaces of B. subtilis and B. licheniformis are
both neutrally charged at pH values below ~ 3.8 and
negatively charged at more basic pH values. These
different results probably stem from the differing
structures and compositions of Gram negative and
positive cell membranes. The Gram positive mem-
brane is surrounded by PG that is predominantly
anionic in nature, while the Gram negative outer
membrane exhibits a mixture of LPS and protein that

is likely to contain a higher complement of amine
groups. Under optimal pH conditions for growth
(pH=7), S putrefaciens will exhibit a neutral to
slightly positive net surface charge, whereas Bacillus
sp. will exhibit a net negative charge under similar
conditions. It is interesting to note that at a pH of
7-8 the surface of S putrefaciens will carry a net
neutral charge while the surfaces of most Fe-oxide
minerals, upon which this bacteria will typically
respire under anaerobic conditions, will also carry a
net neutral charge (Stumm and Morgan, 1996). The
electrostatics of both cell and mineral would, in this
case, favor the hydrophaobic or Van der Waals adhe-
sion of each surface onto the other. Further studies
are necessary to investigate the likely dependence of
Fe(lll)-oxide reduction rates on S putrefaciens—
mineral attachment.

7.2. Uranium sorption at the cell envelope

Sorption experiments using S. putrefaciens reveal
a pH and substrate-concentration dependence on U
sorption that is similar to that exhibited by minera
surfaces (Ho and Doern, 1985; Hsi and Langmuir,
1985; Ho and Miller, 1985, 1986; Payne and Waite,
1991; Waite et al., 1994; Gabriel et a., 1998; Liger
et a., 1999; Lenhart and Honeyman, 1999), other
bacteria (Friis and Myers-Keith, 1986; Cotoras et al.,
1992a,b; Fowle et al., 2000), and lichens (Haas et
al., 1998). Minimal uptake of U was observed in this
study at pH values below ~ 2 or above ~9, a-
though significant sorption was measured in the pH
interval 3-8, depending on bacteria:U concentration
ratio. Only a weak dependence of U sorption on
ionic strength was observed over the range | =
0.02-0.1, and the manner of this dependence was
consistent with expectations based on ion-interaction
theory.

The experimental data could be modeled as a
result of U adsorption by the bacteria onto predicted
surface carboxyl and phosphoryl groups. Surface-
complexation models involving only one type of
sorbing U complex do not closely reproduce the
experimental data, but model fits are improved by
the inclusion of a second, separate surface complex.
U sorption under acidic pH conditions was best
accounted for by the formation of a monodentate
uranyl—carboxyl surface complex (> COO-UO3),
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while U sorption under weakly acid to near-neutral
pH conditions was best explained by a neutraly
charged surface complex on the phosphoryl site. The
experimental data could be best approximated using
either > PO,H-UO,(OH), or > PO,H-UO,CO,
as this second complex, with > PO,H-UO,(OH),
providing dlightly better reproducibility in log K
values under differing experimental conditions.
Theinclusion of > COO-UO; in numerical cal-
culations yields a remarkably similar log K value
for this complex in a wide variety of speciation
models. The robustness of this result demonstrates
that U sorption in the acidic pH range can be largely
accounted for with a one-site surface complexation
model. Up to a pH of ~5 under experimental
conditions the aquo species UO5" is predicted to
dominate U aqueous speciation. Under these condi-
tions the predicted carboxyl site becomes increas-
ingly negatively charged with increasing pH in the
range 3—6. It is thus geochemically reasonable to
postulate the formation of a surface complex be-
tween the negatively charged carboxyl site and the
positively charged aquo-uranyl ion in the pH range
2—6. However, retention of U by the bacterial sur-
face at a pH > 6, as observed experimentaly, re-
quires the formation of a second surface complex.
The requirement of a second surface complex is
best fulfilled by using either > PO,H-UO,(OH), or
> PO,H-UO,CO;, to account for U sorption at pH

90 (A) ] (B)

60 >
scoo-uo, Tt | Beth

Complexes

Species Concentration
o
o

values higher than ~ 5. These two surface com-
plexes are similar, differing only in the types of
uranyl complexes that sorb onto the phosphory! site.
The agueous complexes UO,(OH), and UO,CO,
are predicted to dominate U aqueous speciation in
the near-neutral pH range under atmospheric CO,
concentrations. It is therefore reasonable to expect
that these species may tend to sorb onto the pre-
dicted phosphoryl site, which will be neutrally
charged at pH values below ~ 7.2. Neutral agueous
species would probably sorb weakly through Van der
Waals attraction to the neutral protonated > PO,H
site. Use of the > PO,H-UO,(OH), species pro-
vides dlightly smaller statistical uncertainties on esti-
mated log K values than does use of > PO,H-
UO,CO,. For this reason, and because we estimate
the aqueous speciation of U under our experimental
conditions to be dominated by UO,(OH), over
UO,CO, by approximately a factor of two in the pH
range of interest, we opt for > PO,H-UO,(OH), as
a better model for U sorption in the near-neutral pH
range. Fig. 7 illustrates calculated adsorption curves
for this two-complex model, compared with experi-
mental U uptake data.

