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Peptidoglycan and teichoic acids are the major cell wall components of Gram-positive bacteria that obtain and
sequester metal ions required for biochemical processes. The delivery of metals to the cytoplasmic membrane
is aided by anionic binding sites within the peptidoglycan and along the phosphodiester polymer of teichoic
acid. The interaction with metals is a delicate balance between the need for attraction and ion diffusion to the
membrane. Likewise, metal chelation from the extracellular fluid must initially have strong binding energetics
that weakenwithin the cell wall to enable ion release. We employed atomic absorption and equilibrium dialysis
to measure the metal binding capacity and metal binding affinity of wall teichoic acid and Mg2+. Data show
thatMg2+ binds toWTAwith a 1:2Mg2+ to phosphate ratiowith a binding capacity of 1.27 μmol/mg. The affinity
of Mg2+ to WTA was also found to be 41 × 103 M−1 at low metal concentrations and 1.3 × 103 M−1 at higher
Mg2+ concentrations due to weakening electrostatic effects. These values are lower than the values describing
Mg2+ interactions with peptidoglycan. However, the binding capacity of WTA is 4 times larger than peptidogly-
can. External WTA initially binds metals with positive cooperativity, but metal binding switches to negative
cooperativity, whereas interior WTA binds metals with only negative cooperativity. The relevance of this work
is to describe changes in metal binding behavior depending on environment. Whenmetals are sparse, chelation
is strong to ensure survival yet the binding weakens when essential minerals are abundant.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Teichoic acid is a flexible biopolymer found in the cell wall of Gram-
positive bacteria. Teichoic acid participates in biofilm production, cell
adhesion, cell wall development, cell to cell signaling, host infection,
and metal binding [1–6]. Teichoic acid also contains phosphate groups
that bind external metal ions and help to keep these ions within the
cell wall region [7]. In this fashion, teichoic acid helps to create a reser-
voir of metals available for homeostatic delivery to the cytoplasm.Wall
teichoic acid (WTA) is chemically bound to the peptidoglycan, as op-
posed to lipoteichoic acid (LTA) that is anchored to the cytoplasmic
membrane. The backbone of WTA is composed of glycerol phosphate
linkages have branches of D-alanine,N-acetylglucosamine, or a hydroxyl
group (Fig. 1) [8]. These groups exist in random order and differing
amounts dependent on the strain and growth conditions [8,9]. D-Ala-
nine modifications have a pKa value of 8.42 [10] and thus impart a pos-
itive charge toWTA at pH 7. The phosphate groups of teichoic acid have
been reported to have a pKa of 2.1 [11,12],whichmeans that nearly all of
the phosphate groups are deprotonated at physiological pH and possess
anionic character. Ion pairing between D-alanine and the phosphate is
possible, leading to a charge neutral site that should not attract metals
[13]. However, this paradigm has been challenged, and the zwitterion
is a solvent separated ion pair that does not hinder metal binding [14].
Solid-state NMR studies have shown thatMg2+ bindingmoves the D-al-
anine farther away from the phosphate and places the D-alanine group
in a position that allows for the repulsion of cationic antimicrobial pep-
tides [15].

The importance of teichoic acid in cellular function is demonstrated
through genetic mutation studies that remove the ability to synthesis
LTA or WTA. The lack of WTA creates a Bacillus subtilis cell morphology
that has a loss of its rod shape, exhibits swelling, and has increased cell
aggregation [16]. The lack of LTA creates a cell morphology that has an
increased cell or cell chain length and an increase in cell bending [17].
The morphology reported on LTA deficient mutants is similar to that
of Mg2+-deprived cells [18]. Attempts to create double mutants that
eliminate both WTA and LTA have shown that the lack of teichoic
acids is lethal to cells [17]. The lethality of this combination has been hy-
pothesized to be caused by a lack of divalent cation homeostasis provid-
ed by teichoic acid [17]. Here, we report data that characterizes metal
binding to WTA as having a Mg2+/P ratio of 1:2 and a binding affinity
of 41 × 103M−1 that slowly turns into 1.3 × 103M−1 as the result of re-
duced electrostatic effects asmoreMg2+ becomes bound to the sample.
The 1:2 Mg2+ to phosphate ratio suggest a bridging mode between
phosphates. The much lower binding affinity in comparison to that of
peptidoglycan [7] also suggests that WTA facilitates movement of
metal ions from outside the cell, across the peptidoglycan, and to the
cell membrane. These binding affinities and binding modes create a
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Fig. 1. Polyglycerol backbone of wall teichoic acid. Each polyglycerol phosphate linkage
can have different substituents. D-Alanation of WTA is determined by growth conditions
such as pH, temperature, and available metal content.
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model of ion transport from the environmental milieu to the cytoplasm
using teichoic acids. Likewise, these data provide insight into themech-
anism of obtainingmetals when nutrients are either plentiful or limited.

