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An EXAFS study of zinc coordination in al., 2000; Webb & Gaillard, 2000). These works show that zinc in

microbial cells lake sediments exists primarily in the form of carbonates and phos-
phates in the contaminated area of the lake, and predominately as
sulfides in the less contaminated regions. In addition, zinc is inti-
mately associated with biological structures in both the water col-

Samuel M. Webb, Jean-Franc, ois Gaillard, * umn and sediments (Welsh. al, 2000).

Bradley E. Jackson and David A. Stahl Five obligate anaerobes were isolated from enrichment cultures
Department of Civil Engineering, Northwestern University, derived from the sediments of Lake DePue which have been con-
2145 Sheridan Road, Evanston, IL 60208-3109, USA. taminated through industrial zinc smelting. Each of the organisms

was isolated and grown in the presence of zinc. Quick Extended X-
ray Absorption Fine Structure (QEXAFS) spectroscopy was used
to investigate the average coordination of the zinc associated with
microbial biomass. Previous works have shown that several diffi-
. . . . ulties exist in determining the binding sites of zinc within pro-
Five microbes were isolated from metal amended enrichment C"fcbin structures (Clark-Baldwiet. al, 1998; Hubbaret. al, 1991).

turesl derlg/edhfr(;mhthe sedlm_ents of a lake cor_ltammate(lj by a ZIffese problems arise from the difficulty of differentiating nitrogen
smelter. afc O t egekoléganlzms )v(vas gX)t;Nn in _pur'e:_cu ture in tlgt?’ld oxygen scatterers such that the determination of the number of
presence of zinc. Quick Extended X-ray Absorption Fine Structurg;y o syifur and nitrogen ligands in peptide systems is challeng-

(QEXAFS) spectroscopy was used to investigate the average qﬁ

ordination environment of the zinc associated with the microbia .
. - . L . .~ The EXAFS spectrum of each sample was analyzed following a
biomass. Fitting of the first coordination shell of zinc shows that sig- . )
o . . . . . ) rotocol developed by Clark-Baldwigt. al. (1998) to reliably de-
nificant differences exist for each microbial species examined. The . . L . -
S ) . - . rmine peptide coordination in biological systems. Fitting of the
coordination environment of zinc varies between sulfurs to six-fol S . T .
. . . . . . . .first coordination shell of zinc shows that significant differences
nitrogen/oxygen, with two microbial strains showing mixed coordi-__. . . . . R .
. . . . ) exist for each microbial species examined. The coordination envi-
nation shells. Further study is required in order to characterize these . . ; .
- . : 2 ronment of zinc varies between sulfurs to six-fold nitrogen/oxygen,
sites and their locations within the cell.

with two microbial strains showing mixed coordination shells.
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2. Methods

