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Abstract

Numerous studies have utilized surface complexation theory to model proton adsorption behaviour onto mesophilic bacteria. How-
ever, few experiments, to date, have investigated the effects of pH and ionic strength on proton interactions with thermophilic bacteria. In
this study, we characterize proton adsorption by the thermophile Arnoxybacillus flavithermus by performing acid-base titrations and elec-
trophoretic mobility measurements in NaNO; (0.001-0.1 M). Equilibrium thermodynamics (Donnan model) were applied to describe the
specific chemical reactions that occur at the water—bacteria interface. Acid-base titrations were used to determine deprotonation con-
stants and site concentrations for the important cell wall functional groups, while electrophoretic mobility data were used to further con-
strain the model. We observe that with increasing pH and ionic strength, the buffering capacity increases and the electrophoretic mobility
decreases. We develop a single surface complexation model to describe proton interactions with the cells, both as a function of pH and
ionic strength. Based on the model, the acid-base properties of the cell wall of A. flavithermus can best be characterized by invoking three
distinct types of cell wall functional groups, with pK, values of 4.94, 6.85, and 7.85, and site concentrations of 5.33, 1.79, and 1.42 x 10~*
moles per gram of dry bacteria, respectively. A. flavithermus imparts less buffering capacity than pure mesophilic bacteria studied to date
because the thermophile possesses a lower total site density (8.54 x 10~* moles per dry gram bacteria).
© 2006 Elsevier Inc. All rights reserved.

1. Introduction water-rock systems. The ubiquity of bacteria in natural

systems, coupled with the fact that they are efficient metal

Bacterial cell walls possess proton-active functional
groups that are ionized as a function of environmental
pH (e.g. Beveridge and Murray, 1980; Beveridge et al.,
1982; Beveridge, 1989; Fein et al., 1997; Daughney et al.,
1998; Wightman et al., 2001; Yee and Fein, 2001; Borrok
et al., 2004a,b). Deprotonation of these functional groups
confers electrostatic charge to the cell periphery and gives
the cell wall anionic characteristics and metal binding abil-
ity. Adsorption of metals by bacteria can influence the dis-
tribution and transport of metals in natural and engineered
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sorbents (high surface area to volume ratio provides a large
contact area for bacteria-metal interactions), makes bio-
sorption an active area of study.

Although many researchers have studied the adsorption
of ions onto bacteria, few investigations have been con-
ducted with thermophilic bacteria. Moderate thermophiles
grow most efficiently at temperatures ranging from approx-
imately 45-80 °C (Brock, 1986; Madigan, 2000; Chapelle,
2001; Sampson and Phillips, 2001) and are typically associ-
ated with continental geothermal regions and submarine
hydrothermal vents. Wightman et al. (2001) investigated
proton adsorption by a thermophilic isolate grown at
50 °C. These authors reported that the bacterial surface site
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deprotonation reactions were not strongly temperature
dependent, and concluded that both the thermophilic iso-
late and the mesophile Bacillus subtilis displayed three dif-
ferent types of proton-active cell wall functional groups
with comparable pK, values (4.5, 5.8, 8.2 for the thermo-
phile and 4.1, 5.8, 7.7 for B. subtilis). These authors as-
sumed that, like other bacteria, the thermophile possessed
net negative electrostatic surface charge at neutral pH.
However, based on the single study by Wightman et al.
(2001), it is not yet clear whether or not ion adsorption
by other thermophiles will parallel that of bacteria grown
at lower temperatures.

In this study, we examine the effects of pH and ionic
strength on the acid-base properties and charging behav-
iour of the thermophile Anoxybacillus flavithermus in late
stationary phase. We assess cell wall charge density by per-
forming acid-base titrations and electrophoretic mobility
measurements. We describe the experimental data by using
surface complexation models (SCMs) to quantify surface
site concentrations and proton-binding stability constants.
We employ a Donnan electrostatic model, in which binding
sites are distributed throughout a volume, not just located
at the plane at the cell-solution interface (see also Plette
et al. (1995), Martinez et al. (2002) and Yee et al. (2004)).
Our objectives are: (1) to develop a SCM to characterize
proton adsorption by the thermophile; (2) to investigate
whether or not the SCM parameters (deprotonation con-
stants and site concentrations) can be used to predict elec-
trophoretic mobility; and (3) to compare proton sorption
by the thermophile to a range of other bacteria based on
data from the literature.

2. Methods
2.1. Preparation of bacterial suspensions

Anoxybacillus flavithermus was isolated from the main
wastewater drain at the Wairakei Geothermal Power Sta-
tion (Wairakei, North Island, New Zealand) as described
by Mountain et al. (2003). The wastewater is ~60 °C, pH
8.2, with Na’ and Cl~ as the major ions (1127 and
1858 ppm, respectively) and 559 ppm SiO,. Water samples
were aseptically collected from the drain, used to inoculate
liquid growth media, and then incubated at 60 °C. Pure
cultures were obtained by sub-culturing on solid media to
obtain colonies of a single morphotype. Pure cultures were
subsequently identified by PCR amplification of 16 S
rDNA followed by analysis with an ABI 337 automated
sequencer (Perkin Elmer, Applied Biosystems). The isolate
used in our experiments had >97% homology with A4. flavi-
thermus, based on the Basic Local Alignment Search Tool
(BLAST) network service (Altschul et al., 1990).

The bacteria were precultured in 5-mL volumes of auto-
claved (121 °C for 20 min) trypticase soy broth (Becton,
Dickinson and Company, USA). After growing for
24 + 0.1 h at 60 °C, either two or three of the 5S-mL precul-
tures were transferred to a 1-L volume of autoclaved broth,

which was then placed in an orbital mixer incubator
(100 rpm) at 60 °C. Growth curves were obtained by con-
structing graphs of optical density at 600 nm (ODyggg) over
time. The 1-L culture was harvested after 24 4+ 0.1 h when
the cells were in late stationary phase. Bacterial cells were
removed from the growth medium by centrifugation
(2510g, 20 min or 8230g, 15 min) and rinsed three times
in 0.01 M NaNOj. After each step in the wash procedure,
the bacteria were pelleted by centrifugation (2510g,
20 min or 8230g, 15 min) and the supernatant was discard-
ed. Within 15 min of the final rinse, the bacterial pellet was
resuspended in a known weight of 0.01 M NaNO; (30—
150 g, depending on the experiment to be performed).
The suspension was then homogenized by vigorous shaking
(15 min). This growth and rinsing protocol was followed to
strip the cell walls of metals that may have been present in
the growth medium, to leave the cells intact but metaboli-
cally inactive (Cox et al., 1999; Fein and Delea, 1999), and
to remove any exudates that may have been present in the
growth medium. The growth and rinsing protocol was also
employed to ensure that our results would be comparable
to previous investigations.

Biomass of the parent suspension was determined from
ODgq relative to the electrolyte. The relationship between
the ODygg of a bacterial suspension and the dry biomass
was determined as follows: A known mass of suspension
with known ODggy was filtered through a pre-weighed
0.45 um filter membrane (Millipore) and flushed with dis-
tilled water several times. The filter was then placed in an
oven and dried at 60 °C to constant weight. The increase
in mass of the membrane was assumed to be equivalent
to the dry mass of the bacteria. This procedure was repeat-
ed using cells from eleven independently grown cultures
(0.12 < ODggg < 1.50), allowing a robust correlation
between ODggy and biomass concentration (dry weight
per litre) to be established. Similar protocols relating dry
bacterial biomass to turbidity measurements have been
employed in previous investigations (e.g. Banerjee et al.,
1993).