2. Materials and methods

2.1. Wall teichoic Acid purification

Cell wall samples from B. subtilis were grown, harvested, and puri-
fied as previously reported [7]. These cell wall samples, containing
only peptidoglycan and covalently boundWTA, underwent an addition-
al treatment with 10% TCA (trichloroacetic acid) at 4 °C to remove the
WTA. After treatment with TCA, the suspension was centrifuged at
15,000×g, and the supernatant was transferred into 1000 MWCO re-
generated cellulose dialysis membrane tubing. The dialysis tubing was
placed in 2 L of Milli-Q H2O, whichwas changed twice at 12-h intervals.
Osmotic pressure increased inside the tubing because of the exchange of
a large amount of TCAmolecules. This required the sample to be lyoph-
ilized, re-suspended in a minimal volume of Milli-Q H2O, and then
placed into another 1000MWCO dialysis membrane section. The dialy-
sis membranes were placed in a 250 mL bath of 0.01 M EDTA at 4 °C
overnight to remove residual metal ion concentration. The dialysis
membranes were then placed into 2 L of Milli-Q H2O at 4 °C, and the
water bath was changed an additional 6 times during 12-h intervals.
The liquid inside the dialysis membrane was transferred to a glass vial
and water removed with vacuum lyophilization to produce a white,
translucent solid.

2.2. Membrane dialysis procedure

All dialysis experiments were performed in a temperature con-
trolled environment of 4 °C. A known quantity (29.4 mg) of WTA was
dissolved in 1 mL of Milli-Q H2O, placed in a 500 MWCO dialysis mem-
brane, and immersed in 74mLofMilli-QH2Oheld in a 100mLglass con-
tainerwith a screw top-lid. The sealed containerwas allowed tomix in a
New Brunswick G24 benchtop shaker (200 rpm) located inside a 4 °C
cold room. A temperature of 4 °C was selected to prohibit bacterial
growth from outside sources. A concentration gradient was formed on
a single sample of WTA due to the time consuming process of WTA pu-
rification, and the amount of cell growth that had to be performed to ob-
tain a sufficient amount ofWTA.With this procedure, data with varying
metal ion concentrations were obtained from a single WTA sample. A
5 mL aliquot of the solution was removed from the glass container
every 48 h and the lost volume replaced with 5 mL of a Mg2+ solution
(MgCl2, 5 ppm). This process was repeated six times to generate 7 sam-
ples for analysis of metal ion concentration. For the next 9 samples, re-
moval of 5mL aliquots was followed by adding 5ml of a solutionwith a
higher (25 ppm)Mg2+ concentration. In thismanner, the 25 ppmMg2+

additions create a larger concentration gradient. The Mg2+ concentra-
tions of the aliquots from each extraction were analyzed with a Varian
SpectraAA 55b Flame Atomic Absorption Spectrophotometer. Without
binding, themetal ion concentration should correlate with the standard
addition of Mg2+ ions. However, because Mg2+ binds toWTA, the con-
centration of Mg2+ outside of the dialysis membrane decreases. The
amount of Mg2+ bound at each equilibrium concentration was deter-
mined with a spreadsheet to compare the concentration expected in
the absence of binding and the actual concentration. The difference be-
tween these values was contributed to metal binding. These quantita-
tive data describe the interaction between Mg2+ and WTA. Binding
constants from this data were determined with a Scatchard plot. A con-
trol containing a dialysis membrane filled with 1mL of Milli-Q H2Owas
subjected through the same process as theWTA sample. Flame AA anal-
ysis of the control signified that significant issue with the incomplete
equilibrium of metal ions through the membrane and binding of
Mg2+ to the dialysis membrane did not occur.

