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Abstract

The acid-base and Zn sorption properties of three bacteria, Cupriavidus metallidurans CH34,
Pseudomonas putida ATCC12633 and Escherichia coli K12DHS5a., were investigated through
an original combination of extended X-ray absorption fine structure (EXAFS) spectroscopy
and equilibrium titrations studies. Acid-base titration curves of the three strains were fitted
with a model accounting for three conceptual reactive sites: an acidic (carboxyl and/or
phosphodiester), a neutral (phosphomonoester) and a basic (amine and/or hydroxyl) group.
Calculated proton and Zn equilibrium constants and site densities compare with literature data.
The nature of Zn binding sites was studied by EXAFS spectroscopy. Phosphoester, carboxyl,
and unexpectedly sulthydryl ligands were identified. Their proportions depended on Zn
loading and bacterial strain, and were consistent with the titration results. These findings were
compared to the structure and site density of the major cell wall components. It appeared that
the cumulated theoretical site density of these structures (<2 Zn nm™) is much lower than the
total site density of the investigated strains (16 to 56 Zn nm™). These results suggest a
dominant role of the extracellular polymeric substances in the Zn retention processes, although

Zn binding to inner cell components cannot be excluded.



Introduction

Many geochemical processes such as sorption, transformation, precipitation or dissolution of
metallic trace elements are microbially mediated (/,2). Studies dealing with the global transfer
characteristics of metals in soils generally consider bacteria as basic biosorbent particles that
may either favor the transfer of metals if they are mobile, or increase their retention if they
form biofilms (3,4). Such studies address the global reactivity of the bacterial substrate, which
reveals generally dependent on pH, redox potential and dissolved metal concentrations. In this
respect, bacterial reactivity to metals is important to assess as it may control the distribution
and transport of metals in the environment. Early research by Sherbert (5) or Beveridge and
Murray (6) related the bacterial reactivity to the anionic character of specific functional groups
situated on membrane components. These authors considered the major cell wall components
(e.g. teichoic acids, peptidoglycan, (lipo)phospholipids) as principally responsible for the
overall bacterial reactivity. The determined reactive anionic functional groups were essentially
carboxyls (R-COOH), phosphomonoesters (R-OPO;H,), phosphodiesters ((RO),-P(OH),),
amines (R-NH3") and hydroxyls (R-OH). On this basis, Fein et al. (7) developed a bacterial
sorption model simplifying the variety of these groups to three main site groups differing in
acid-base reactivity: acidic sites involving carboxyl and phosphodiester groups (pK <4.7),
neutral sites involving phosphomonoester groups (pK values =7), and basic sites involving
hydroxyl and amine groups (pK >8). Using this modeling approach, the reactivity of various
heavy metals (Cu, Cd, Zn, Al, Pb....) with numerous bacterial substrates was assessed (8,7,9-
14). Yee and Fein (/7) found that the metal sorption capacity and reactivity of different gram-
positive and gram-negative bacteria roughly compare. This finding led them to develop a
'universal adsorption edge’ model, which considers similar reactivity for all bacteria. Although
helpful in practice, this approach appears surprising on a first view, specifically with regards to
the different structures involved in the cell wall of gram-positive and Gram-negative bacteria.
To wvalidate this conceptualization, innovative approaches coupling macroscopic and
microscopic studies are needed to assess both reactivity (affinity constants) and structure of
reactive sites on bacterial membranes. To date, only few studies have combined such
approaches on such materials (/5-17).

The present work aims at determining the reactivity and nature of Zn-binding
components of three gram-negative bacteria of environmental interest (Cupriavidus

metallidurans CH34, Pseudomonas putida ATCC12633 and Escherichia coli KI2DH5). The



surface reactivity of these bacteria was assessed macroscopically through proton exchange and
zinc adsorption experiments and microscopically through Zn K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy. These results are discussed in the light of the

composition and structure of bacterial cell walls.