The ratio of cell wet weight to cell dry weight was deter-
mined by a method commonly used (Fein and Delea, 1999;
Daughney et al., 2001; Borrok et al., 2004a; Haas, 2004;
Borrok and Fein, 2005). Weighed aliquots of the suspen-
sion were centrifuged at 5900g for 1 h. During this period,
centrifugation was interrupted three times and the superna-
tant was discarded. After 1 h, the mass of the wet bacterial
pellet was determined. The dry mass of the pellet was deter-
mined after oven drying at 60 °C to constant weight.

The bacterial cells were viewed under cryo-field emission
scanning electron microscopy (cryo-FESEM) to determine
cell dimensions. For cryo-FESEM, the bacteria were cut
from a tryptic soy agar (TSA) plate, fixed in 2.5% glutaral-
dehyde (60 min), and post fixed in 1% osmium tetroxide
(30 min). Samples were cooled to liquid nitrogen tempera-
ture (77 K) and coated with platinum. Samples were then
viewed in a JEOL JSM-6700F field emission scanning
electron microscope chamber (Tokyo, Japan) with an
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accelerating voltage of 2.5 keV and 16,000x magnification.
The cell dimensions were used to estimate surface area
based on geometry (Fein et al., 1997; Wightman et al.,
2001; Chatellier and Fortin, 2004; Daughney et al., 2004).

Cell wall thickness was measured on transmission elec-
tron microscopy (TEM) thin sections. For TEM, bacterial
cells were scraped from a TSA plate and prepared using the
ruthenium red method. Cells were primarily fixed in ruthe-
nium red and 3% glutaraldehyde followed by a secondary
fix in ruthenium red and 2% osmium tetroxide. The final
washed and pelleted cells were combined with warm aga-
rose (Sigma—Aldrich, USA). After solidification, 1 mm?
sections of the sample were embedded in Quetol through
stepwise dehydration with ethanol and infiltration of resin.
These thin sections were viewed under a Philips CM 100
TEM (Eindhoven, Holland) at 100 kV. Three to five mea-
surements per cell were taken. Cell wall thickness was used
to estimate the cell wall volume (Wasserman and Felmy,
1998; Daughney et al., 2004).

Bacterial cells were examined before and after titrations
using a BioRad MRC-1000 confocal scanning system (He-
mel Hempstead, UK) equipped with a krypton—-argon laser
and mounted on a Nikon Microphot-SA microscope (To-
kyo, Japan). Cells were fixed by flaming, then stained with
either syto-9 and propydium iodide, or a lectin followed by
syto-9, and viewed through a 60x oil immersion lens.

To investigate the possible release of exudates and
metabolites from rinsed cell suspensions, dissolved organic
carbon (DOC) concentrations in filtrates (0.45 pm) of bac-
terial suspensions collected after 2 h of equilibration at var-
ious pHs and ionic strengths were measured. These results
were compared to control experiments, in which DOC was
measured in filtrates immediately following the final rinse
and resuspension in fresh electrolyte (pH 6, ionic strength
0.001, 0.01, or 0.1 M). All DOC analyses were performed
using a Shimadzu TOC 5050A total organic carbon analys-
er (Kyoto, Japan) employing a non-purgeable organic car-
bon method.

2.2. Acid-base titrations

2.2.1. Ionic strength of 0.01 M

A known weight (50-120 g) of suspension containing
cells from a single culture (0.38-0.74 dry g L") was trans-
ferred into an air-tight polystyrene vessel. The pH was
adjusted to ~4 by the addition of a known mass of stan-
dardized 0.144 M HNOs, and the suspension was mixed
with a magnetic stirrer and bubbled with humid CO,-free
N, gas for 30 min, to remove dissolved CO, from the sus-
pension. The titration was conducted in an up-pH direction
to pH 10 at 25 4+ 1 °C using standardized CO,-free 0.045 M
NaOH and a Methrom titrator “736 GP Titrino” (Herisau,
Switzerland) at the Wairakei Research Centre of the Insti-
tute of Geological and Nuclear Sciences (New Zealand).
Throughout the duration of the titration, the suspension
was continually stirred and bubbled with N, gas. Follow-
ing each addition of titrant, the pH of the suspension

was recorded when a stability criterion of 5 mV/min was
obtained. After the completion of most titrations, the sus-
pension (ca. 120 g) was acidified to roughly pH 3.5, and a
second up-pH titration was performed to investigate the
reversibility of proton adsorption. The reproducibility of
the experimental method was evaluated by performing
duplicate titrations of two separate aliquots (ca. 50 g) of
the parent suspension. The total volume of acid and base
added, relative to the initial volume of the suspension,
was such that the maximum dilution was ~10% (accounted
for in modeling of the data). The entire procedure was con-
ducted with five independently grown cultures, to examine
inter-culture variability. These titrations are hereafter
termed “0.01 M titrations.” Control titrations of the elec-
trolyte alone were performed on a regular basis to test
for infiltration of CO, into the titrants and the experimen-
tal apparatus. A similar protocol has been followed by
other researchers for titration of biological surfaces (Fein
et al., 1997, 2005; Daughney et al., 1998, 2001, 2004; Yee
and Fein, 2001; Claessens et al., 2004; Yee et al., 2004; Bor-
rok et al., 2004a; Borrok and Fein, 2005).

2.2.2. Variable ionic strength of 0.001, 0.01, and 0.1 M
Prior to the final rinse step, the bacterial pellets from
two independent cultures were combined to provide suffi-
cient biomass for the subsequent experiments (0.21-0.27
dry g L"). Following the final rinse step, the bacterial pel-
let was resuspended in 0.01 M NaNOj (~30 g). The sus-
pension was then divided among six reaction vessels (4 g
each) to allow duplicate experiments to be conducted at
ionic strengths of 0.001, 0.01, and 0.1 M. The 0.001, 0.01,
and 0.1 M samples were prepared, respectively, as follows:
by dilution with Milli Q water (36 g), by addition of 0.01 M
NaNO; (36 g), and by addition of a known volume of
0.8 M NaNOj3 (4.95 g) and Milli Q water (31.05 g). Each
suspension was then homogenized by vigorous shaking
(15 min) and the ODyyy, relative to the specific background
electrolyte, was measured. The pH was adjusted to approx-
imately 3.5 by the addition of a known aliquot of standard-
ized 0.1 M HNOs;. Titrations were conducted in the up-pH
direction at 22 + 1 °C using a Methrom titrator “751 GP
Titrino” (Herisau, Switzerland) and 730 sample changer
at the University of Saskatchewan (Canada). The titrator
was operated in an anaerobic chamber (Plas-Labs Inc.,
Michigan, USA) under a N, atmosphere. Standardized
CO,-free 0.01 M NaOH was used as the titrant. Following
each addition of titrant, the pH of the suspension was
recorded when a stability criterion of 6 mV/min was ob-
tained. Due to difficulties encountered when attempting
to titrate to pH 10 with bacterial suspensions of 0.001 M
ionic strength, the upper pH limit of the titration range
was reduced to ca. 9. The total volume of acid and base
added, relative to the initial volume of the suspension,
was such that the maximum dilution was ~10% (accounted
for in modeling of the data). This procedure was conducted
three times and these titrations are hereafter referred to
as “ionic strength titrations.” Control titrations of the
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electrolyte alone were performed on a regular basis to test
for infiltration of CO, into the titrants and the experimen-
tal apparatus.