2.3. Phosphorus concentration

The purifiedWTA underwent liquid state 31P NMR analysis to quan-
tify the phosphorus content. The probe was externally calibrated with
0.0485 M triphenyl-phosphate, and one transient scan was taken with
a 90° pulse and a 60 s delay time. The gain was set constant for the ref-
erence calibration standard and the sample. A 5.9 mg quantity of WTA
was dissolved in 750 μL of D2O and underwent NMR analysis for phos-
phate concentration. Quantitative analysis of the phosphate content in
the WTA sample was performed using the qNMR tools in VnmrJ 3.1,
where the integrated peak area for the reference was compared to the
sample. A concentration of 21.5 mM of phosphorus was obtained in
this analysis. This is equivalent to 2.7 μmol P per mg of WTA and 8.4%
phosphorus on amass percentage. This differs slightly fromprevious re-
ports of wall teichoic acid from Staphylococcus aureus being composed
of 6.4% phosphorus [19]. This difference can be attributed to the wall
teichoic acid being a polyribitol phosphate polymer, while the
B. subtilis used in our studies was a polyglycerol phosphate polymer.

2.4. Mg2+ binding capacity to WTA

The binding capacity ofMg2+ towardWTA can be extrapolated from
the Scatchard plot by calculating the amount bound at sufficiently high
concentrations (bound vs. unbound = 0). However, slight errors in the
affinity constant and its associated slope on the Scatchard plot can pro-
duce substantial differences in the estimation of binding capacity. To
mitigate this error, the metal binding capacity of WTA was also deter-
mined through a simple, one-step method of exposing WTA to a suffi-
ciently high concentration of Mg2+. A known quantity (14.8 mg) of
WTAwas dissolved in 1mL of 50 ppmMg2+ solution and placed in a di-
alysis membrane. The dialysis membrane was then placed in 49 mL of
50 ppm Mg2+ solution and allowed to mix in a shaker (4 °C,
200 rpm). After 48 h, the Mg2+ concentration outside of the dialysis
membrane was examined via Flame AA analysis, and it was discovered
that 1.27 μmol of Mg2+ was bound per mg of WTA.

3. Results and discussion

The data presented here can be used to elucidate potential binding
modes and interactions between metal ions and the cell wall. We now
have a better understanding of how Gram-positive bacteria use teichoic
acid to control Mg2+ uptake depending on the extracellular concentra-
tion of metals. This information is essential to understand fundamental
biochemical processes that precedemetal ion transport through the cell



Fig. 3. The Scatchard plot formed from the initial data points of WTA and Mg2+ binding
shown previously in Fig. 2. Neither binding capacity nor binding affinity parameters can
be extracted from these points.
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membrane. By comparing the relative Mg2+ binding affinity and
capacity with WTA, we observe that the sample initially undergoes
possible allosteric changes caused by the addition of metal ions. This is
expected since teichoic acid is reported to have a stretched rod
confirmation in the absence of metal ions and random coil confirmation
develops as the ions in solution increase [20]. During this process, the
fraction of metal ions remaining in solution is larger than that observed
in the presence of peptidoglycan or peptidoglycan with covalently
bound WTA [7]. As the concentration gradient across the dialysis
membrane increases, more metal becomes bound. This allows
measurement of binding affinities and capacities from flame AA data.

