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Abstract: Very different biological activities are usually ascribed to Cr(VI) (a toxin and carcinogen) and
Cr(Ill) (an antidiabetic agent), although recent evidence suggests that both these types of actions are likely
to arise from cellular uptake of varying concentrations of Cr(VI). The first systematic study of XANES spectra
of Cr(lll) complexes formed in Cr(VI)-treated mammalian cells (A549, HepG2, V79, and C2C12 cell lines),
and in subcellular fractions of A549 cells, has been performed using a library of XANES spectra of model
Cr(Ill) complexes. The results of multiple linear regression analyses of XANES spectra, in combination
with multiple-scattering fits of XAFS spectra, indicate that Cr(lll) formed in Cr(VI)-treated cells is most likely
to bind to carboxylato, amine, and imidazole residues of amino acids, and to a lesser extent to hydroxo or
aqua ligands. A combination of XANES and EPR spectroscopic data for Cr(VI)-treated cells indicates that
the main component of Cr(lll) formed in such cells is bound to high-molecular-mass ligands (>30 kDa,
probably proteins), but significant redistribution of Cr(lll) occurs during the cell lysis, which leads to the
formation of a low-molecular-mass (<30 kDa) Cr(lll)-containing fraction. The spectroscopic (XANES, XAFS,
and EPR) properties of this fraction were strikingly similar to those of the purported natural Cr(lll)-containing
factor, chromodulin, that was reported to be isolated from the reaction of Cr(VI) with liver. These data
support the hypothesis that a chromodulin-like species, which is formed from such a reaction, is an artifact

of the reported isolation procedure.

Introduction

Two very different types of biological activities are usually
ascribed to Cr compounds, including well-established cytotox-
icity, genotoxicity, and carcinogenicity of Cr(\)® and a
controversial role of Cr(lll) as an essential micronutrient
involved in insulin-dependent glucose metabolisrhThe high
toxicity of Cr(VI) is based on the active transport of [CI©
(isostructural with [SG)2~ and [HPQ]?") into cells, followed
by its reactions with cellular reductants (such as glutathione,
ascorbate, or NAD(P)H-dependent enzyn?és$uch reactions
produce highly reactive intermediates, including Cr(V/IV)
complexes and organic radicals, and ultimately lead to the
formation of stable (kinetically inert) Cr(Ill) complexes with
biological ligands, including genotoxic Cr(IHh)DNA ad-
ducts?8910By contrast, the suggested role of Cr(Ill) in insulin

potentiation is difficult to explain from the chemical point of
view, given the kinetic inertness of Cr(lll) complexes and their
inability to enter cells at significant raté§.” A mechanism based
on the selective activation of insulin receptor tyrosine kinase
by a specific Cr(lll)-containing biomolecule, chromodulin, has
been proposetiChromodulin, believed to be a tetranuclear Cr-
(1) assembly bound to a small peptide ligand, has not been
fully characterized to dat€.Several researchers have questioned
the existence of chromodul#t2based on the reported method
of its isolation (reactions of high concentrations of exogenous
Cr(VI) with bovine liver homogenaté}.

Recently, we have proposed an alternative explanation for
the insulin-potentiating activity of Cr(lll) complexes, based on
their extra- and/or intracellular oxidation to Cr(VI) by biological
oxidants, such as 4D, or CIO™.24~16 The resultant Cr(VI) can
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act as a tyrosine phosphatase inhibitor, similar to the isoelec-

tronic V(V) (which is a well-known insulin-mimetic and an
antidiabetic agent)! The presence of Cr(VI) will also lead to

for the more theoretically advanced XAFS spectroscépifpr
this reason, empirical methods based on comparison of studied
XANES spectra with those of known model compounds are

increased glucose metabolism due to oxidative stress. Smallwidely used; these include principal component, target trans-

amounts of Cr(VI), formed by the relatively slow oxidation of
Cr(lll), are likely to be reduced within the cellular membrane
or in the cytoplasm, prior to reaching the nucléti& The main
effects of Cr(VI) in this case are likely to be alterations in cell
signaling?® including insulin potentiation due to the inhibition
of tyrosine phosphatases involved in the insulin signaling
cascadé#1>20 Exposure of cells to higher concentrations of
exogenous Cr(VI) will overwhelm the cellular protective
mechanisms and lead to accumulation of Cr{I)NA adducts

in the nucleud®82which is believed to be the main cause of
Cr(VI)-induced cytotoxicity and genotoxicif§° Thus, under-
standing of both beneficial and harmful effects of Cr compounds
requires a knowledge of chemical mechanisms of Cr(VI)