2.3. Electrophoretic light scattering

For electrophoretic mobility measurements, bacterial
cells were precultured in 2-mL volumes of autoclaved
(121 °C for 20 min) trypticase soy broth (Becton, Dickinson
and Company, USA). After growing for 24 +0.1 h at
57 °C, the preculture was transferred to a 200-mL volume
of autoclaved broth, which was then placed in an oven set
at 57 °C and constantly stirred. The 200-mL culture was
harvested after 24 + 0.1 h when the cells were in late sta-
tionary phase. Bacterial cells were removed from the growth
medium by centrifugation (9820g, 8 min). The bacterial pel-
let was resuspended in 0.001 M NaNOj; and evenly divided
among three centrifuge bottles. Each suspension was made
up to ~150 g by the addition of 0.001, 0.01, and 0.1 M
NaNOj, respectively. The samples were centrifuged
(9820g, 8 min) and the pellets rinsed twice in the respective
electrolyte concentration. The final pellet was resuspended
in the electrolyte (1 mL) and then stored on ice.

Aliquots (10 mL) of 0.001 M NaNOj; were adjusted to
different pH values (1.8-9.5) by addition of 1 M HNO;
and 1 M NaOH, respectively. Immediately prior to electro-
phoretic mobility measurements, these samples were spiked
with 0.001 M NaNO; bacterial suspensions (50-150 pL)
and the final pH was measured. Electrophoretic mobilities
were measured at 25 °C with a Malvern Zetasizer Nano ZS
(Worcestershire, United Kingdom). Duplicate measure-
ments were taken for all samples and averaged. Similar
samples were prepared for 0.01 and 0.1 M ionic strengths.
The electrophoretic mobilities of these samples were also
measured. The entire procedure was conducted on three
independently grown cultures.

2.4. Modeling

2.4.1. Titration modeling

A modified version (FITMOD) of the computer program
FITEQL 2.0 (Westall, 1982) was used to construct SCMs
describing proton interactions with bacteria. FITMOD per-
mitted simultaneous modeling of systems with different sol-
id-to-solution ratios and ionic strengths. The program
employed the Donnan electrostatic model in which pro-
ton-active sites are assumed to be uniformly distributed
through a volume, rather than concentrated into a single
plane immediately at the bacteria—water interface (Ohshima
and Kondo, 1991; Ohshima, 1995, 2002; Plette et al., 1995;
van der Wal et al., 1997a; Wonders et al., 1997; Wasserman
and Felmy, 1998; Martinez et al., 2002; Yee et al., 2004).
The Donnan electrostatic model is applicable to biological
cells because it accounts for the ion-penetrable layers of
cross-linked ionizable functional groups covering bacterial
surfaces. It also accounts for variation of controlling
parameters such as pH and ionic strength by explicitly

describing the chemical reactions that occur between the
solute and specific sites on the surface of interest.

Deprotonation reactions for surface functional groups
within the Donnan volume were modeled by the following
general chemical reaction and mass action law:

R—L,H" < R—L '+ H" (1)
[R—L: ' ay-

K=+t 2

[R_Lon] ( )

where R represents the bacterial cell wall to which the func-
tional group L, H is attached, x represents the charge of the
protonated functional group, K,, represents the deprotona-
tion stability constant, brackets represent the concentration
of the enclosed surface sites (mol L™'), and ay+ represents
the activity of protons. These formulations have been suc-
cessfully employed to describe proton adsorption onto
mesophilic bacteria (Fein et al., 1997; Daughney et al.,
1998, 2001; Wightman et al., 2001; Yee and Fein, 2001;
Borrok et al., 2004a,b; Borrok and Fein, 2005) and other
biological surfaces (e.g. Xue et al., 1998; Daughney et al.,
2004). These formulations are also analogous to those used
to describe proton interactions with mineral surfaces
(Stumm and Morgan, 1996; Langmuir, 1997).

The effect of the bacterial surface electric field on pro-
tonation reactions was accounted for using the following
equation (Stumm and Morgan, 1996):

K™ = K, exp(—ZFyr/RT). (3)

Here, K™ is the intrinsic equilibrium constant referenced to
zero surface charge and zero surface coverage. The vari-
ables Z, F, Yp, R, and T refer to the charge of the adsorbing
ion, Faraday’s constant, the electric potential at the loca-
tion of adsorption (i.e. the Donnan potential), the gas con-
stant, and the absolute temperature, respectively. For
symmetrical electrolytes, the electric potential within the
Donnan shell (yp) was calculated from (Ohshima, 2002)

P 2o\ 2 1/2
Pp Pp

220+{(22c) +1} ’ @
where z is the electrolyte valency, pp is the charge density
within the Donnan shell (C m~%), and ¢ is the electrolyte
concentration (mol m ). The value of pp was determined
from the experimental proton titration data, the biomass
concentration and the thickness of the Donnan shell, and
was optimized during the modeling. In this study, we as-
sumed the thickness of the Donnan shell to be equal to
the thickness of the cell wall (Plette et al., 1995; van der
Wal et al., 1997a; Wasserman and Felmy, 1998; Martinez
et al., 2002; Yee et al., 2004).

In addition to the features described above, all models
constructed for this investigation bore certain similarities.
All stability constants were adjusted for ionic strength
using the Davies equation (Langmuir, 1997), and all values
tabulated in this paper were referenced to zero ionic
strength, zero surface charge, and 25°C. All models

RT
=—1
Vo oF n
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included equilibria describing the dissociation of water, the
acid, the base, and the electrolyte, with stability constants
taken from the Critical Stability Constants Database
(Smith and Martell, 1976). Model values for deprotonation
constants and site concentrations were determined for sev-
eral independent titrations, and the results were used to cal-
culate uncertainties (2¢ errors).

FITMOD was used to compare the fit of each model to
the experimental data. FITMOD calculates the overall var-
iance V(Y) of the error (Y) in the chemical mass balance
equations and therefore provides a quantitative estimate
of the accuracy of the fit. For models involving mineral sur-
faces, values of ¥(Y) between 1 and 20 indicate reasonable
fits to the data (Westall, 1982).

2.4.2. Electrophoretic mobility modeling

We were unable to develop models for the electrophoret-
ic mobility data alone because the relevant equations
included several parameters that could not be determined
from our experimental data. Instead, we used reasonable
estimates of these parameters (based on information avail-
able in the literature), and made predictions for electropho-
retic mobility based on the models developed to describe
the titration data. We employed an iterative approach,
based on the equations described below, to compare pre-
dicted electrophoretic mobility to the actual experimental
data. The goal was to investigate whether or not the model
developed to describe the titration data could also provide
a reasonable estimation of the electrophoretic mobility
data.

The electrophoretic mobility of a charged particle de-
pends on the potential at the shear plane (zeta potential),
not on the potential at the particle surface (Takamura
and Chow, 1985; Ohshima and Kondo, 1991; Ohshima,
1995, 2002; Plette et al., 1995; Stumm and Morgan, 1996;
van der Wal et al., 1997a,b; Yee et al., 2004). The zeta po-
tential ({) is related to the potential at the surface (i) by
(Takamura and Chow, 1985; Daughney, 2000)

_ 2RT . 1+ yyexp(—xx)

: F 1 —y,exp(—kx)’

(5)

where x represents the distance of the shear plane from the
surface, « is the reciprocal Debye screening length given by
22 F?
2
— 6
o &&RT’ (6)
where ¢, is the relative permittivity of the electrolyte solu-
tion and ¢, is the permittivity of a vacuum, and
_exp(Fy/2RT) — 1
o= exp(Fi,/2RT) + 1"

(7)

The surface potential was calculated from the Donnan po-
tential as follows (Ohshima, 2002):

Zpp ’
1 - |3s=— 1
l{ 22(:} *

12
2RTc

ZppF

Yo =Yp+ (8)

Analyses are complicated by the unknown position of
the plane of shear (Takamura and Chow, 1985; van der
Wal et al., 1997a). To obtain the best fit to our experimen-
tal data, we chose the position of the shear plane to be 5 A
within the membrane. This value was varied over a reason-
able range (see Takamura and Chow, 1985) during the
modeling. Additionally, we assumed that the site spatial
distribution was uniform throughout the cell wall, as pro-
posed by other researchers (Plette et al., 1995; Wasserman
and Felmy, 1998; Martinez et al., 2002; Yee et al., 2004),
and that the cell wall thickness was a constant unaffected
by electrolyte concentration.