1. Introduction Bacteria were isolated from zinc contaminated lake sediments by
As a result of industrialization, the modern world has left a legacyusing the roll tube method for cultivation of strict anaerobes as de-
of heavy metal contamination throughout the environment. Thesecribed by Hungate (1969). All the microbes that were isolated are
industrial activities, such as smelting, foundries, and finishingobligate anaerobes, and exhibit tolerance to high zinc concentra-
have introduced large concentrations of metals into many differtions,i.e., show growth up to 10 mM total zinc. Substrates include
ent environments, including aquatic systems (Nriagu, 1984). Thensaturated organic acids, amino acids, hydrogen, and simple sug-
design of appropriate clean-up actions rests on the detailed chaars. Preliminary sequence analyses of small ribosomal RNAs sub-
acterization of the fate of metals in the aqueous environment, sonit (16S-rRNA) established a phylogenetic relation to members of
that educated choices can be maelg, dredging and disposal or the low %G+C division within the domaiBacteria The bacteria
“intrinsic remediation”. For this purpose, one needs to assess theere allowed to grow in media containing 5QM zinc at circum-
mobility, reactivity, and toxicity of the metals in the impacted envi- neutral pH, and were then separated from the media by filtration
ronment. Despite the importance of sediments as a sink for metaltjrough a 0.2:m Nucleopore filter. The filter was encapsulated in
what processes control the fate of such contaminants remains uhetween two stripes of Kapton tape, and placed in liquicuhil
clear. Consequently, the determination of the chemical speciatioanalysis to preserve the chemical properties of the sample.
of metals becomes a key issue. X-ray absorption measurements were performed in Quick-
Of particular importance, it has been shown that viable, activeXAFS mode at the Advanced Photon Source, Argonne National
microbial communities thrive in many types of heavy metal con-Laboratory on the DND-CAT bending magnet beamline. A de-
taminated environments (Aceves et al., 1999; Kelly and Tate, 199&ailed description of the QXAFS experimental setup can be found
Kolensnikov et al., 1999; Roane and Kellogg, 1996). Howeverjn Quintana (2000). A Si(111) double crystal monochromator was
there is little information available for how these organisms copaused to vary the X-ray energy from 200 eV below to 800 eV above
with metal stress, and in turn, alter their physiology or environmenthe absorption K edge of Zn (9659 eV). The monochromator was
to reduce toxicity. There is little understanding of the influences ofdetuned to approximately 70% of the maximum intensity to avoid
metal stress on bacterial populations in freshwater sediments thharmonic interference. The incident intensity, and transmitted
are the driving force of early diagenesis. In particular, although reintensity, I+, were measured by appropriately positioned ioniza-
sponse to metal stress has been studied thoroughly in aerobic sy&n chambers. The fluorescence sigrial,was measured with a
tems (.e, in bacteria and algae), there is relatively little informa- Lytle detector with 100% Ar gas sealed in the ion chamber. The
tion for anaerobic bacteria. To address these concerns, this wodutput of the Lytle detector and ionization chambers were used
examines the interactions of metals with anaerobes isolated froms input to Stanford Research System SRS 570 Current Ampli-
heavily contaminated environments. fiers. The output of these amplifiers was continuously sampled at
The speciation of zinc in the enviromental system studied - Lake 12.5 kHz rate with a sixteen-bit analog to digital converter. Data
DePue (IL), a lake contaminated by Zn smelting operations - has/ere collected while the monochromator was continuously slewed
been well-characterized in previous works using analytical electrobetween the beginning and ending energies. Ten successive scans
microscopy (AEM) and X-ray absorption spectroscopy (Webhb were recorded for each sample at a rate of 120 seconds per scan
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and averaged together to increase the signal to noise ratio. Com-
parison of the first and last scans of each sample showed no evi-
dence of radiation damage. In addition, the utilization of the QX-
AFS method allowed the quantification of experimental errors. The
raw k® weighted EXAFS for the isolates and the associated error

bars are shown in Figure 1. whereN is the number of data points in the spectrum. The number

The first coordination shell was isolated from the EXAFS spec-and types of scatterers was determined by the maximal fractional
tra by a Fourier transform over the regikn= 2.5 — 12 A~* fol- improvement ) in theith fit given by:

lowed by a back-transformation ov& = 1.2 — 2.75 A. Fitting
was performed using a procedure similar to that used by Clark-
Baldwin, et. al. (1998) in order to differentiate and quantify the
number of low Z (N or O) and high Z (S) ligands. Ab initio param- where &s, 25 and & are the error of a fit with two di-sulfur shells
eters, calculated from FEFF8 (Ankudinov & Rehr, 1997; Refir  and the error of théth fit respectively. The ratio of the sulfur to
al., 1992), were used to fit the data. oxygen/nitrogen ligands can then be determined by the maximum
point on theR curve for each sample. Figure 3 shows the results

ZN: K ( x)bs(m)'; Xealc(Ki))?

& =

i=1

&s125 — &
&2s128

P =

s © of the fitting for the microbes studied and Table 1 gives the calcu-
“ lated coordination. This shows that the coordination environment
) in the microbes studied varies significantly, from nearly all sulfur
2 containing to all oxygen/nitrogen with varying proportions in be-
K |solate C tween. Since microbes Mt and C1 showed exclusively low Z scat-
. ®) terers, the coordination number was allowed to increase for these
4 samples. The best fits were achieved for four to five neighbors in
g’ the first shell.
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Zn K-edge EXAFS spectrum of the isolates including error bars ob- ! IIIIIIIII L —
tained from experimental error. e T A ™
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3. Results

R (A)