Material and Methods

Bacterial cell preparation and growth

Three rod-shaped gram-negative aerobic strains were investigated: the metal tolerant C.
metallidurans CH34 (formerly Alcaligenes eutrophus CH34); a P. putida strain (ATCC12633)
commonly found in natural environments and E. coli DH5a. Three minimum media were used
for bacteria cultivation based on their nutritive specificity: a mineral salt medium (MSM) with
lg L acetate for P. putida, the M9 medium with 5 g L glucose for E. coli, and TRIS salt
medium (TSM) with 2g L™ gluconate for C. metallidurans. Compared to rich Luria Broth (LB),
these mineral media ensure an improved reproducibility of acid-base titrations. The three
bacterial strains were grown by shaking at 200 rpm until the late exponential phase (24h/30°C)
for E. coli and C. metallidurans and to the stationary phase (50h/23°C) for P. putida. The cells
were then pelleted (9000 g), washed 3 times with ultrapure water and resuspended in 10mM
NaCl. Elemental analysis shows that the C:N:P:S elemental contents (% + SD of triplicate
measurements) for the three strains compare within close limits: C =45.8 £2.1; N = 12.0 £0.9;
P =1.8 20.5 and S = 0.54 +0.10. The determination of cell concentrations is detailed in the
Supporting Information. The geometric characteristics of the three strains (Table 1) were

obtained from TEM observations (20 KeV, 10 000 magnification).
Acid-base titration experiments

Acid-base titrations were performed in a closed vessel under N, positive pressure. 50 ml of
bacterial suspensions of 240.4 gpw L were stirred and maintained at 4°C (E. coli and C.
metallidurans) or 20°C (P. putida). In the case of E. coli and C. metallidurans the potential of
the pH electrode did not stabilize within a reasonable timescale at 20°C, whereas at 4°C
reproducible measurements were obtained. Titrations were performed from the equilibrium pH

of cell suspensions (pH 5 to 7) towards pH 4 or 10 adding strong acid or base stepwise,



respectively. This procedure avoids irreversible effects on bacteria such as cell aggregation and
membrane denaturizing. The data treatment was based on the proton mass balance:

volH,] + VH ] " volH ]
VO +v VO +v VO +v

[H"]=

+[OH ]

where: [H'] the free proton concentration; [H;] the analytically known initial concentration of
strong acid (positive) or base (negative) added to the reactor; [Hp] the burette strong acid
(positive) or base (negative) concentration; [Hs] the experimentally assessed concentration of
protons released from the weak ligand (i.e. the bacterial substrate); [OH ] the protons generated
from water dissociation; v, the initial reactor volume and v the burette volume added to reactor.
A detailed description is provided in the Supporting Information.

Titration reversibility was studied in duplicate for P. putida (data not shown) assuming a
similar behavior of the other two bacteria. After completion of each half-titration, a second
titration was performed in the opposite pH direction by adding strong acid or base depending
on the end pH of the first titration (4 or 10). A good agreement (less than 5% difference)
between up and down titrations was observed, indicating a complete reversibility of proton
exchange, as demonstrated by several other works (7,18,9,11). Cell viability performed after

each titration experiments revealed always over 70% survivals.
Acid-base titration modeling

In modeling three acid-base exchange sites were discriminated within the investigated pH

range following Fein et al. (7), noted:

(1) Acidic site: ~ =COOH « =COO +H'; 2 < pKycu <6; [Txcnl;
(2) Neutral site: =POH « =PO +H; 5.7< pKypn <725 [Txpul;
(3) Basic site: =NH" < =N+H; 8 < pKenn <12;  [Tennl

They are respectively representative for carboxyl and phosphodiester (1), phosphomonoester
(2) and hydroxyl and amine (3) functional groups, with x = CM for C. metallidurans, x = EC
for E. coli, and x = PP for P. putida. [ Tx.cul, [ Tx-pu] and [Tx.nu] refer to the total concentrations
of these respective sites. The sum of the three terms expresses the total proton exchange
capacity of the bacterial strain. A detailed description of the modeling approach is given in the
Supporting Information. GRFIT (/9), a non-electrostatic model was used to model equilibrium
data. This FITEQL substitute enables a visual comparison of fitted and experimental data. In

agreement with Fein et al. (14) who showed that acid-base titrations of Bacillus subtilis did not



allow the discrimination of surface electrostatic effects, our analysis was based on a non-

electrostatic model, which is a simplification of the real processes.
Zn sorption and EXAFS spectroscopy