Biological cells are analogous to ‘soft’ particles that are
covered with an ion penetrable polyelectrolyte layer (the
Donnan layer) (Ohshima and Kondo, 1991; Ohshima,
1995, 2002; Plette et al., 1995; van der Wal et al., 1997a;
Wasserman and Felmy, 1998; Martinez et al., 2002;
Daughney et al., 2004; Yee et al., 2004). Consequently, in
this paper, the electrophoretic mobility u was calculated
from the zeta potential ({) using (van der Wal et al., 1997b)

nF__FC. 2Rl
aeoRT" ~ RT "1+ 2Rel

><{§In2—§ln(l—&-exp(%))}7 9)

where 7 is the viscosity of the electrolyte solution and Rel is
the surface conduction parameter. The surface conduction
parameter is related to the mobile counter-charge density
in the electrical double layer given by (van der Wal et al.,
1997b,¢)

1 K% m zF'{
ra—|(15m) 25 [ (i) -1 o

where « is the particle radius, K%'/K>9 is the conductivity
ratio of countercharges beyond and behind the shear plane
(K is the cell wall conductivity and K°9 is the conductiv-
ity caused by the diffuse counterions), and m is the non-di-
mensional ionic drag coefficient. For Rel calculations, the
effective particle radius was assumed to be 2 pm (approxi-
mately half the cell length), the conductivity ratio was as-
sumed to be 75 based on the value for Bacillus brevis
(van der Wal et al., 1997c), and m was assumed to be
0.16, as quoted for KNOj3 at 298 K (van der Wal et al.,
1997b). These parameters were varied over a reasonable
range during the modeling. The permittivity of the electro-
lIyte solution within the Donnan membrane could not be
determined from our experimental data, so was assumed
equivalent to the permittivity of water in the bulk solution.

3. Results and discussion
3.1. Characteristics of the bacteria
Based on the growth curves (data not shown) the cells

were in late stationary phase at the time of harvest. There
was no evidence of sporulation. Note that cells were
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intentionally harvested in late stationary phase to permit
comparison with previous investigations involving meso-
philes cultured to the same condition. Cells were rod-
shaped with an average length and width of 3.89 + 1.45
and 0.54 + 0.18 um, respectively (all standard deviations
quoted here and throughout the paper are +2¢, unless
otherwise stated). Bacterial cells in this growth phase were
determined to have an average cell wall thickness of
28.1 £ 7.4 nm based on multiple TEM thin sections. We
acknowledge that cell wall volume might change with ionic
strength, or that the ethanol dehydration procedure might
influence cell wall thickness as measured by TEM. Howev-
er, our cell dimensions are comparable to those reported
for other bacterial species. Fein et al. (1997), Wightman
et al. (2001), and Yee et al. (2004) report a cell dimension
of 5x 1 um for B. subtilis. Wightman et al. (2001) also re-
port a cell dimension of 2 x 1 um for a thermophilic isolate
and van der Wal et al. (1997a,b,c) report cell dimensions
averaging 6 X 2 um for a host of bacterial species. Our mea-
sured cell wall thickness agrees well with that reported for
other bacterial cells: 25 nm (Beveridge, 1981 cited in Yee
et al., 2004) and 35 to 75 nm (van der Wal et al., 1997a,b).

By approximating the cells as cylinders and by assuming
a cell density of 1000 kg m >, we estimate a surface area of
~7.92 m? per wet g (propagation of 1¢ errors yielded sur-
face area values ranging from 6.78 to 9.52 m?g™'). This
estimate of surface area is lower than estimates for other
bacteria, which range from 30 m? g~ ' (Chatellier and For-
tin, 2004) to 290 m* g~ (Wightman et al., 2001).

Experimental data of cultures with this growth period
indicate that the dry biomass present in a suspension is
0.5359 times its ODygoo. All bacterial concentrations were
derived from ODggg using this relationship. The ratio of
wet to dry mass of the bacteria was found to be 6.7 4 0.1
to 1, in good agreement with literature values for other spe-
cies: 9.9 + 1.1 to 1 (Fein and Delea, 1999), 10.2 + 0.8 to 1
(Daughney et al., 2001), and 5 to 1 (Borrok et al., 2004a;
Borrok and Fein, 2005).

Based on confocal laser scanning microscopy investiga-
tions, the majority of the bacterial cells remain intact
throughout the duration of the titrations, regardless of
pH or electrolyte concentration. These results are in agree-
ment with Borrok and Fein (2005), who used environmen-
tal scanning electron microscopy to confirm that cells of
several mesophilic species remained visually intact after
titrations. The lectin stain also revealed the presence of
minimal extracellular polysaccharides. Note that we as-
sume intact, non-viable cells will interact with protons
identically to cells that are intact and viable, but metabol-
ically inactive.

To investigate the possible release of exudates and
metabolites from rinsed cell suspensions, we measured dis-
solved organic carbon (DOC) concentrations in filtrates
after bacterial suspensions were equilibrated for different
times at various pHs and ionic strengths (results not tabu-
lated). The control experiments revealed ca. 10 ppm DOC
in the filtrates even immediately after the final rinse (pH

6, ionic strength 0.001, 0.01, or 0.1 M). DOC concentra-
tions after 2 h of equilibration at pH 6 were not significant-
ly different from the controls, regardless of ionic strength
(p>0.1). In contrast, 2 h equilibration at pH 3 or pH 9
resulted in a significant change in DOC relative to the con-
trols. DOC decreased by ca. 50% relative to the controls
after 2 h equilibration at pH 3, perhaps due to DOC
adsorption onto the cells or the experimental apparatus.
Conversely, DOC increased by ca. 50% relative to the con-
trols after 2 h equilibration at pH 9, perhaps due to desorp-
tion from the cells or to cell lysis. The pH effects were not
significantly affected by ionic strength (p > 0.2). Fein et al.
(1997), Daughney and Fein (1998), and Daughney et al.
(1998) did not detect organic exudates following titration
of B. subtilis, possibly because different methods were em-
ployed in the assessments (High Performance Liquid Chro-
matography and optical microscopy).

3.2. Acid-base titrations

The experimental titration data show that the bacteria
provide substantial buffering capacity over a wide pH
range (Fig. la). Note that for clarity: (1) only three of
the five data sets are displayed, (2) only every second data
point is plotted; and (3) a curve for the blank electrolyte is
not shown (it displayed virtually no buffering in the pH
range of our investigation). Excellent agreement between
the first and second up-pH titration of a single aliquot of
bacterial suspension indicates complete reversibility of pro-
ton adsorption within the timescale of these experiments
(ca. 2 h). Several studies involving other bacteria have also
reported that proton adsorption reactions are completely
reversible over a comparable time scale (Daughney and
Fein, 1998; Daughney et al., 1998; Wightman et al., 2001;
Claessens et al., 2004), although titrations of longer dura-
tion may be irreversible (Claessens et al., 2004). Excellent
agreement is also observed between duplicate titrations of
different aliquots from a single parent suspension, indicat-
ing that experimental reproducibility is very good. The
desorption of protons indicates that acidic sites on the bac-
terial surface are buffering the suspension against addition
of the base. The data in Fig. 1a also show that the degree of
buffering increases with bacterial concentration. Similar
relationships between buffering capacity, pH, and biomass
have been observed for acid-base titrations conducted on
several mesophilic bacterial species (Fein et al., 1997,
2005; Daughney and Fein, 1998; Daughney et al., 1998,
2001; Yee and Fein, 2001; Borrok et al., 2004a; Borrok
and Fein, 2005).