formation, and multiple linear regression analy&e%:31.32
Previous XANES spectroscopic studies of biological samples
have focused mainly on changes in the oxidation states of metal
ions in cells and tissue8:3° In particular, numerous observa-
tions of efficient reductions of Cr(VI) to Cr(lll) in biological
media were based on the disappearance of the characteristic
preedge absorbance peak of Cr(VI) in XANES speétta?23639
Fewer studies have attempted to assign the coordination
environments of the Cr(lll) products of Cr(VI) reductiof$s?®
and these assignments have been based on a limited number of
model compounds, which were often poorly characterized (e.g.,
commercial Cr(Ill) acetate, known to contain varying amounts
of trimeric, octameric, and polymeric specié$)his work is

reactions with cellular components and the nature of Cr(lll) the first to use an extensive library of model Cr(lll) compounds
products formed in such reactions. Our approach to this problemto characterize the chemical forms of Cr in mammalian cells
is the use of a combination of synchrotron-based techniques,treated with Cr(VI) by XANES spectroscopy (in combination
including X-ray fluorescence (XRF) elemental mapping of single with XAFS and EPR techniques). Apart from providing insights
cells, microprobe X-ray absorption near-edge structure (XANES) into the metabolism of carcinogenic Cr(V1), the research is also
spectroscopy of Cr hotspots in single cells, and XANES and aimed at testing whether the intracellular product of the reaction

X-ray absorption fine structure (XAFS) spectroscopy of bulk
samples of Cr-treated celt$21.22|n addition, electron para-

of Cr(VI) with liver cells is chromodulin or whether this is an
artifact of the isolation procedure.

magnetic resonance (EPR) spectroscopy is used for selective

detection and characterization of Cr(V) intermediates formed
during the biological reduction of Cr(VA.

Experimental Section

Caution. Chromium(VI) compounds are human carcinogéskin

In recent years, XANES spectroscopy has developed into acontact and inhalation must be avoided.

powerful tool for the study of chemical speciation of metal ions

Materials. Analytical or higher grade reagents were purchased from

in biological and environmental samples. It has the ability to Merck or Sigma-Aldrich and were used without further purifications.

probe specific spectroscopic signatures of metal ions, regardles

of the physical state and chemical composition of the safiple.
The abilities of XANES spectroscopy to detect low (micromolar)
concentrations of metal ions, and its high sensitivity to small

changes in the coordination environments of metal ions, make

it particularly useful for biological samples (in comparison with
a related technique, XAFS spectroscop¥yf®é Despite some
developments in theoR/;2° no readily available computational
tools exist to date for accurate prediction of coordination
environments of metal ions from their XANES spectra (unlike
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Water was purified by the MilliQ technique. Presterilized solutions and

sterile disposable plasticware, used in cell culture work, were purchased
from Gibco and Becton Dickinson, respectively. Model Cr(lll) com-
plexes A1—A17in Table 1) were synthesized by literature procedures
(some with modifications)?>° and their purities were confirmed by
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Table 1. Samples Used in XANES Data Analyses?
no. description? ref no. description?
Al [Cr(OH2)e](NO3)3-3H,0 41 Bla,b A549 + Cr(VI), 4 h, whole cell8
A2 Nag[Cr(OH)g]2(OH)s-6H,0 42 B2 A549+ Cr(VI), 2 h, whole cells
A3 rac-[Cr(en)]Cl3-3H,0 43 B3 A549+ Cr(Vl), 1 h, whole cells
Ad K3[Cr(ox)s]-3H20 44 B4 A549 + Cr(VI), 20 min, whole cells
A5 Ks[Cr(caty]® 45,46 B5 A549 + Cr(VI), 4 h, whole cells (10 K)
A6 [Cr(dedtc)] 47 B6 A549-DHA + Cr(VI), 4 h, whole cells
A7 CrPQ; (polymeric) 48,49 B7 HepG2+ Cr(VI), 4 h, whole cells
A8 cis-[Cr(phen}(OHy)2](NO3)35/2H,0 50 B8 V79 + Cr(VI), 4 h, whole cells
A9 cis-[Cr(phen}(dppk](NOs3) 51 B9 C2C12+ Cr(VI), 4 h, whole cells
Al0 [Cr(ala)]-H,09 52,53 B10 A549 + Cr(VI), 4 h, nuclei (crude)
All Na[Cr(cys}]-H-0 54 B11 A549+ Cr(VI), 4 h, HMM
Al2 Na[Cr(asp)]-2H,0° 55 B12a,b A549+ Cr(VI), 4 h, LMM P
A13 [Cr(his)](BFa4)® 56 B13 A549 + Cr(VI), 4 h, nuclei (purified)
Al4 [Cr(pic)s]-H20 57 B14 A549 lysate+ Cr(VI), HMM
A15 trans-Ba[Cr(glyglygly)(OH)] 58 B15 A549 HMM + [Cr(OHy)g|3"
Al6 [CrsO(OCOE}(OH,)3](NO3)-3H, O 59 B16 A549 HMM + Cr(VI) + GSH
A17 [Crg(OH)s(OAC)16)-20H,0 40 B17 A549 HMM + Cr(VI) + Asc
C chromodulifh 11