Our results are similar, in terms of adsorption
stoichiometries, to those obtained by Fowle et al.
(2000) for U sorption onto B. subtilis. In their study
those authors find that an optimal model of U sorp-
tion is obtained using a two-reaction scheme where

c
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Fig. 7. Experimental U sorption data and calculated speciation curves for an optima U(VI1)-S. putrefaciens sorption model involving two
separate surface complexes. Initial aqueous U concentration was 10 wM for all experiments. Experimental conditions: (A) 1.72 g bacteria/I,
I =0.1M NaCl; (B) 17.2 g/I, 0.1 M NaCl; (C) .72 g/I, 0.02 M NaCl.
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aquo uranyl sorbs onto (1) a deprotonated surface
carboxy! site and (2) a protonated neutral phosphoryl
site. Our log K value for > COO-UOS complexa
tion (average ~ 2.71) differs from that of Fowle et
al. (2000) (5.4 + 0.2) by nearly three orders of mag-
nitude, despite both bacteria having similar surface-
carboxyl pK, values (S putrefaciens our study =
5.2, B. subtilis=4.8, B. licheniformis=5.2), and
having specific site densities that are similar within a
factor of three (Fein et al., 1997; Daughney et al.,
1998; Fowle et a., 2000). These different results for
S putrefaciens and B. subtilis support a hypothesis
that different types of bacteria can possess signifi-
cantly different geochemical properties, and there-
fore that estimating the speciation of aqueous ionsin
the subsurface probably cannot be accomplished by
including one standard bacterial component in chem-
ical speciation and reactive transport models.

S putrefaciens, unlike Gram positive forms such
as Bacillus, appears to exhibit a positively charged
surface at pH values lower than ~ 7.5. This feature
has important implications for the coordination of
metal ions to the bacterial surface under acidic pH
conditions. Surface complexation theory predicts that
net positive surfaces will tend to repel cations elec-
trostatically, but our experiments demonstrate strong
U sorption at pH values aslow as ~ 2. One potential
explanation for this observation may relate to the
distribution of surface charge. If most positive
charges on S. putrefaciens are localized, for example
on wall-mounted proteins, regions of the cell surface
lacking those proteins but possessing active carboxyl
or phosphoryl groups would still display a net nega-
tive charge. Alternately, both positive and negative
charges could occur on different proteins, or on the
same protein at locations distantly separated from
each other. Our estimated site densities for amine,
carboxyl and phosphoryl functionalities are 0.1-0.4
sites/nm?, yielding an average intersite distance of
25-10 nm. A separation of greater than ~ 1 nm
would be greater than the thickness of the electrical
double layer, indicating that each point charge on the
bacterial surface could interact quasi-independently
with ions in the overlying solution. Additional work
is required to further constrain the location of
charge-bearing functionalities on the S. putrefaciens
surface, and to evaluate their spatial distribution as a
function of pH and ion coordination.

8. Concluding remarks

The results of this study demonstrate that U sorp-
tion onto Gram negative MRB, using S. putrefaciens
as a model organism, is significant at environmen-
tally reasonable cell densities (108-10%° cells/ml),
U concentrations (10 wM), and pH values (3-8).
This study provides site-specific stability constants
for U sorption onto S putrefaciens and values con-
straining the surface properties of this bacterium as a
function of pH. The specified values are best used in
the context of a surface complexation approach to
estimate the speciation of U in systems comprising
water, minerals and bacteria. Our findings suggest
that anaerobic MRB could play a significant role in
the biogeochemical cycling and transport of redox-
sensitive radionuclides, including U but also poten-
tially Pu, Np, Am and Tc. Because U(V1) reduction
can lead to the formation of insoluble U(1V) phases
such as uraninite (UO,), MRB could also prove
useful in retarding the migration of radionuclides in
anoxic ground waters.

The relationship between sorption and respiration
is not addressed in this study, but is an important
question. Do S. putrefaciens and similar MRB that
can grow on U(VI) require sorption as a prerequisite
for growth? It is likely that U(V1) is either reduced
directly on the outer aspect of the cell membrane or
is brought into the periplasm where it is reduced and
then insoluble U(1V) secreted from the cell. In either
case, surface complexation may govern the rate of
growth on this TEA. Liger et al. (1999) found that
the rate of abiotic U(V1) reduction by Fe(ll) where
both ions are sorbed onto hematite depends strongly
on the surface speciation of U and Fe. It is likely that
speciation also governs the bioavailability of metals
to MRB capable of their reduction. Further studies to
evauate this hypothesis would be useful in revealing
further the linkage between chemical thermodynam-
ics and the biogeochemical cycling of U, Fe and
other metallic elements in the geologic environment.
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