Equilibrium zinc sorption studies were performed at 4°C in stirred closed vessels (40 ml),
I=10+1 (mM) (i) at fixed total Zn concentration ([Tz,] = 40, 160 or 900 uM) and varying pH
(from 3.5 to 8.5) in triplicates and (ii) at fixed pH (3.7+0.1; 5.8+0.1, or 7.8+0.1) and varying
[Tza] (from 1.5 to 760 uM) in duplicate. During the 24h equilibration time, small aliquots of
acid or base were added when necessary to maintain the initial pH (+0.1). The vessel opening
time was minimized to limit CO; intrusion. Control vessels without bacteria were prepared to
account for precipitation and/or vial adsorption. Dissolved Zn was quantified by ICP AES
(Perkin-Elmer, Optima 3300 DV). The PhreeqC code (20) was used to model zinc sorption.
EXAFS Zn samples were prepared by equilibrating bacterial suspensions at different total
biomass concentrations [Tg] for 24h with two [Tz,] (high and low Zn concentrations, Table 2).
After equilibrium, suspension pH was measured, and the cells were centrifuged at 9000g.
Considering the low Zn content of some of the samples (down to 2.3 pmol gpw™), it was not
possible to record them in hydrated state. For homogeneity between samples, all of them were
recorded in freeze-dried state. Pokrovsky et al. (2/) did not observe any difference in Zn
speciation between fresh and freeze-dried diatoms. The effect of freeze-drying on Zn
speciation was not evaluated, but the redistribution of Zn on different binding sites is unlikely
since (i) the removal of water molecules takes place in frozen state and (ii) the cells were not
rehydrated thereafter. The bacterial pellets were instantly frozen by plunging the tubes in liquid
nitrogen, freeze-dried (Christ, Osterode am Harz, Germany, -52 °C, 0.2 mbar), pressed as
pellets, and stored in a dry atmosphere before EXAFS measurement. Zn K-edge EXAFS
spectra for the bacteria were measured at 100 K on the FAME beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) in fluorescence mode using a 30-
element solid-state Ge detector (Canberra) for the diluted samples, and in transmission mode
using a diode for the most concentrated samples. EXAFS data extraction was done according
to standard methods, and EXAFS analysis was performed by linear combinations fits and by

standard FEFF simulation for the first shell, as detailed in the Supporting Information.



Results

Surface proton exchange

The acid-base titration curves of the three bacteria are presented in Figure 1. The amount of
protons exchanged between pH 4 and pH 10, defined as A[Hs], is 0.99, 0.52 and 1.2 mmol gpw
! for C. metallidurans, E. coli and P. putida, respectively. Thus, the proton sorption capacity
of the three strains compares within a factor of 2.3 in this pH range.

The curve for P. putida presents three steps in the acidic (4 to 5.5), neutral (6.4 to 7.5) and
basic (8.5 to 10) pH ranges, respectively, attesting for the existence of at least three proton
exchanging functional groups. For the two other bacteria, no particular change of slope is
observed between pH 5.3 to 8.3, but A[Hs] is still significant within these pH limits. Indeed,
A[Hs] between pH 5.3 to 8.3 equals 0.15 mmol / gpw for both bacteria, which represents 15%
and 29% of A[Hs] exchanged between pH 4 and pH 10 for C. metallidurans and E. coli,
respectively. This indicates that a neutral proton exchanger also exists for these bacteria.
Outside the 4 to 10 pH range, the slopes of the three curves are not null, indicating that proton
exchange reactions occur outside the experimentally available pH range, and involving an
underestimation of the effective total site concentration of acidic and basic groups. Thus, the
total proton exchange capacity is higher than the one calculated from the pH 4 to 10 A[Hj]
reading. pKpp.py situates at the inflexion point around pH 7. The A[Hs] reading between pH 6
and 8 is thus an approximation of phosphomonoester total sites concentration ([ Tx.py] in mmol
ng'l) of the three bacteria: [Tpp.py]=0.32, [Tempn]=0.12 and [Tgc.py]=0.07. Solid lines in
Figure 1 are the best fits obtained for these data and the corresponding pK and [T] parameters
are given in Table 1. [Tx.py] was first optimized and then held constant during adjustments of
the five remaining variables. The uncertainties on pKypy and [Tx.py] are relatively low (£0.2
Log units and * 10%, respectively) and the fitted pKy.py values for the three bacteria are close
(Table 1). Obviously, pK and [T] uncertainties for acidic (x-CH) and basic sites (x-NH) are
higher (0.8 Log units and £30 %, respectively), since data are not available at extreme pH.
Both pK and [T] values compare to previously published data, such as for a
Enterobacteriaceae sp. strain (12), which develops site densities of 0.50 + 0.07; 0.22 £ 0.06
and 0.55 + 0.02 mmol gpw' for carboxyl and phosphodiester (pK 4.3 = 0.2),
phosphomonoester (pK 6.9 £ 0.5) and hydroxyl and amine (pK 8.9 + 0.5) sites. Close values
were also observed for Picocyanobacteria (13) 0.26-0.74 (pK 4.8-5.0); 0.19-0.44 (pK 6.6-6.7)