The five titration data sets collected at 0.01 M ionic
strength were modeled independently using FITMOD
(Fig. 1a, Table 1). A three site model is required to fit each
data set, indicating that there are at least three types of pro-
ton-active functional groups on the bacterial surfaces.
Two-site models do not fit the data as well, and four-site
models do not offer improved fits. Note that the number
of sites required to fit the data may be dependent on the
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Fig. 1. Acid-base titration data (0.01 M) from independent cultures of
A. flavithermus. Biomass concentrations are quoted in dry gram per litre.
Solid lines represent best-fit model curves generated by FITMOD.
(a) Data from three independent titrations, showing that the proton
adsorption—desorption reactions are reversible and reproducible (for
clarity, only every second data point is plotted; closed and open symbols
represent the first and second up-pH titration, respectively). (b) Data from
five independent cultures of A. flavithermus normalized to biomass (for
clarity, only every second data point is plotted and only data from the first
up-pH titration is shown).

pH range of the titration. Consequently, the models pre-
sented here are relevant to the range 4 < pH < 10. Based
on the magnitudes of the deprotonation constants and
the fact that 4. flavithermus is a Gram-positive bacterium,
we speculate that the proton-active functional groups
might correspond to carboxyl, phosphoryl, and amino
sites. These functional groups are expected to be present
because Gram-positive bacteria possess a thick peptidogly-
can cell wall that contains polymers of sugars and cross-
links of short peptides, in addition to teichoic and
teichuronic acids (Beveridge and Murray, 1980; Beveridge
et al., 1982; Beveridge, 1989; Plette et al., 1995; van der
Wal et al., 1997a; Daughney et al., 1998; Chapelle, 2001;
Wilson et al., 2001; Yee et al., 2004). Other researchers
have reported similar number of sites with similar deproto-
nation constants for several mesophilic bacteria (e.g. Fein
et al., 1997, Daughney et al., 1998; Chatellier and Fortin,
2004) and one other thermophile (Wightman et al., 2001).
However, we acknowledge that spectroscopic data are re-
quired to clarify the identity of the titratable groups.

The models for the individual 0.01 M titrations yielded
similar values for the deprotonation constants and concen-
trations for each distinct type of site, so we attempted to
simultaneously model all five data sets with a single set of
model parameters. Again, invoking a three-site model
provides sufficient complexity to describe the data
(Fig. 1b, Table 1). The titration data are expected to be
comparable when normalised to biomass concentration.
Because replicate titrations of a suspension from a single
culture show excellent agreement (Fig. la), experimental
error is small and the 2¢ values presented in Table 1
represent the effect of inter-culture variability instead of
experimental uncertainty. The single best-fitting model
for all five titrations conducted at 0.01 M has an overall
variance of 10.2, which is higher than the variance of
any single model developed for an individual titration.

Table 1

Model parameters describing acid-base titrations of 4. flavithermus

Trial® g/L® pK;° pK>* pK° ¢ e e V(Y)©
1 0.74 4.38 6.17 7.74 4.73 2.22 0.53 4.8
2 0.70 4.55 6.87 8.14 5.32 1.84 0.72 3.9
3 0.56 4.40 6.06 7.54 4.89 1.47 1.22 3.7
4 0.43 4.18 5.74 7.14 3.93 2.32 0.92 6.2
5 0.38 4.15 5.73 6.84 3.94 2.26 0.98 3.5
1-5 model — 434 +£0.33 6.04 +0.93 7.60 + 1.02 457+1.22 2.07+0.72 0.88 +0.52 10.2
6 0.21 5.04 7.08 7.75 5.52 1.61 1.35 20.4
7 0.21 5.08 7.11 7.95 5.75 1.33 1.60 15.3
8 0.29 4.76 6.60 7.70 4.90 2.15 1.34 19.4
6-8 model’ — 4.94 +0.34 6.85+0.57 7.85+0.26 5.33£0.87 1.79 +0.84 1.42 +0.29 15.5

 Trials 1-5 were individual titrations at 0.01 M that were modeled independently; Model 1-5 is the best fit with 2¢ errors to all data points from trials 1-
5 modeled simultaneously. Trials 6-8 were individual ionic strength titrations, each modeled independently, and model 6-8 is the best fit with 24 errors to

all data points from trials 6-8.
® Weight of dry bacteria per litre of electrolyte.

¢ pK values for the subscripted surface functional groups, corresponding to the condition of zero ionic strength and zero surface charge.
4 Absolute concentrations of the subscripted surface functional groups in x10™* moles per gram of dry bacteria.

¢ Variance as calculated by FITMOD.
! Best fitting parameters for all titrations.



Proton adsorption by Anoxybacillus flavithermus 1921

However, the model based on simultaneous fitting of all
five 0.01 M titrations is more sophisticated than the models
generated for the individual titrations because it accounts
for differences in bacterial concentration (0.38-0.74 dry
gL™") and inter-culture variability over the pH range
investigated. Other researchers have proposed a single
model to fit titrations of different biomass concentrations
(Fein et al., 1997, Daughney and Fein, 1998; Daughney
et al., 1998, 2001; Wightman et al., 2001; Borrok and Fein,
2005).

Titration of cells from a single culture in suspensions
with equivalent biomass but different ionic strength display
distinctly different buffering capacities (Fig. 2). Specifically,
we observe that an increase in ionic strength results in more
significant buffering capacity, as is commonly observed for
mineral surfaces such as aluminas, kaolinites, and silicas
(Abendroth, 1970; Fuerstenau, 1970; Bolland et al., 1980;
James and Parks, 1982). Few previous studies have focused
on the effect of ionic strength on acid-base titrations of
bacteria, so it is unclear if our results match the behaviour
generally observed for bacteria. For B. subtilis and Bacillus
licheniformis, Daughney and Fein (1998) observed a de-
crease in total apparent site concentration with decreasing
ionic strength (0.1-0.01 M) resulting in less buffering
capacity observed at lower ionic strengths for a given pH
value, in agreement with our data. Likewise, Martinez
et al. (2002) observed a similar trend for Escherichia coli:
the total site concentration at 0.01 M was slightly lower
than at higher ionic strengths studied (up to 0.5 M). How-
ever, Martinez et al. (2002) also observed the opposite
behaviour for B. subtilis titrated under the same range of
ionic strengths. In contrast, no significant differences were
observed in the acid-base titration curves of Pseudomonas
putida and Pseudomonas mendocina as ionic strength
varied from 0.01 to 0.5 M (Borrok and Fein, 2005) or for
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Fig. 2. Biomass-normalized acid-base titration data at three different
ionic strengths (0.001, 0.01, and 0.1 M) for A. flavithermus. Data compiled
from three suspensions with each suspension being a mixture of two
independent cultures. Titrations at three different ionic strengths (0.001,
0.01, and 0.1 M) were conducted on each suspension. For clarity, five data
points less than pH 4.5 have been omitted from each titration. Solid line
represents model curve generated by FITMOD to fit all the data
simultaneously, and is a three site model. Dashed line represents the
model fit curve from Fig. 1b.