aUnless stated otherwise, XANES spectra were acquired at SSRL for solid samples (295 K). Details of sample preparation and data acquisition are given

in the Experimental Sectioft.Designations of the ligands in model Cr(lll) complexéslA17): en = 1,2-ethanediamine; ox oxalato(2-); cat =
catecholato(2); dedtc = diethyldithiocarbamato(t); phen = 1,10-phenanthroline; dpp= diphenylphosphato(l); ala = L-alaninato(+); cys =
L-cysteinato(2-); asp= L-aspartato(2); his = L-histidinato(t-); pic = 2-pyridinecarboxylato(%); and glyglygly = glycylglycylglycinato(3-). ¢ Data
were acquired at 10 K for a frozen aqueous solution of the complex (10 mM) in the presence of NaOH (¢HuéMo the air-sensitivity of the complex

under ambient condition€.Data were acquired for a purple water-soluble fraction, probably consisting of a mixture of geometric isomers of;JCr(ala)
(Figure S1) Data for mixtures of geometric isomers were used in the analyses; no significant differences in XANES spectra of separate geometric isomers
were detected (Figure SZ)The published XANES spectrifwas used in the data analysé®esignations used for the biological samplB4£B17):

A549, HepG2, V79, and C2C12 are the cell lines used (see the Experimental Section); A549-DHA are A549 cells, pretreated with dehydroascdibic acid (2.
mM for 90 min)& HMM and LMM are high- and low-molecular-mass fractions (the cutoff for fraction separation was 30 kDa); GSH is glutathione (reduced
form) and Asc is ascorbat& Spectra were acquired for two independent preparations of each sample either atB38R&1Qa) or at ANBF B1b, B12b).

i Data from previous wor® were collected at ANBF.A suspension of cells in PBS, frozen in liquich Mnmediately after the Cr(VI) treatment; data were
acquired at 10 K.

elemental analyses (C, H, N, Cr), electrospray mass spectrometry The A549, HepG2, and V79 cell lines were cultured in monolayers in

(ESMS), or X-ray powder diffraction measurements (for the insoluble
polymeric compound\7 only). Details of syntheses and characteriza-
tions of the model complexes are given in the Supporting Information.

Advanced Dulbecco’s modified minimal essential medium (DMEM),
supplemented with.-glutamine (2.0 mM), antibiotie antimycotic
mixture (100 U mL? penicillin, 100 mg mL? streptomycin, and 0.25

Separation of geometric isomers of Cr(Ill) amino acid complexes was mg mL~* amphotericin B), and fetal calf serum (FCS, heat-inactivated,
carried out by ion-exchange chromatography according to the published2% v/v). The cells were seeded at a density of A(° cells per 100-

procedure$®5¢ and the identities of isomers were verified by circular
dichroism (CD) spectroscopy (Figure S1 in Supporting Information).
No significant differences were detected in the XANES spectra of
various geometric isomers (Figure S2 in Supporting Information).
Cell Culture and Sample Preparation. The following cell lines
were originally received from the American Tissue Culture Collection
and cultured for 1620 passages prior to the experiments: A549
(human lung adenocarcinom®)HepG2 (human hepatomé&);V79
(Chinese hamster lung fibroblas&sand C2C12 (mouse myoblasts).
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3623-3627.
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(58) Headlam, H. A. The Role of Cr(lll) and Cr(V) Peptide and Amino Acid
Complexes in Cr-Induced Carcinogened$t.D. Thesis, The University
of Sydney, Sydney, Australia, 1998.

(59) Antsyshkina, A. S.; Porai-Koshits, M. A.; Arkhangel'skii, I. V.; Diallo,
I. N. Russ. J. Inorg. Chenl987 32, 2928-2932; Engl Translation pp
1700-1703.