and 0.25-0.48 mmol gpw' (pK 8.8-8.7). Yee and Fein (11) found higher total site
concentrations for their series of gram-negative and gram-positive bacteria: 0.9-3.1 (pK 5.0
+0.2), 0.4-1.4 (pK 7.2) and 0.6-2.9 mmol gpw™' (pK 9.7). Contrarily, Haas et al. (9) measured
lower site densities for Shewanella putrefaciens: 0.03 (pK 5.16 £0.04), 0.01 (pK 7.22 £0.15)
and 0.04 mmol gpw' (pK 10.04 +0.67).

Zinc sorption

Zinc sorption isotherms are presented in Figure 2. As expected, [Zn,gs] increases with pH and
Zn in solution ([Zn,q]). For all three bacteria (Fig. 2A) and at three different pH (Fig. 2B), the
[Zna4] versus [Zn,q] curve slope decreases progressively when increasing [Zn,q], suggesting a
gradual saturation of surface reactive sites. Figure 2A shows that at constant pH (5.8 £ 0.1), the
cell reactivity to Zn follows the order P. putida = E. coli > C. metallidurans, within a 1 Log
unit difference in reactivity. At high Zn loading this difference tends to decrease, suggesting
similar Zn-total site concentrations. Zinc sorption isotherms at varying pH are given in Figure
3. At pH 5.8 £ 0.1 and comparable total zinc [Tz,] and biomass [Tg] concentrations, E. coli
sorbs about 3 to 4 times more zinc than C. metallidurans, as already observed in Figure 2A.

The PhreeqC code was used to model zinc sorption, assuming that the sorption is reversible (7,
9, 11, 18) and that metals compete with protons on acid-base reactive sites. A 1:1

stoichiometric ratio is considered for complex interactions of cations with bacterial sites:

Acidic site: =COO0 + Zn*" < =CO0Zn"; LogKy.czn
Neutral site: =PO +7Zn*" o =POZn"; LogKx.pzn
Basic site: =N + Zn*" — ENZn+2; LogKx.Nzn

Commonly, it is considered that basic hydroxyl and amine sites do not significantly contribute
to cation adsorption. The present dataset covers relatively large pH (3.5 to 8.5) and [Zn,q] (10
% t0 107 mol L) ranges. Considering only Zn sorption on =POH and =COOH sites, it was
not possible to fit the gap between isotherms at pH 5.8 and 7.8 (Fig. 2B). These sites are
deprotonated at high pH, meaning that metal adsorption is pH independent. Thus if
complexation on basic sites is not considered, the fitted curves at pH 5.8 and 7.8 almost
overlap. Independent experiments lasting for 24h (data not shown) revealed sorption to be
relatively fast (<1 hour), suggesting negligible sorption kinetics. The introduction of basic Zn-
complexation sites leads to an adequate data fit for C. metallidurans (Fig. 2B). On this basis,

we also considered Zn complexation on the three functional groups for the E. coli and P.



putida datasets. LogKpp.nzn and LogKpp.pz, constants were set as close as possible to those of
C. metallidurans and E. coli.

The distribution of Zn sorption sites can be assessed from the model curves given in Figure 2C.
This speciation scheme relates to the largest C. metallidurans dataset and is considered also
conceptually valid for the two other bacteria. At low pH, the acidic =COOH site is the
dominant Zn complexing group (Fig. 2C, left). At intermediate pH (5.8), the dominant
complexing group depends on surface coverage (Fig. 2C, center): at low surface coverage,
most Zn is bound to the =POH site (phosphomonoester groups), but this site of relatively low
total concentration is rapidly saturated, and the excess Zn is then complexed to acidic carboxyl

groups. At pH 7.8 the basic =NH" site is the only and dominant Zn sorbent (Fig. 2C, right).
EXAFS analysis