B. subtilis as ionic strength varied from 0.001 to 0.1 M
(Yee et al., 2004) and 0.01 to 0.3 M (Fein et al., 2005).

We attempted to model all the ionic strength titrations
with a single SCM. As with the independent titrations con-
ducted at 0.01 M ionic strength, we began by modeling
data from the three independent trials separately. Each tri-
al consisted of data from six titrations, that is, duplicate
titrations at ionic strengths 0.001, 0.01, and 0.1 M. Two ¢
errors are not reported for individual trials because dupli-
cate titrations of the same suspension yield virtually identi-
cal results. These SCMs, based on the Donnan shell
electrostatic model, were able to describe the ionic strength
dependence of the titration data, using a single set of log K
values and site concentrations for each trial (Table 1). Note
that the choice of model parameters is not necessarily un-
ique for all data sets. That is, several combinations of val-
ues for the deprotonation constants and site concentrations
can yield a comparable fit to the titration data. The value
of the deprotonation constant for site three was the hardest
to constrain because the pK, is close to the upper pH limit
of our titration range (and possibly because cell lysis may
occur when the pH is greater than ca. 9).

Finally, we attempted to develop a single SCM that
could simultaneously match all of the data from all three
ionic strength trials (Fig. 2). Note that the model curves
in this figure are not developed separately for each ionic
strength. Instead, the model curves were generated from
a single set of model parameters. Note also that the model
curves displayed in Fig. 2 are extended to pH 10 to allow
for comparison with other datasets. The best fitting model
had deprotonation constants (pK,) of 4.94, 6.85, and 7.85
and site concentrations of 5.33x 1074, 1.79x 10~%, and
1.42 x 10~* mol per dry g for sites one, two, and three,
respectively (Table 1). In general, the model provides an
adequate fit to the data collected over the ionic strength
range 0.001-0.1 M with an overall variance of 19.5. It also
sufficiently fits the experimental data from the 0.01 M titra-
tions with a variance of 32.1. Applying the previous best-
fitting model generated from the 0.01 M titrations yielded
a variance of 52.4 to the ionic strength titrations. Hence,
the model generated to fit the ionic strength titrations is
more robust in that it can completely describe acid—base
behaviour as a function of pH and ionic strength within
the limits considered in this investigation. Having identified
a set of pK, values and site concentrations that could pro-
vide a reasonable fit to all of the experimental titration
data, we investigated whether or not these same parameters
could also describe electrophoretic mobility measurements
made on the bacterium. It is useful to make a semi-quanti-
tative comparison to the electrophoretic mobility data to
evaluate the robustness of certain assumptions we made
to model the titration data (see below).

Although the Donnan model has been employed exten-
sively to describe ion adsorption by biological colloids
(Ohshima and Kondo, 1991; Ohshima, 1995, 2002; Plette
et al., 1995; van der Wal et al., 1997a; Wonders et al.,
1997; Wasserman and Felmy, 1998; Martinez et al.,
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2002; Daughney et al., 2004; Yee et al., 2004), our results
provide the first demonstration of the Donnan model’s
ability to describe the ionic strength dependence of proton
adsorption by a thermophilic bacterium. The ability of the
SCM to match data over a range of ionic strength pro-
vides clear support for the application of an electrostatic
model, but does not imply that the Donnan shell model
is superior to any other electrostatic models. It is beyond
the scope of this study to compare different electrostatic
models, although this topic has been addressed in the
past. For example, Daughney and Fein (1998) attempted
to account for the effects of ionic strength on proton
adsorption using the Constant Capacitance and Stern
models. These authors found that neither electrostatic
model could match data from different ionic strengths
with a single set of SCM parameters. Borrok and Fein
(2005) found that bacterial surface electric field effects
were negligible for proton adsorption onto P. putida and
P. mendocina, and concluded that a non-electrostatic
model was adequate to describe the data. Plette et al.
(1995) successfully employed the Donnan model to
account for the significant electrostatic effect of different
ionic strengths (0.01-1 M) on the cell wall charge of
Rhodococcus erythropolis. In that study, the cell wall
charge became increasingly negative at higher ionic
strengths, which is in agreement with our data. Martinez
et al. (2002) also employed the Donnan model to describe
the titrations of other mesophilic bacteria, B. subtilis and
E. coli, as a function of ionic strength (0.01-0.5 M). In
conclusion, based only on titration data collected over a
narrow range of ionic strengths, it is difficult if not
impossible to determine what type of electrostatic model
is most appropriate for bacterial surfaces, or indeed if a
non-electrostatic model is more suitable.

The possible effect of DOC on the titrations, and impli-
cations for model development, must be carefully consid-
ered. Recall that titrations were observed to be fully
reversible (Fig. 1a). This indicates that: (1) no additional
proton-reactive ligands are introduced to the system during
the titrations, regardless of pH or ionic strength, and (2)
changes in pH or ionic strength do not cause any irrevers-
ible changes to the binding characteristics of the proton-re-
active ligands in the system. Thus it is possible that DOC,
although present, is unreactive towards protons under our
experimental conditions, such that all proton-reactive
ligands in the system are in fact associated with the bacte-
rial surfaces. Alternatively, the DOC might be proton
reactive, in which case our model describes proton distribu-
tion in a system containing bacteria and fixed concentra-
tion of DOC, with the latter moving between being
sorbed at low pH and desorbed at high pH (see above).
This behaviour of DOC would be consistent with the
behaviour of fulvic and humic acids in the presence of
bacteria, as described by Fein et al. (1999), Wightman
and Fein (2001), and Frost et al. (2003). Regardless of
which scenario is correct, we have covered a broad range
of experimental conditions in terms of pH and ionic

strength, and so the SCM developed to describe the data
should be relevant to a range of natural conditions.

3.3. Electrophoretic mobility

The electrophoretic mobility data indicate that bacteria
acquire a pH dependent charge and are dominantly electro-
negative in the pH range studied (Fig. 3a). The surface
charge becomes increasingly negative with increasing pH,
which has been reported for other biological surfaces
(van der Wal et al., 1997b; Busscher et al., 2000; Daughney
et al., 2004; Yee et al., 2004). Additionally, electrophoretic
mobility decreases with increasing ionic strength. This rela-
tionship between the electrophoretic mobility and ionic
strength is similar to that which has been observed by
van der Wal et al. (1997b) and Yee et al. (2004). At higher
ionic strengths, more counter ions are electrostatically ad-
sorbed, reducing the electrical potential of the cell wall
(Yee et al., 2004). The isoelectric point (IEP) of the bacteria
was found to be ~3.0 based on the intersection of
regression lines through the experimental data. This IEP
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Fig. 3. Electrophoretic mobility data at three different ionic strengths
(0.001, 0.01, and 0.1 M) for three independently grown cultures of A.

Sfavithermus. (a) Solid lines represent predicted electrophoretic mobilities

based on the SCM that best describes the titration data (Table 2). (b) Solid
lines represent predictions of electrophoretic mobilities based on the SCM
if the concentration of the third site is reduced by 80%.
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is similar to that of other Gram-positive bacteria described
in the literature: ~2.4 for B. subtilis (Yee et al., 2004); 3.6,
3.4, and 4.6 for a Cornebacterium species, Rhodococcus
opacus, and B. brevis, respectively (van der Wal et al.,
1997a,b); and ~4.5 for R. erythropolis (Plette et al., 1995).

Qualitatively, the data are in agreement with the best-fit-
ting SCM based on the titration data. The negative charge
confirms the presence of anionic functional groups (e.g.,
carboxyl, phosphoryl) within the cell wall which can ac-
quire negative charge when deprotonated. The existence
of cationic functional groups, such as amino sites, is im-
plied by the positive electrophoretic mobilities at the most
acidic pH values. Further, the model deprotonation con-
stants of 4.94, 6.85, and 7.85 are consistent with the values
expected for carboxyl, phosphoryl, and amino sites, respec-
tively. These types of sites have also been implicated in pro-
ton interactions with other biological surfaces (Shumate
and Strandberg, 1985; Plette et al., 1995; Fein et al.,
1997; Daughney et al., 1998, 2004; Cox et al., 1999; Marti-
nez et al., 2002). Thus we conclude that electrophoretic
mobility data are very useful for constraining the types of
reactions to be included in an SCM, even if the comparison
is strictly qualitative.