Qualitatively, the differences in the zinc coordination of the mi-

crobes can be seen in the Fourier transforms of the biomass re
moved from the cultures grown in zinc containing media (Fig-Figure 2
ure 2). From top to bottom, a change in coordination from singleFourier transform (not corrected for phase shift) of EXAFS data for
scatterers at a pseudo-radial distance of 236 single scatterers three of the microbes studied.

at 1.5A, with a mixed shell in between can be seen. Since sulfur
has a larger radius than either oxygen or nitrogen, the qualitative

nature of these spectra suggest that the coordination varies from 100 ' ' ' T e x
dominantly sulfur to dominantly oxygen/nitrogen neighbors, with VV\VW\V —o—Y
some species of microbes having a mixed coordination shell. WVY@A—A\ +<Z:1
To quantify the coordination shells of these samples, a fitting S0 g V?&;é % e
procedure was used that successively varied the number of sul- < // oy - g§g§
fur and oxygen/nitrogen ligands present in a two shell fit (Clark- < /‘ /O/ Vwé\f\
Baldwin et. al, 1998). Thus, each fit to the EXAFS equation uses & ol YA s
the same number and type of variable parameters. The coordi- /‘ /O //
nation number of zinc is fixed at four, and the number of oxy- /‘ /O -
gen/nitrogen scatterers is varied in increments of 0.2. $hend 50 cd ) ) ./‘ ,
e parameters are fitted from standard compounds (ZnS, ZnCO 0 20 40 60 80 100
and Znr(PQy)2) and held constant throughout the fitting proce- % sulfur

dure. Variables which are adjusted at each iteration are the bond
distances and the debye-waller parameter. Fitting was performed
on thek® weighted EXAFS data ovér = 2.5 — 12 A~. The error

. Figure 3
of each fit was calculated by:

Percent improvement of fig, as a function of sulfur content in the fit.
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Table 1 ; }
-~ ) N . . . Energy Sciences, Office of Energy Research under Contract No.
Fitting results of first shell Zn coordination numbers in m|cr0b|aIW_31_102_Eng_38.

biomass
Sulfur  Sulfur Distance  O/N ratio O/N Distance

X 3.8 2.343 + 0.023R 0.2 1.971 + 0.02R4
Y 3.2 2.342 + 0.023 0.8 1.968 + 0.01&
z 2.2 2.341 + 0.026 1.8 1.964 + 0.01GR
Mt 0 4.2 1.965 + 0.018
Cc1 0 4.7 1.964 + 0.01A

The XANES spectra also provide some further details on the
type of zinc coordination present in these microbes. The lack of an
intense first peak and early XANES resonances of the microbial
four-fold sulfur coordination compared to the inorganic ZnS (Fig-
ure 4a) shows that the zinc-sulfur in the isolates is not an inorganic
ZnS precipitate. The XANES features suggest that the sulfur com-
plex with zinc is an asymetric cellular product, most likely coordi-
nated with four thiol groups. Further spectroscopic studies need to
be performed in order to characterize the second coordination shell
of the complex.

Additionally, the isolates dominated by oxygen/nitrogen coordi-
nation show XANES features (Figure 4b) are very nearly identical
to zinc-phosphate. The XANES features of zinc-carbonate are also
given to show that similar oxygen coordinated species have signifi-
cantly different XANES resonances. This suggests that the zinc lig-
ation in these microbes may be dominated by phosphoryl groups.
Although there is not a strong signature for a phosphorus second
shell signature in the C1 EXAFS, there is a small peak in the RDF 0.0 ; . .
which is significant over the errors (Figure 2). The examination of 9650 9700 9750 9800
the imaginary part of the Fourier transform shows that this second Energy (eV)
shell present in Isolate C1 coincides with the phosphorus shell in
zinc-phosphate, and that it is out of phase with the Zn-C shell of
zinc-carbonate. This further supports phosphoryl type binding irFigure 4
this isolate. XANES spectra of inorganic standards compared to microbial samples.

The phosphoryl binding sites in isolates C1 and Mt are mosta) znS and the 4-sulfur coordinated microbial sampb.Zinc phos-
likely ligating Zn outside the cell i.e,, at the level of the cell phate and the 6-coordinate oxygen/nitrogen microbial sample.
membrane. Zn has been shown previously to have a high affinity
for binding to phosphoryl groups (Sarret, al, 1998). Zinc ad-
sorption to cell walls should occur for all the isolates. Since weReferences
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