Zn K-edge EXAFS spectroscopy was applied to independently characterize the Zn-binding
sites, using low and high Zn concentration samples for the three bacteria (position of the
EXAFS samples on the Zn adsorption isotherms shown in Fig. 2A). The spectra for the most
concentrated samples (P. putida, 362 pmol gpw' Zn; E. coli, 108 pmol gpw' Zn; C.
metallidurans, 10.8 pmol gpw™' Zn) contain a dominant single frequency typical of Zn bound
to oxygen-containing ligands as found in Zn malate (ligand/metal L/M molar ratio = 8) and/or
Zn-zorbed hydroxylapatite (Fig. 4). The spectra for the most diluted Zn samples (C.
metallidurans, 2.9 pmol gDW'1 Zn and E. coli, 2.3 pmol gDW'1 Zn) are not in phase with the
previous ones. Particularly, their second and third oscillation maxima are slightly shifted to
lower wave numbers (left and middle vertical lines in Fig. 4). These shifts are in line with the
corresponding oscillation maxima for Zn cysteine (L/M= 5). However, the fourth oscillation
maximum for the Zn cysteine reference is not visible on the bacterial spectra (right vertical line
in Fig. 4). It is possible that the combination of Zn-S and Zn-O contributions cancel each other
around 9.1 A in these low Zn concentration bacterial samples. The spectrum for P. putida, 5.9
umol gpw ' Zn is intermediate between these two categories. These spectra were simulated by
linear combination fits (LCFs, Fig. 4 and Table 2) using a library of Zn reference spectra
including simple compounds (i.e., Zn complexed to simple organic acids) and complex
structures (i.e., Zn bound to a distribution of carboxyl and hydroxyl sites). The references and
their significance are given in the Supporting Information. Simulations using simple
compounds yielded unsatisfactory results, and best fits were obtained with two- to three-

component combinations of Zn-sorbed hydroxylapatite, Zn-humic acid complex and Zn-



cysteine, L/M = 5 references. In the first reference, Zn is bound to phosphate surface sites (23).
This spectrum is poorly structured, suggesting multiple and/or disordered Zn local
environments. The Zn phosphomonoester reference Zn phytate provided weaker fits, and Zn-
phosphodiester structures were not tested. However, EXAFS spectroscopy is probably not
sensitive enough to distinguish between phosphate, phosphomonoester and phosphodiester
ligands in complex systems since the nature of the Zn nearest and next-nearest neighbors
would be identical (O and P, respectively). Thus, this mineral reference is considered as a
proxy for a distribution of phosphoesters groups of different geometries. Humic acids contain a
distribution of carboxyl, phenol and hydroxyl sites. At the pH used for standards and bacterial
samples preparation (below 6.5), phenol and hydroxyl sites are not deprotonated. Therefore,
the second reference can be equated to a distribution of Zn-carboxyl sites. In the third reference
(Zn-cysteine, L/M = 5), the metal is bound to sulthydryl and carboxyl and/or amine ligands.
No good simulations were obtained with ZnS or with the other Zn-cysteine reference (L/M =
10) in which Zn is bound to sulthydryl ligands only. This suggests the presence of mixed
environment in the bacterial cell walls, with Zn bound to sulfhydryl and carboxyl and/or amine
ligands. LCFs results (Table 2) show that Zn phosphoesters complexes predominate in all
samples except C. metallidurans, 10.8 pmol Zn gpw ™' and P. putida, 362 pmol Zn gpw™' which
contain equivalent amounts of Zn-carboxyl and Zn-phosphoester complexes. The fits indicate
that Zn-cysteine type environments are present in C. metallidurans and E. coli at low Zn
loading, but they are not detected at higher Zn loading. They are probably still present, but
representing less than 5-10 % of total Zn due to the predominance of Zn-carboxyl and Zn-
phosphoester complexes. Sulfhydryl ligands are not detected in P. putida samples. Considering
that the S total contents are comparable for the three bacteria (see Materials and Methods), the
accessibility of Zn to sulfur groups decreases in the order C. metallidurans >> E. coli >> P.
putida (~ 0) in our experimental conditions.

The structure of the first coordination shell was studied in more details by FEFF simulations
(Table 2 and Fig. S3 in Supporting Information). The results show the presence of 2.5 and 1.5
sulfur atoms in the coordination sphere of Zn for C. metallidurans and E. coli at low Zn
loading, respectively, the rest being oxygen atoms. A simple calculation (see Supporting
information) shows that sulfur atoms bound to Zn represent 4.3 and 2.1 % of the total S
content, respectively. Compared to the estimated total ion exchange capacity of the bacteria
(0.99 and 0.571 mmol gpw"', Table 1), sulfhydryl sites represent only 0.73 and 0.60 %,

respectively. Therefore these sites cannot be taken into account in the titration experiments.