3.1. Positive cooperativity of Mg2+ binding to WTA

The binding of Mg2+ ions to WTA was measured with atomic
absorption spectroscopy which provides a quantitative measurement
of metal ion concentration. During equilibrium dialysis, metal ions are
bound to WTA within the dialysis bag, and samples for flame AA
analysis are taken from the solution outside of the dialysis membrane.
Differences between the equilibrium concentration in solution and the
known quantity of metal ions added to the sample are used to
determine the fraction of metal ions bound to WTA. The data in Fig. 2
show that the serial addition of Mg2+ ions leads to increasing amounts
of metal bound to WTA. However, the trend is not logarithmic; instead,
metal binding appears to increase exponentially. This is in marked
contrast to the metal binding behavior within the bacterial cell wall
where teichoic acid works in concert with peptidoglycan to chelate
metals in a logarithmic fashion [7]. As a result, two models arise for
binding metals to WTA. Purified WTA, representing extracellular
teichoic acid polymers, initially binds metals with positive
cooperativity. However, WTA located within the cell wall which binds
metals with negative cooperativity [7].

The equilibrium constant for Mg2+ binding to WTA can be found
with a Scatchard plot [7]. In this representation (Fig. 3), the positive
slope indicates that metal binding has positive cooperativity. This
explains why the data in Fig. 2 show that initial binding events make
it easier for subsequent metals to bind withWTA. Equilibrium constant
(KA) values are taken from the slope in the Scatchard plot.
Unfortunately, the positive slope in Fig. 3 generates a KA with a negative
value and therefore cannot be used to formulate chemical models or
comparisons. Nonlinear curve fitting without the use of Scatchard
analysis does not take into consideration the cooperative behavior as
seen in this system of WTA and Mg2+ or the multiple binding sites on
a single molecule. We are not aware of any methods to extract precise
values of the ever-changing binding affinity constant and can only
describe the affinity value as increasing. The positive slope behavior in
Scatchard plots has been observed in RNA samples with Mn2+ in low
ionic strength solutions [21,22]. We believe the initial upward
exponential curvature and positive Scatchard plot slope is represented
Fig. 2. The binding curve forWTA andMg2+ during the early stages of metal binding. The
increase in binding at higher Mg2+ concentrations suggests allosteric effects to create
stronger binding, perhaps caused by phosphate groups on coming closer together after
prior metal binding events.
by allosteric effects where the binding of a previous metal ion induces
an effect that creates a higher affinity for next binding ions. Such
allosteric effects and associated structure changes have been reported
for Mn2+ binding with tRNA [21]. Teichoic acid has been reported to
change structure with the addition of salt [20]. Teichoic acid in dilute
buffer or distilled water was reported to have a rigid rod conformation,
while salts induced a random coil conformation based on viscosity
measurements [20].

Conformational changes within WTA can affect the metal binding
affinity by creating new binding sites or bringing the phosphate back-
bone together. In this scenario, the metal may be chelated in a bridging
motif using two phosphate groups. Without metal, the two phosphate
groups may be far apart but move together as initial metal binding
occurs. This is analogous to the operation of a common zipper. The
electrostatic attraction between Mg2+ and phosphate groups can be
strengthened if two phosphate groups are involved. Similarly to our
zipper model, an intermolecular bidentate binding model with Ca2+

binding to adjacent phosphate groups on three teichoic acid strands
has been proposed [23,24]. It is predicted that divalent metal cations
interact and form bridges between peptidoglycan, WTA, LTA, and cell
wall proteins [23]. There have been reports on the interaction between
metal ions of wall teichoic acid and carboxyl groups on peptidoglycan
which signify additional binding mechanisms when attached to the
cell wall [25].

Positive cooperativity for metal binding to WTA also suggests that
the system may not be at equilibrium. Equilibrium between the inside
and outside of the dialysis membrane is reached quickly based on the
results of control measurements of water only samples. However,
conformational rearrangement of the WTA polymer may be slower.
Finding a conformation with the lowest potential energy would require
breaking the phosphate-metal-phosphate bridges. The rate of
interconversion is unknown. At 4 °C, the sample temperature during
the dialysis process, the rate should be slower than observed during
cell growth at 37 °C. A simple Arrhenius equation calculation using Ea
of 60 kJ/mol, T1 = 310, T2 = 277, gives a rate difference of 0.084 or 12
times slower. Thus, we decided to extend the period of time between
collecting flame AA samples. After collecting sample number 7 and
adding more metal ions, we waited 21 days to collect sample number
8. To our surprise, the solution equilibrium concentration of Mg2+

decreased while the amount of Mg2+ bound to WTA increased. The
additional 9 μmol/mg of bound Mg2+ corresponds directly to the
25 μM drop in solution concentration. These data are informative with
regard to the need for additional time for WTA to reach equilibrium,
which is remarkable asWTA is a single strand phosphodiester polymer.
Likewise, the role of metals in causing rearrangement provides a new
chemical perspective on how metals interact with Gram-positive
bacteria. When the concentration of metals is low, WTA increases its
binding affinity to ensure adequate chelation required for intracellular
processes. Yet whenmetals are abundant, the binding affinity weakens.