We use the best-fitting SCM based on the ionic strength
titration data in an attempt to match the electrophoretic
mobility data, using equations given in Section 2.4.2. We
stress that we are unable to make a fully quantitative com-
parison between the SCM and the experimental data, be-
cause calculation of electrophoretic mobility from charge
density (pp) requires several assumptions that we cannot
explicitly test. These assumptions include the equivalence
of protonation behaviour and surface charge development,
the uniformity of distribution of titratable sites through the
membrane, the constancy of membrane volume as a func-
tion of ionic strength, and the lack of residual metabolic
activity that might allow the cells to pump protons through
the membrane. In addition, calculation of electrophoretic
mobility from charge density requires knowledge of several
parameters that we did not explicitly measure. We begin by
assuming that: (1) the shear plane is coincident with the
surface (x =0 in Eq. (5)) such that surface potential i,
equals the zeta potential {; (2) the conductivity ratio
K%/K>% is 100, within the range of Gram-positive and
Gram-negative bacteria measured by van der Wal et al.
(1997¢); (3) the mobility of NaNOjs is 0.16, equivalent to
the value given for 0.01 M KNO; by van der Wal et al.
(1997b,c); and (4) the effective cell radius is approximately
half the cell length (¢ =2.0x 10~°®m). We vary each of
these parameters over a reasonable range to evaluate the
effect on predicted electrophoretic mobility (—1 nm < x <
+1 nm; 15 < K%/K% < 300; 0 <m < 1).

We find that the SCM based on the titration data is able,
to some extent, to predict our experimental electrophoretic
mobility data (Fig. 3a). Specific discrepancies between the
prediction and actual data are: (1) that the predicted IEP
is roughly 1.4 pH units too high and (2) the predicted elec-
trophoretic mobilities at pH <IEP are too large. The

parameter values that provided the best fit to the electro-
phoretic mobility data were x = —0.5 nm, K°/K¢ =75,
m=0.16, and a = 2.0 x 10 ® m. In general, the calculated
electrophoretic mobility values are insensitive to m, but
are sensitive to: (1) the exact position of the shear plane
for 0.1 M ionic strength and (2) the conductivity ratio
and the effective cell radius for 0.01 and 0.001 M ionic
strength when absolute electrophoretic mobilities are great-
er than 1.5. In other words, each parameter affects only
small sections of the predicted electrophoretic mobility
curves, such that it is possible to identify a unique best-fit-
ting set of values for x, K*/K°9 and a.

It is instructive to consider how certain changes in the
SCM based on the titration data would affect the predicted
electrophoretic mobilities. We note that if the concentra-
tion of the third site is reduced by ~80%, the fit to the elec-
trophoretic mobility data is improved (Fig. 3b).
Specifically, the predicted IEP is closer to the observed val-
ue by almost an entire pH unit and that there is only a
slight overestimation of electrophoretic mobilities at pH
values below the IEP. This may indicate that some of the
sites are not uniformly distributed through the Donnan
volume as we have assumed. Alternatively, an improved
prediction of electrophoretic mobility (comparable to
Fig. 3b) is obtained if we assume that the cell walls include
a fixed source of negative charge, as would be consistent
with the presence of functional groups that are fully depro-
tonated within the pH range of our experiments (i.e.
pK, <ca. 3). The existence of sites with low pK, has been
proposed for other bacterial species (Borrok et al.,
2004a,b; Fein et al., 2005), but determination of the con-
centration of such sites from titration data alone is prob-
lematic because the acidic conditions required to
protonate the sites also damage the cell walls (Borrok
et al., 2004b). Instead, our results suggest that it may be
possible to estimate the concentration of low-pK, sites on
the basis of electrophoretic mobility data. For example,
for our data an improved fit to the electrophoretic mobility
is obtained if the SCM based on the titration data (Table 1)
is modified to include a fourth type of proton-active site
that acquires negative charge upon deprotonation and
has pK, <3 and concentration ca. 1.25x 10~* mol per g
dry biomass. We stress again that for reasons outlined
above we are unable to quantitatively modify the SCM
based on the titration data to obtain improved fits to the
electrophoretic mobility data, but we conclude that useful
qualitative information can be obtained using the approach
we have employed in this investigation.

3.4. Comparison to other biological surfaces

The SCM that best fits all of the titration data was used
as the basis for comparison to other biological surfaces
(Table 2). The model curve for A. flavithermus was
compared to model curves for: (1) the Gram-positive
thermophile TOR-39 (Wightman et al., 2001); (2) the
Gram-positive mesophile B. subtilis (Daughney et al.,
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Table 2

Average surface characteristics of A. flavithermus and some biological surfaces

Species  A. flavithermus ~ TOR-39 B. subtilis B. licheniformis  E. coli P. mendocina Six natural consortia

Source  This paper Wightman Daughney Daughney Yee and Fein Borrok and Fein Borrok et al.
et al. (2001) et al. (2001) et al. (1998) (2001) (2005) (2004a)

Model* 3 pK/Donnan 3 pK/Constant 3 pK/Constant 3 pK/Constant 1 pK/Constant 4 pK/Non-electrostatic ~ 4 pK/Non-electrostatic
capacitance capacitance capacitance capacitance

pK;® — — — — — 2.86 + 0.38 3.12 £ 0.26

pK> 494 +0.34 45+0.2 4.80 +0.10 5240.6 4.87 4.66 +0.14 4.70 +0.22

pKs 6.85 4+ 0.57 58+0.1 6.49 4+ 0.30 7.54+0.8 — 6.33+0.14 6.57 +0.34

pK4 7.854+0.26 8.2+0.1 8.52 +0.60 102+ 1.0 — 9.04 +0.08 8.99 + 0.42

(o — — — — — 4.54 +1.47 3.33+1.96

C, 533 +£0.87 40+2.7¢ 6.92 +3.98 8.88 4+ 7.60 224 5.55+0.24 3.39 +£2.65

C; 1.79 +0.84 34413 4.44 +2.65 8.34 +9.20 — 3.02+0.18 1.84 +1.71

C,y 1.42+0.29 20+1.3 6.29 +2.24 12.74+13.6 — 2.57+0.12 2.24+2.19

Cr¢ 8.54 +2.00 9.38 +5.36 17.6 +8.9 29.9 +304 224 15.7+2.0 10.8 +8.5

SAf N/A 290 140 140 140 N/A N/A

Cc® N/A 8.0 8.0 3.0 8.0 N/A N/A

& Models consider one, three, or four distinct types of surface functional groups and are termed 1 pK, 3 pK, and 4 pK, respectively; Surface electric field
was accounted for using the Donnan or Constant capacitance model; Borrok et al. (2004a) and Borrok and Fein (2005) did not account for electrostatic
effects.

® Negative logarithm of the stability constant describing deprotonation of the subscripted functional group, with 2¢ errors, corresponding to the
condition of zero ionic strength and zero surface charge; Yee and Fein (2001) did not report errors for all model variables.

° Absolute concentrations of the subscripted surface functional groups, with 2¢ errors, in x10™* moles per gram of dry bacteria; Yee and Fein (2001) did
not report all errors.

9 Daughney et al. (1998), Wightman et al. (2001), and Yee and Fein (2001) reported site densities in moles per gram of wet bacteria and did not state wet
to dry weight ratio. The wet to dry weight ratio for B. licheniformis and E. coliis 10 to 1 (C. Daughney, Institute of Geological and Nuclear Sciences, pers.

comm., 2005; N. Yee, Rutgers University, pers. comm., 2005) and we assume that TOR-39 has a wet to dry weight ratio of 6.7 to 1.
© Total site density, with 26 errors, in x10~* moles per gram of dry bacteria.