In the other samples, oxygen is the only Zn neighbor. Zn-O distances range between 1.97 and
2.02 A, which suggests a mixture of tetrahedral and octahedral environments (24). These
distances should be considered with care since the freeze-drying treatment might modify the
geometry of the Zn local environment (by removing some water molecules), although, the
nature of the Zn binding groups should not be affected (see Materials and Methods). The
simulation of the second shell did not yield satisfactory fits, probably because of the presence
of mixed-types of Zn ligands. Therefore, in order to determine the most probable configuration
of Zn in our samples, a screening of known structures in which Zn is bound to phosphoester
and carboxyl groups (Cambridge Structural Database, www.ccdc.cam.ac.uk) was realized. For
P ligands, Zn is bound to only one oxygen atom of the phosphate group (monodentate) in 99%
of the structures, and to two oxygen atoms of the same phosphate group (bidentate) in the last
percent. Similarly, for carboxyl ligands, Zn is bound to one oxygen atom of the COOH group
(monodentate) in 90% of the structures, and bidentate in the last 10%. Therefore, the corner
sharing configuration for Zn-P sites and monodentate Zn-COOH bonds are the most likely.

The identification of phosphoester and carboxyl groups as Zn binding sites are in agreement
with previous works on similar systems (/7). To our knowledge, Zn-sulfhydryl interactions are
evidenced for the first time in bacterial samples. Also, the order of Zn affinity: sulthydryl >
phosphoester > carboxyl obtained from EXAFS compares with the titration results:
phosphoester > carboxyl (sulfthydryl sites are not detectable in titration experiments). This is in
agreement with a previous study showing a higher affinity of Zn for phosphate than for

carboxyl groups in Penicillium chrysogenum (24).
Discussion

At pH 5.8, the maximum measured Zn loadings for the three bacteria are about 0.2 mmol ng'l
(Figures 2 and 3). Using the cell geometric data from Table 1, the corresponding calculated site
densities are 31, 56 and 16 Zn nm™, for E. coli, C. metallidurans and P. putida, respectively.
Reactive site densities measured on minerals are much smaller: in the 1 to 4 Zn nm™ range.
Geometrically it is not possible, for steric reasons, to adsorb on a surface more than 4 Zn nm™
without forming polynuclear complexes (25). Thus, Zn ions sorbed on biomass are
undoubtedly localized in different layers or even in different compartments. To validate this Zn

distribution over the modeled sites, we investigated the theoretical reactivity of the major cell

wall components, based on the assumption that each acid-base reactive group in these
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structures fixes one Zn atom. The well characterized membrane structure of E. coli was used as
a model for the membranes of the studied bacteria (Figure 5).

First, lipopolysaccharides (LPS) are chain molecules evolving from the outer membrane
composed of two parts in E. coli, a common lipid A base to which links a strain-specific
polysaccharide containing reactive phosphomonoester and carboxyl groups (26). The lipid A
contains hydrophilic chains attached to two esterified glucosamines, each linked to a reactive
phosphomonoester =OPOsH, functional group (Figure 5). The polysaccharide chains of E. coli
DH5a (this study) contains 10 sugars with 5 phosphomonoester and 2 carboxyl groups. Thus, 7
Zn atoms may be fixed along a LPS unit, which covers approximately 50 nm” of the membrane
surface (R. Geremia, personal communication). The calculated site density thus equals 0.14 Zn
nm™. Obviously, LPS cannot account for the measured Zn load. Moreover, the carboxyl groups
contained in O-Antigens (present in other gram-negative bacteria) are not zinc and proton
reactive (27).

Second, phospholipids are composed of two hydrophobic hydrocarbon chains bound to a
glycerol unit to which is attached a hydrophilic head group. The E. coli head group is
composed of phosphatidyl ethanolamine containing two acid-base reactive sites (amine and
phosphodiester group; Fig. 5), thus two Zn atoms may be fixed. One phospholipid unit
accounting for approximately 5 nm’, the maximal site density is 0.4 Zn nm™, much higher than
the LPS site density (0.14 Zn nm™). Therefore, the latter is not further considered and the
membrane is assumed as composed of four superimposed phospholipid layers. On this basis,
i.e., considering that one functional group fixes one Zn atom, the calculated total Zn sorption
capacity is 1.6 Zn nm™. Binder and Zschornig (28) have shown by IR spectroscopy on
synthetic lipids that Zn cations may bridge two or more phospholipids. Such stoichiometric
relations would lead to an even lower Zn sorption capacity. In summary, the sorption capacity
of LPS and phospholipids cannot account by far for the measured high Zn load (16 to 56 Zn
nm™). Thus, further components must be taken into account in the cell membrane reactivity
estimate including the peptidoglycan (PG) network and the exopolysaccharides (EPS).