Fig. 5. The Scatchard plot of the metal binding data from Fig. 4 showing the gradually de-
creasing affinity constant as more metal is added to the system.
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The persistence of positive cooperativity over many days suggests that
the distribution of metals among all WTA molecules and any structural
rearrangements needed to reach their lowest energy conformation are
slow processes. This would have the advantage of avoiding dramatic,
and perhaps irreversible, reductions of binding affinity in response to
short-lived or localized increases in extracellular metal ion
concentration.

After allowing 21 days for the sample to reach equilibrium, the time
period between subsequent data points was reduced to 48 h, and
25 ppm was added in 5 mL quantities to cause a larger concentration
gradient. Here, exponential binding behavior disappears and the data
points exhibit linear behavior (Fig. 4). Transformation into a Scatchard
plot formulation gives a pattern indicative of negative cooperativity.
Electrostatic effects have also been to shown to be responsible for an
apparent negative cooperativity in binding studies [22]. The
electrostatic effects are responsible for the curvature seen in Fig. 5. As
a result, an initial positive cooperativity is observed with a possible
reorganization of WTA on metal binding, leading to subsequent
negative cooperativity thereafter. Using these later sets of data, it is
possible to obtain the binding affinity andmetal association equilibrium
constants.

3.2. Binding affinity of Mg2+ to WTA

The binding affinity of Mg2+ to peptidoglycan has been measured
[7], KA = 1.0 × 106 M−1. After the initial positive cooperativity
observed with Mg2+ binding with WTA, electrostatic effects become
more apparent and a concave slope is observed in the Scatchard plot
with the last 7 points taken in the experiment (Fig. 5). This behavior is
also observed with Mg2+ binding to RNA [22,26]. WTA attracts Mg2+

ions with a metal binding affinity of 4.07 × 106 M−1, which decreases
to 1.06 × 103 M−1 as seen in Fig. 5.

Both sets of binding data are represented by Fig. 6. A distinct
deviation on the curve is observed near the bound region of
0.138 μmol/mg. This data point (#8) was a result from waiting
3 weeks after the final 5 ppm Mg2+ addition with first set of data
(point #7). The shift in equilibrium concentration and bound Mg2+

quantity can be attributed to a potential WTA reorganization to create
more binding sites. Incomplete diffusion into the dialysis membrane
can be ruled out based a control that went through the same
experimental procedure as the sample.

The difference between data points 7 and 8 correlates well with
changes in the expected equilibrium concentration and observed
equilibrium concentration. The difference in amount bound between
points 6 and 7 is 0.0103 μmol/mg and 0.0100 μmol/mg for points 5
and 6. Following the binding trend, we can expect about an additional
0.0103 μmol/mg to be bound, leading to a total approximate
bound quantity of 0.059 μmol/mg. However, with point 8, we observe
0.138 μmol/mg being bound to the sample, an increase of
0.079 μmol/mg. Likewise, we also observe a deviation from the trend
Fig. 4. The binding curve formed from the second set of data points ofWTA andMg2+ that
were taken21 days later than theprevious set shownpreviously (Fig. 2). It appears to have
a linear relationship.
in equilibrium concentration, changing from 6.22 × 10−5 M−1 in
point 7 to 3.68 × 10−5 M−1 in point 8. A 5 ppm quantity of Mg2+ was
added after point 7, as in the previous extraction and addition
procedure. Taking this into account, we can predict an expected equilib-
rium concentration around 6.72 × 10−5 M−1. This is a difference of
3.04 × 10−5 M−1 or 2.28 μmol Mg2+ in 75 mL of H2O. With a known
sample weight of 29.4 mg, the decrease in equilibrium solution concen-
tration corresponds to a loss of 0.078 μmolMg2+ permgWTA. This cor-
relates strongly with the observed increase in the fraction of bound
metal, 0.079 μmol Mg2+ per mgWTA.