(60) A549 human lung carcinoma cell line (ATCC Number: CCL-185).

(61) HepG2 human hepatocellular carcinoma cell line (ATCC Number: HB-
8065).

(62) V79 Chinese hamster lung fibroblastic cell line (ATCC Number: CCL-

93).
(63) C2C12 mouse myoblastic cell line (ATCC Number: CRL-1772).

mm tissue culture dish (10 mL medium), grown to-80% confluency
at 310 K in a 5% C@humidified incubator, and subcultured every
3—4 days. Similar procedures were used for culturing C2C12 cells,
except that the amount of FCS was increased to 10% v/v, and the cells
were subcultured at 50% confluency to prevent differentididrypical
morphologies of the cell lines used are shown in Figure S3, Supporting
Information.

Treatments of cell monolayers with Cr(VI) (0.10 mM as,Ne0,
in complete medium for 20 mirot4 h at 310 K) andreparations of
bulk cell pellets {2 x 107 cells per sampleB1—B4 andB6—B9 in
Table 1) for X-ray absorption spectroscopy (XAS) were carried out as
described previousli# Cell pellets were frozen in liquid N(77 K)
within 30 min after the removal of Cr(Vl), freeze-dried at 217 K and
0.5 mbar for 24 h, and stored desiccated at 277 K fo2 Weeks prior
to analyses. For preparation of a sample of snap-frozen Cr(VI)-treated
A549 cells B5 in Table 1), cell monolayers were washed with
phosphate-buffered saline (PBSx320 mL) after the removal of Cr-
(VI) and collected by scraping into PBS-2 mL per 150-mm dish).
The cells were then allowed to settle by gravity, the resultant thick
suspension was mixed with glycerol (30% v/v), and the mixture was
loaded into a 20Qd Lucite XAS cell, frozen in liquid N (within 5
min after the removal of Cr(VI)) and stored at 77 K. In one experiment
(B6 in Table 1), a pretreatment of A549 cells with dehydroascorbic
acid (2.0 mM in complete medium for 90 min at 310 K) was used to
achieve loading of the cells with ascorbate (since human cells in culture
do not contain significant amounts of ascorbdtelhis pretreatment
was followed by removal of the dehydroascorbate-containing medium,

(64) Advanced DMEM, Cat. No. 12491-015., Gibco, Invitrogen Corp.
(65) Quievryn, G.; Messer, J.; Zhitkovich, Biochemistry2002 41, 3156-
3167.
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repeated washings with PBS, and addition of fresh Cr(VI)-containing gaussmeter and an EMX 048T microwave bridge controller. For the
medium. In all cases, Cr(VI) treatments did not cause visible changes studies of Cr(V) intermediate formation during the reactions of Cr(VI)
in cell morphology. Aliquots of cell culture media (1.0 mL) after the  with mammalian cells (A549, HepG2, V79, and C2C12 cell lines),
Cr(VI) treatments were also collected and freeze-dried for XANES untreated cells¥2 x 107 per sample) were collected by trypsinization
spectroscopy, which confirmed the absence of any significant reduction (0.25% trypsin in PBS for 10 min at 310 K) and resuspended in HBS

of Cr(VI) in the cell culture medium for at leg4 h at 310 K821 (Figure
S4, Supporting Information).

For separation of subcellular fractions, Cr(VI)-treated or untreated
A549 cells 5 x 107 cells per sample) were lysed for 15 min at
273 K in lysis buffer 1 (LB1, 5.0 mL), containing 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, 10 mM, pH 7.4), phenylm-
ethylsulfonyl fluoride (PMSF, a protease inhibitor, 1.0 mM), and Triton
X-100 (1.0% w/v). Crude nucleic fractionB{O in Table 1) was
separated by centrifugation (1@pfdr 5 min at 277 K) and then washed
with 1.0 mL of LB1. The supernatant was filtered through Microcon
YM 30 membrane filters (Millipore; 30 kDa cutoff; volume, 0.50 mL)
by centrifugation (14008 for 30 min at 277 K). The residue on the
filters was washed with LB1 (0.50 mL per filter), dissolved inCH
(0.10 mL per filter), and freeze-dried to obtain the high-molecular-
mass (HMM) cytoplasmic fractionBl1 in Table 1). Similarly, the
nucleic pellet and the filtrate after membrane filtration were freeze-
dried to obtain the nucleic and low-molecular-mass (LMM) cytoplasmic
fractions, respectivelyg10 andB12 in Table 1). Prior to the freeze-
drying, aliquots (1/50) of each fractioB{0—B12) were taken for the
determination of Cr content by graphite furnace atomic absorption
spectroscopy (GFAAS), as described previod8hAn alternative
procedure for separation of cell nucl&@i3 in Table 1¥56" involved
the lysis of Cr(VI)-treated A549 cells~5 x 107 cells per sample, 5
min at 0°C, with vigorous shaking) in lysis buffer 2 (LB2, 10 mL),
containing NaCl (10 mM), MgGlI(5.0 mM), Tris (10 mM, pH 7.0),