Third, the PG network is situated in the periplasmic space. This rigid structure is composed of
two sugar molecules linked to a tetrapeptide (Fig. 5), which contains three reactive carboxyl
and one amine groups. The terminal D-alanine carboxyl group (pK 2.4) forms the interpeptide
bound to the amine group of the meso-diaminopimelic acid and is consequently considered not
Zn-reactive. However, the D-glutamic acid (pK 4.1) and the meso-diaminopimelic carboxyls

may potentially exchange two protons and fix two Zn atoms. Considering an area of 10 nm? for
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one PG unit, 0.2 Zn nm™ may be linked to one sheet of PG leading to a theoretical maximum
membrane reactivity of 1.8 Zn nm™, still far from the measured Zn load.

Fourth, the most external cell wall component is the exopolysaccharides (EPS) layer that forms
a capsule around the bacteria. In E. coli, it consists in long sugar chains, containing K-Antigens
whose synthesis is enhanced under stress such as starvation or toxic environmental conditions
(29) and colanic acid, and candidate Zn binding sites are essentially carboxyl groups. However,
these EPS may retain various molecules exuded by the bacteria including nucleic acids,
proteins, polysaccharides and lipids (30), thus forming the so-called extracellular polymeric
substances (EPS®), which may strongly increase the sorption capacity of bacteria. Matsukawa
et al. (31) showed that the EPS™ of Pseudomonas aeruginosa biofilms contained up to 80% of
nucleic acids. Although EPS®® of planktonic bacteria are known to be less developed, the
presence of nucleic acids may contribute to the pool of phosphoester groups evidenced by
EXAFS and titrations, the amount of which cannot be explained by the other cell wall
components. Sulthydryl groups identified by EXAFS may belong to proteins of the inner or
outer membranes, and/or to S-containing compounds possibly present in the EPS"®,

In conclusion, extracellular polymeric substances of the Gram-negative bacteria studied here
play a dominant role in Zn retention processes as compared to the other membrane cell
components. Besides Zn binding to the EPS™®, the entry of Zn inside the cells and binding to
intracellular components cannot be excluded. However, this phenomenon is probably limited
since metal sorption on bacteria in similar conditions has been often shown to be reversible (7,
18, 9, 11). Further spectroscopic and thermodynamic characterization of isolated extracellular
and intracellular compartments should help to better evaluate their respective role in metal

retention by microorganisms
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BRIEF:

Results of combined EXAFS spectroscopy, proton and Zn titrations studies of three gram-

negative bacteria show that Zn is fixed by P, COOH and newly identified S groups, and

suggest a major role of the extracellular polymeric substances in Zn sorption.
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Table 1: Main characteristics of the bacterial strains

Enumeration® Cell geometry3 IEP* Proton exchangel’s’6 Zn exchange6

nb. of cells  biomass protein length diameter surface PKcn; PKsrn; PKnn;

cells ng'1 2w ODgoo!' L™ gcells'1 um um um? [Txcnul [Txpul [Tynul LogKy.cza LogKypzn LogKynza

+20% +20% +20% £10% =*10% =£10%

C. metallidurans 1.22.10>  0.30 - 1.2 04 176 3.5 38:042 6.7;0.12 9.4:045 2.0 4.0 5.2
E. coli 8.55.10""  0.45 - 2.1 0.6 452 33 46;02568:0.071 9.2:025 33 5.3 6.5
P. putida 1.21.10" - 451017 3.0 06 622 35 44:053 65,032 9.7:0.73 2.2 4.6 5.6

"[T] in mmol gpw ™', “Uncertainties correspond to + SD (rounded up) calculated from 5 independent replications. Obtained from TEM (20 KeV,
x10000) observations of fresh cells, considering a cylindrical shape of the cells. “IEP =pH of isoelectric point (details on electrophoretic mobility
measurements given in the Supporting Information). *Conditional constants: at 4°C (except for P. putida proton exchange data: 20°C) in 10 mM
NaCl. ®Uncertainties are + 0.2 for pKypn, = 0.8 for pK,.cy and pK,np, £ 10% for [Typy], and = 30% for [Ty.cu] and [Ty
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Table 2: EXAFS results for bacterial samples and Zn reference compounds