3.3. Electrostatic effects and binding capacity

The primary bonding force between metal ions and the phosphate
groups of WTA is electrostatic, much like with purified cell wall with
peptidoglycan. Electrostatic effects can change, attributed to the
structural rearrangement that WTA might undergo initially, plus the
decreasing divalent metal ion binding affinity that develops as the
molecule becomes less charged. Changes in the electrostatic interaction
become apparent after the initial positive cooperativity that could be
facilitated by WTA structural changes caused by the initial metal ion
binding events. Subsequent negative cooperativity occurs as more
metal ions become bound to the biopolymer of WTA and charge
neutralization occurs. Equilibrium dialysis measurements with
14.8 mg of WTA in 50 mL of 50 ppm Mg2+ solution gave a binding
capacity of 1.27 μmol Mg2+ per mg WTA. This is equivalent to a Mg2+

to P ratio of 0.49:1 based on the phosphorus content per mg of WTA
determine by NMR measurements. This supports a bridging chelation
mode described earlier with LTA and Cd2+ [27].

Teichoic acids account for the majority of the cell’s metal binding
capacity due to its relative abundance in the cell and binding capacity
per milligram. Previous work in our laboratory has shown the effect
WTA has on metal binding to the bacterial cell wall [7]. Composed of
Fig. 6.WTA binding curve for all data points. The first seven data points (amount bound
less than 0.05 μmol/mg) were generated with standard additions of a 5 ppm Mg2+ solu-
tion, whereas the final 9 data points (amount bound is greater than 0.10 μmol/mg) were
generated with standard additions of a 25 ppmMg2+ solution.
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peptidoglycan and WTA, hydrolysis with trichloroacetic acid separates
these two components. After this step, 46% of the cell wall mass
remained as an insoluble peptidoglycan component. This supports
previous reports that WTA accounts for 20–60% of the total cell wall
mass [28]. Cell wall fragments of B. subtilis 1A578 containing
peptidoglycan and WTA have a Mg2+ binding capacity of
0.67 μmol/mg and purified peptidoglycan has a binding capacity of
0.23 μmol/mg at a pH of 5.65. When the binding capacities of peptido-
glycan [7] and WTA (this work) are combined with their relative mass
percentages, we obtain a theoretical value of 0.73 μmol/mg
(0.46 × 0.23 μmol/mg+ 0.54 × 1.16 μmol/mg). This value compares fa-
vorably with the experimental value (0.67 μmol/mg). Thus, WTA has a
higher capacity for binding metals than peptidoglycan. These data also
reinforce the importance of WTA in metal binding and particular the
ability of WTA to extend past the cell wall boundary and chelate metals
in extracellular space. This propertywould also explainwhy the absence
of WTA leads to reduced metal uptake and distorted cell shapes from
metal starvation.