(0.25 mL), containing Cr(VI) (0.50 mM N&rO,). The suspension was
placed into a flat quartz EPR cell, and several spectra were acquired
within 1 h after the beginning of the Cr(VI) treatment (295 K). At
least 90% of the cells retained their membrane integrity after the EPR
experiments, as shown by trypan blue stainthhe instrumental
parameters were as follows: microwave frequensyg.67 GHz;
microwave power, 20 mW; modulation frequency, 100 G; modulation
amplitude, 1 G; scan range, 3388580 G; resolution, 1024 points;
time constant, 20.5 ms; receiver gainx510°; number of scans, 20.
For low-temperature (77 K) EPR spectroscopy of the LMM fraction
of Cr(VI)-treated A549 cells, a freeze-dried sam@d 2bin Table 1,
after XAS experiments) obtained fromb5 x 107 cells was dissolved

in 0.40 mL of HO (the resultant Cr concentration was 0.75 mM, as
determined by GFAAS), and the mixture was transferred into a quartz
EPR tube, frozen in liquid ) and placed into a “coldfinger” liquid N
dewar within the cavity of the EPR spectrometer. The instrumental
parameters were as follows: microwave frequensy8.27 GHz;
microwave power, 20 mW; modulation frequency, 100 G; modulation
amplitude, 5 G; scan range, 56950 G; resolution, 1024 points; time
constant, 81 ms; receiver gainy51CP; number of scans, 20. Processing
of EPR data was performed with the use of WinEPR software.

X-ray Absorption Spectroscopy (XAS) and Data Analyses.
Chromium K-edge spectra of the cell-derived samples and model Cr-
() complexes were recorded at beamline-® at the Stanford

and Nonidet P-40 (0.5% w/v). The nucleic pellet was separated by Synchrotron Radiation Laboratory (SSRL) or at the Australian National

centrifugation (100 for 5 min at 277 K) and purified by another
treatment with LB2 (10 mL, 5 min at 273 K), followed by recentrifu-
gation. Microscopic examination of the pellets, isolated by either of

Beamline Facility (ANBF, beamline 20B at the Photon Factory,
Tsukuba, Japan). The beam energy was 3.0 GeV (SSRL) or 2.5 GeV
(ANBF), and the maximal beam current was 100 mA (SSRL) or 400

the lysis techniques, showed clusters of round-shaped nuclei, uniformly mA (ANBF). Beamline 9-3 at SSRL had a double-crystal Si[220]

stained by trypan blu&,with occasional inclusions of cell membrane
fragments (Figure S3).

The reaction of the cell lysate (total cytoplasmic fraction), obtained
from untreated A549 cells~3 x 10’ cells lysed in 3.0 mL of LB1),
with Cr(VI) (Na;CrO,, 0.10 mM) was carried out for 72 h at 277 K,
followed by the separation of Cr(lll)-containing HMM fraction as
described aboveB(l4 in Table 1). In order to ensure the complete
removal of unbound Cr(VI) and Cr(lll), the residue on the filter was
washed twice with aqueous P8O (10 mM, 0.50 mL per filtery® and
then twice with water. The HMM cytoplasmic fraction, isolated from

untreated A549 cells (as described above), was used for the in vitro

reactions with Cr compounds (0.10 mM of Cr(VI) or Cr(lIB15—
B17in Table 1). For these reactions, the HMM fraction of untreated
A549 cells (-5 x 10 cells) was dissolved in HEPES-buffered saline
(HBS, containing 20 mM HEPES, pH 7.4, 140 mM NaCl, 5.0 mM
KCl, 2.5 mM MgCh, and 1.0 mM CaG)®® to give total protein
concentration of 5.0 mg mi: (determined spectrophotometrically with
Coomassie blue stain, using bovine serum albumin as a stariflard).
The reactions were carried out for 15 h at 310 K, after which the Cr-
(Ilh)-containing HMM fraction was isolated by membrane filtration,
washed with HO (2 x 0.5 mL per filter) and freeze-dried.