T Surface area of the species (m? g~! wet bacteria).
£ Capacitance of surface (F m™2).

2001); (3) the Gram-positive mesophile B. licheniformis
(Daughney et al., 1998); (4) the Gram-negative mesophile
E. coli (Yee and Fein, 2001); (5) the Gram-negative meso-
phile P. mendocina (Borrok and Fein, 2005); and (6) the
universal proton adsorption behaviour for six natural con-
sortia from Borrok et al. (2004a). All model curves are
based on titrations conducted at room temperature, except
for TOR-39 which was titrated at 50 °C. Wightman et al.
(2001) demonstrated that the acidity constants for
B. subtilis change only slightly over the range 30-75 °C,
so we assume that the deprotonation constants for
TOR-39 at room temperature and at 50 °C are similar.
The universal adsorption curve reported by Borrok et al.
(2004a) is for six natural bacterial consortia grown at room
temperature, with each consortium being unique, but being
a mixture of three to six species. Note that acid—base
titrations were not conducted beyond pH 10 in any of these
investigations, except for B. licheniformis (Daughney et al.,
1998). However, the model curves are plotted to pH 12 to
allow comparison of the plateau in each curve that occurs
above pH ca. 10, where all sites are assumed to be fully
deprotonated. It is important to recognise that previously
published models are based upon titrations that cover
different pH ranges, and so the model curves should be
compared with caution.

Comparison of the model curves indicates that the two
thermopbhiles (A4. flavithermus and TOR-39) have similar
buffering capacity as a function of pH. 4. flavithermus

and TOR-39 were grown at 60 and 55 °C, respectively.
The difference in buffering capacity is probably not due
to the 5 °C difference in growth temperature, but a differ-
ence in the total concentration of proton-active functional
groups per unit weight of biomass. A. flavithermus has a to-
tal proton-active site concentration of 8.54 x 10~ mol g~
dry within the range 4 <pH < 10, which is close but not
equivalent to the site density reported for TOR-39
(9.38 x 10 *mol g~! dry, 2.5 <pH <9). Wightman et al.
(2001) reported concentrations in moles per gram dry bac-
teria, but did not give a wet to dry weight ratio. For the
purpose of comparing model curves, we assumed both
thermophiles possessed the same wet to dry weight ratio
(6.7:1). However, it is known that the wet to dry weight ra-
tio varies significantly between species (Borrok et al.,
2004a) with reported values ranging from 3.1:1 (Borrok
et al., 2004a) to 11:1 (Fein and Delea, 1999). If our estimate
for the wet to dry weight of TOR-39 is too high or low,
then the model curve for TOR-39 would show less or more
buffering, respectively, than depicted in Fig. 4.

The two thermophiles display significantly lower buffer-
ing capacity than the pure cultures of mesophilic (Gram-
positive and Gram-negative) bacteria that have been stud-
ied (Fig. 4). Both A. flavithermus and TOR-39 have signif-
icantly lower total site concentrations than the pure
mesophilic bacterial species maintained in the laboratory.
However, A. flavithermus and the natural consortia of
mesophilic bacteria investigated by Borrok et al. (2004a)
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Fig. 4. FITMOD model output comparing the proton adsorption
behaviour of A4. flavithermus to other bacteria. Numbers to the right of
the graph correspond to: (1) A. flavithermus (this study); (2) TOR-39
(Wightman et al., 2001); (3) an average adsorption curve for six natural
consortia (Borrok et al., 2004a); (4) P. mendocina (Borrok and Fein, 2005);
B. subtilis (Daughney et al., 2001); E. coli (Yee and Fein, 2001); and
B. licheniformis (Daughney et al., 1998). The curves are calculated using
the deprotonation constants and surface site concentrations summarized
in Table 2, assuming 1 dry gram of biomass per litre of solution.

appear to have similar buffering capacities and similar total
concentrations of proton-active functional groups per unit
weight of biomass. To our knowledge, only two thermo-
philes have been investigated to date, so it is not yet clear
whether thermophiles generally show different acid—base
behaviour than mesophiles or if this is a phenomenon un-
ique to the species chosen for study.

Aside from differences in total reactive site concentra-
tion, the model curves displayed in Fig. 4 also differ due
to the number of sites considered and the values of stability
constants describing their deprotonation. For instance, en-
hanced proton desorption is predicted below pH 4 for the
natural bacterial consortia (Borrok et al., 2004a) and
P. mendocina (Borrok and Fein, 2005) because these
authors proposed a fourth site with pK, ca. 3. Enhanced
proton desorption is predicted above pH 10 for B. licheni-
formis. This results from deprotonation of the third site
(pK, = 10.2) which occurs approximately 1 to 2 pH units
higher than in the other models. Notice also that the pro-
ton adsorption curve for E. coli plateaus at pH ca. 7, unlike
the other models. This is because Yee and Fein (2001) pro-
posed the deprotonation of only one site with pK, ca. 5.

4. Conclusions

In this investigation, we characterized proton interac-
tions with the thermophilic bacterium A. flavithermus.
Our experiments indicate that a SCM is able to describe
the proton adsorption—desorption behaviour of A. flavi-
thermus over a wide range of pH and ionic strength. This
SCM can also reasonably account for electrophoretic
mobilities as a function of pH and ionic strength. This
demonstrates that the model is robust and that the model
parameters are well constrained. Our results also support

the use of the Donnan electrostatic shell model for bacte-
rial surfaces.

It is not yet clear whether or not the SCM developed in
this investigation will be applicable to natural environ-
ments. For example, the model may only be valid for cells
grown to stationary phase on the selected growth medium
(trypticase soy broth). Additionally, metabolically inactive
cells might bind protons differently than metabolically
active cells. On-going investigations in our laboratories
are focused on determining if site densities on A. flavither-
mus (and other thermophiles) are affected by growth
conditions (e.g., growth temperature, chemistry of the
growth medium, presence of high metal concentrations)
and if live cultures adsorb protons differently that non-ac-
tive cultures.

Based on comparisons of these model parameters to
those of another thermophile (TOR-39), 4. flavithermus
has comparable proton sorption characteristics. However,
both thermophiles possess lower total site densities than
pure cultures of mesophiles that have been studied to date.
The differences in proton binding of thermophiles and mes-
ophiles might be related to cell wall composition. Thermo-
philes have an unusual heat resistance (Brock, 1978) and,
to survive high temperatures, have different cell wall config-
urations than mesophiles. It is well known that the fatty
acid composition of cell membrane lipids depend on the
growth temperature—thermophiles possess a increased
proportion of fatty acids with higher melting points (and
sometimes greater packing densities of phospholipids) than
do lipids of mesophiles (Denich et al., 2003; Sundaram,
1986). Hence, thermophiles commonly have a greater
abundance of long chain and saturated fatty acids within
their membranes. The implications of these cell wall chang-
es on surface charge and/or molecular groups titrated will
be topics for future investigation.

It is also not yet clear whether the SCM developed in
this investigation can be employed to predict interactions
between A. flavithermus and metal ions or mineral surfaces.
For example, if in fact the total site density of thermophilic
bacteria is generally lower than mesophiles, this cannot be
directly correlated to a reduction in metal biosorption
capacity because the affinity of the metal for the binding
site must also be taken into consideration. Indeed, to our
knowledge, no previous investigations have reported a
SCM describing metal adsorption by a thermophilic bacte-
rium. Thus on-going investigations in our laboratories aim
to determine whether A4. flavithermus (and other thermo-
philes) sequester dissolved metals less or more effectively
than mesophilic bacteria, and if metal adsorption is corre-
lated to proton adsorption.
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