3.4. Comparison of metal binding with RNA

WTA is a phosphodiester polymer. RNA is also a phosphodiester
polymer and both molecules share metal binding properties. Compari-
son with previous studies of RNAmetal binding can help us understand
the initial positive cooperativity mode that changes to negative
cooperativity. Both WTA and RNA are polymeric biomacromolecules
that bind metal ions. The metal binding behavior in the Scatchard plot
of RNA binding Mg2+ ions described two classes of binding sites: a
group of strongly site bound ions (class I sites) and more weakly
bound ions (class II sites) [29]. It has been proposed that each of these
modes has a strong coulombic contribution responsible for binding
[29]. In addition, ion solvation and other nonelectrostatic contributions
are said to be significant [29]. However, this designation of strong and
weak sites begins to break down depending on the concentration of
monovalent ions and ionic strength, as depicted with divalent metal
ions binding with RNA at varying Na+ concentrations [22]. This
proposed model that designates specific sites as being responsible for
the high and low affinity regions is not supported by evidence of
“strong” sites de creasing at higher ionic strength values [22].
Nonetheless, the affinities of class I sites for Mg2+ binding to tRNA
Fig. 7. Potential bindingmodes betweenMg2+withWTA extending past the peptidoglycan lay
and segment of the wall teichoic acid polymer is shown above. A 1:2 Mg2+ to phosphate bind
toward a bridging binding mode between the phosphate groups of WTA. Interactions among
the cell wall.
have been reported to be 1 × 106 M−1 [30], 9 × 104 M−1 [31],
2.9 × 104M−1 [32], and 7.5 × 104M−1 [26]. Class II sites forMg2+ bind-
ing to tRNA were reported to be 1.1 × 104 M−1 [30], 6 × 103 M−1 [31],
4.2 × 102 M−1 [32], and 8.3 × 102 M−1 [26]. The KA values obtained in
work (4.1 × 104 M−1 and 1.3 × 103 M−1, respectively) correlate well
with these values.

3.5. Proposed model of facilitated ion movement to the membrane

WTA extends past the cell wall peptidoglycan and metal ions can
interact withWTA individually, or they can interact with the phosphate
groups ofWTA and carboxyl groups of peptidoglycan simultaneously as
seen in Fig. 7. Homeostasis allows metal ions to flow from low affinity
binding sites to higher affinity binding sites. In light of the binding
association constants forWTA (this work), the bindingmodel proposed
for peptidoglycan and cell wall fragments containing peptidoglycan and
WTA [7] is incomplete. We suggest that the movement of metal ions
from the outer cell wall to the inner cell wall can be viewed in the
followingmanner. Metals originate outside the cell wall in the extracel-
lular fluids, includingmonovalent and divalent ions. In the case ofMg2+

ions, the first interactions with the bacterial cell occur with WTA that
extends past the cell wall. Binding to WTA is a bidentate process with
an affinity constant of sufficient magnitude to attract metals when
necessary while also allowing themetal ions to traverse the phosphodi-
ester backbone. Once the metal ions reach the cell wall, they encounter
binding sites formed by peptidoglycan that have a much higher affinity
constant. Here, Mg2+ ions favor binding to the peptidoglycan compo-
nent of the cellwall and are desorbed from the externalWTAmolecules.
Nevertheless, WTA is also present within the cell wall and works in
concert with peptidoglycan to form the cell wall binding sites. The
peptidoglycan itself has a smaller binding capacity but a stronger
association constant. However, WTA has a higher binding capacity but
a weaker association constant. The result is two types of metal binding
interactions within the cell wall. First, strong metal binding by
peptidoglycan chelates metal ions required for structural stability and
rigidity of the cell wall framework. Because WTA has intimate contact
with the peptidoglycan [14], WTA can also contribute the formation of
the strong metal binding site. However, WTA can form a cell wall
binding site without the need for peptidoglycan. This weaker metal
binding environment with a higher metal binding capacity has the
er andWTA inside the peptidoglycan layer. A fragment of the peptidoglycan repeating unit
ing ratio is observed when examining the binding capacity of WTA which gives evidence
the phosphate groups and carboxylate groups of peptidoglycan might also exist within
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potential to be the predominate environment for metal ions within the
cell wall. In this way,WTA alone can create a reservoir ofmetal ions that
are needed for various intracellular processes. Because the association
constant is small, the ions can easily reach the cytoplasmic membrane.
There, they can interact with lipoteichoic acid and transmembrane
proteins for delivery to the cell interior. Consequently, this metal
binding model presents the opportunity to interrupt cellular processes
by preventing metal chelation to the phosphodiester backbone of
WTA. Agents that have a stronger binding affinity constant than metals
would displace the metals from the WTA polymer and perhaps lead to
cell death. Effective antibiotics that function in this manner may be
difficult to discover as the large fraction ofWTA in the cell wall presents
the need to large therapeutic doses. However, the innate immune
response does include cationic antimicrobial peptides that could
function by interacting with WTA to occupy metal binding sites.
Antimicrobial peptides have been shown to potentially invoke WTA
binding [33]. Current paradigms that describe the function of cationic
antimicrobial compounds do not involve the inhibition of metal
chelation [34–38]. Work to examine the interactions of WTA, metal
ions, and cationic antimicrobial peptides is currently underway.