First shell structural Proportion (%) for each type of ligand
Strain or sample1 Sample characteristics parameters2 determined by LCFs®
pH [TB]f [Zngq], 1 [Znac.],1 Atom CN R(A) o NSS Zn-sorbed Zn- Zn- Sum NSS
(£0.1) gL pmolgpy” pmol L (A% hydroxyl- humic  cysteine
apatite acid (L/M=Y5)
C. metallidurans 6.5 25 2.9 4.0 O 28 197 0.010 1.0 61 6 0 49 %5 110 5.7
S 2.5 2.31 0.010
C. metallidurans 4.8 1.2 10.8 1150 O 56 198 0.009 14 54+10 57=x7 0 111 3.6
E. coli 6.4 4.0 2.3 1.9 O 3.1 1.97 0.009 1.0 g1+7 19+14 86 108 4.6
S 1.5 2.28 0.010
E. coli 5.6 7.7 108 331 O 51 1.97 0.008 1.3 88+9 24+9 0 112 4.1
P. putida 6.5 1.7 59 1.2 O 6.0 2.02 0.005 2.0 7214 32+4 0 104 3.7
P. putida 5.6 2.5 362 =3200 0] 51 198 0.010 14 59+20 44+19 0 103 3.1
Zn cysteine 0) 1.4 199 0.010 0.7
(LM =5) S 33 232 0010
Zn cysteine S 45 235 0.007 1.2
(L/M =10)

'"The bacterial samples were recorded in freeze-dried state. > CN: Coordination number; R: Interatomic distance (A); o°: Debye-Waller disorder factor
(A%, Residual: NSS = Z [k x(K)exp - K (K5 1 7/ Z [k %(K)exp] > 100. For the first shell simulations, an amplitude reduction factor (S,°) of 0.9 was used
for all fits. Estimated errors on R and CN are 0.02 A and 20%, respectively. *> The proportions of the ligands are given as mean + SD obtained from the
best simulations. L/M corresponds to the ligand/metal molar ratio used to prepare the reference compounds (see Supporting Information).



FIGURE CAPTIONS

Figure 1: Acid-base titration curves for C. metallidurans, E. coli and P. putida. Symbols and
solid lines refer to measured and calculated data, respectively (Table 1).

Figure 2: A) Calculated (solid lines, model parameters are given in Table 1) and measured Zn
sorption isotherms at pH 5.8 for C. metallidurans, E. coli and P. putida. Black symbols
refer to low and high Zn concentration EXAFS samples: pH, biomass [Tg] (g L'l) and
total Zn concentration [Tz,] (mM) of these samples are 4.8+0.1, 1.2+0.1, 1.21£0.2 and
6.510.1, 2.5+0.2, 0.01020.001 for C. metallidurans and 5.6%0.1, 7.7+0.8, 1.210.2 and
6.510.1, 4.0+£0.4, 0.010+0.001 for E. coli and 5.6%0.1, 2.5+0.2, 4.1+0.4 and 6.4%0.1,
1.7£0.2, 0.010£0.001 for P. putida. B) Measured and calculated Zn sorption isotherm for
C. metallidurans at pH 3.7, 5.8 (similar to Fig. 2A) and 7.8. C) Calculated Zn
distributions for phosphoester (=POZn", thin black lines), carboxyl (=COOZn", grey
lines) and amine (ENZn " dotted lines) sorption sites plotted at pH 3.7 (left), 5.8 (center)
and 7.8 (right) using C. metallidurans constants. The sum of the three contributions (thick
black line) represents the total sorbed Zn curve such as presented in Figure 2A and 2B.
Note that the chosen axes and units (mol ng'l versus mol L™ are permitted to fit the
data independently from biomass concentration.

Figure 3: E. coli and C. metallidurans Zn-sorption experiments performed at varying pH.
Calculated solid lines refer to full symbol data and calculated dashed lines refer to empty
symbol data. Note that for clarity only data obtained at [Tz,] 0.04 and 0.18 mmol L, for
C. metallidurans, are presented. Data at 0.9 mmol L were not presented but were
similarly well fitted. Note that modeling depends on biomass concentrations in this
representation ([Zn]ags vs pH).

Figure 4: EXAFS spectra for the freeze-dried Zn-sorbed bacteria and Zn reference compounds
(see Supporting Information). Dotted lines represent linear combination fits. The
proportions of Zn species are given in Table 2.

Figure 5: Schematic representation of the major reactive components of E. coli cell wall

(adapted from Kadrmas et al. (26) and Kramer et al. (27)).
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