An important question is whether WTA within the cell wall
undergoes structural changes after chelating metals. Previous work in
our laboratory has demonstrated the interaction of metals with WTA
and peptidoglycan [7]. In these data, there is no indication of positive
cooperativity. We cannot imagine a scenario where the rigid peptido-
glycan framework undergoes significant structural rearrangement to
alter themetal binding site configuration or energetics. To the contrary,
it may be possible to WTA to change its structure within the cell wall.
Yet the lack of positive cooperativity suggests that the WTA exists in a
conformation that is either at its lowest potential energy conformation
or interactions between WTA and peptidoglycan prevent WTA
rearrangement. In healthy bacterial cells, a reservoir of metals would
exist within the cell wall to help WTA obtain its optimal structure.
Likewise, WTA outside the cell wall would be immersed in metal rich
environment of its biological niche. Metal starvation leads to microbial
stress response. An obvious trigger would be the lack of metals in the
cytoplasm, but it is possible that additional or earlier triggers are
structural changes within WTA from the lack of metals.

4. Conclusion

In this work, we determined the binding affinity and binding
capacity of Mg2+ to WTA. WTA has a much lower binding affinity for
Mg2+ compared to the binding affinity of Mg2+ to peptidoglycan. At
low salt concentrations, Mg2+ exhibited an initial binding affinity of
41 × 103 M−1 that decreased to 1.3 × 103 M−1 as more Mg2+ became
bound due to electrostatic effects. The binding capacity coupled with
the phosphate concentration suggests a 1:2 Mg2+ ion to phosphate
binding ratio. A binding capacity of 1.27 μmol Mg2+ per mg of WTA
was determined. WTA and teichoic acids in general are responsible for
majority of the Mg2+ binding capacity of the cell wall when compared
to relative percentage of peptidoglycan in the cell wall sample. We
envisage that WTA facilitates the transport of metal ions outside to
cell to regions of higher affinity near the cell wall surface. Divalent
metal ions can potentially bind in a variety of modes. Metal ions might
form any of the following binding modes with the phosphate groups
of teichoic acid: monodentate, bidentate, monodentate bridging,
bidentate bridging as well as bridging between adjacent strands of
WTA. Metal ions can also potentially interact with interaction with
both the phosphate groups of WTA and deprotonated carboxyl group
of peptidoglycan. In addition, these modes can either be inner-sphere
or outer-sphere depending on the hydration state when bound. Due
to the chemical similarities of both WTA and LTA being polyglycerol
phosphates, it is expected that they would have similar affinity
constants. Since WTA can also exist as a polyribitol phosphate polymer,
we would expect that the polyribitol version would have a different
binding affinity as was reported by previous studies. WTA with a
polyribitol phosphate backbone and its associated binding constant
have been studied using an equilibrium dialysis method. A binding
constant of 0.61 × 103 M−1 as well as a Mg2+/P ratio 1:1 was reported
[39]. This is in contrast with results of WTA with a polyglycerol
phosphate backbone that was reported to have an affinity constant of
2.7 × 103 M−1 and Mg2+/P ratio of 1:2 [12]. Our results are in
agreement when the salt concentration is high (1.3 × 103 M−1), yet at
low salt concentrations, the binding affinity is 41 × 103 M−1.

From this and previous work [7], two bindingmodels arise forWTA.
ExteriorWTAbindsmetalswith positive cooperativity, but after equilib-
rium is established, metal binding switches to negative cooperativity.
Interior WTA binds metals with only negative cooperativity. For both
WTA environments, the binding affinity is sufficiently weak to allow
metal homeostasis to the cytoplasmic membrane. Yet stronger interac-
tions enable structural integrity from metals binding to peptidoglycan.
Our data also show that metal binding behavior changes depending
on concentration of Mg2+ ions in the immediate cellular environment.
Stronger binding ensures survival when metals are sparse yet binding
weakens after the requisite metals are obtained from solution.
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