EPR SpectroscopyX-band EPR spectra were recorded on a Bruker
EMX spectrometer that was equipped with an EMX 035 NMR

(66) Farrell, R. E., JIRNA Methodologies: a Laboratory Guide for Isolation
and CharacterizationAcademic Press: San Diego, CA, 1998; pp 406
437.

(67) Nuclei Isolation Kit (technical bulletin), Product No. NUC-101, Sigma.

(68) Levina, A.; Harris, H. H.; Lay, P. Al. Biol. Inorg. Chem2006 11, 225~
234.

(69) Sarabia, V.; Ramlal, T.; Klip, ABiochem. Cell. Biol199Q 68, 536—542.

(70) Bio-Rad Protein Assay (technical bulletin), Cat. No. 500-0002., Bio-Rad
Laboratories.
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monochromator, an upstream collimating mirror, and a downstream
sagittally focusing mirror; both mirrors were Rh-coated and also
provided harmonic rejection. Harmonic rejection was achieved at ANBF
by detuning the channel-cut Si[111] monochromator by 50%. Neat
freeze-dried samples or mixtures of model complexes with BN (boron
nitride) (~1:10 w/w) were pressed into 0.5-mm pellets that were
supported within an Al spacer between two 63r6- Kapton tape
windows (window size, 2« 10 mm), and XAS data were recorded at
295 K. Oily samplesB12ab in Table 1) were absorbed on pieces of
filter paper (10x 10 mm) that were attached to Al sample holders
with Kapton tape. Low-temperature XAS measurements could not be
used satisfactorily for most of the biological samples due to the low
Cr concentrations and strong absorption of photons at~tBekeV
energy range by cryostat windowsAll the biological samples used

in this work, except forB5, were freeze-dried, since this technique
simplified sample handling, made room-temperature XANES measure-
ments possible, and led to stronger signals. In some cA$eandB5

in Table 1), XAS of frozen liquid samples were acquired at 10 K (at
SSRL), using Lucite sample cells (200) and a continuous-flow liquid

He cryostat. All XAS data were acquired in fluorescence detection
mode, using a 30-element Ge-array detector (Canberra Industries) at
SSRL or a 36-pixel Ge planar detector (Eurisys) at ANBF. For most
samples, XANES spectra were recorded at SSRL over the-55780

eV energy range (step sizes, 10 eV below 5970 and 0.25 eV above
5970 eV). The energy scale was calibrated using a stainless steel foil
as an internal standard (calibration energy, 5989.0 eV, corresponded

(71) Freshney, R. ICulture of Animal Cells, a Manual of Basic Technigdéh
ed.; Wiley-Liss: New York, 2000; pp 336331.

WInEPR Version 960801 (1996) Bruker-Franzen Analytic, Bremen,
Germany.

(72)
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to the first peak of the first derivative of Cr(0) edgé)l'wo sequential 6004 -
scans were recorded for each sample (scan time, 15 min), and the oy
absence of noticeable photodamage of the samples was confirmed from 5404 |
the lack of significant spectral changes between the scans (e.g., the
difference in edge energies did not exceed 0.1 @ For some of
the samples with relatively high Cr contef1(b andB12b in Table
1), XANES and XAFS spectra were recorded at ANBF, using the
following energy ranges: preedge region, 578970 eV (10 eV steps);
XANES region, 5976-6050 eV (0.25 eV steps), and XAFS region,
6050-7000 eV (0.05 A? steps irk-space). For these samples, four to
five sequential scans were recorded (scan time, 40 min), and the lack
of appreciable photodamage was established from the absence of
significant changes in XANES spectra of sequential séaffsThe 5909
possibility of sample photodamage is generally lower at ANBF
compared with SSRL due to a lower photon ffix. 5998
Calibration, averaging, and splining of XANES data, as well as target
transformation analyse€3,were performed using the EXAFSPAK
software packag®.Principal component and multiple linear regression

6002

6001

Energy, eV

5997

6S

A 2 z o] Q 2 8
analyses of XANES data?é3for Cr(lll) in biological samplesB1— I 3 B g <8
B17 and C in Table 1) were performed using Unscrambleand 3 = @ & o5

™~

Origin’® software, respectively. Multiple-scattering fittings of XAFS
dat&®"">were performed using the XFIT software packaybased ) ) . )
on the FEFF8 cod®. Overdetermined model&\¢p > 1, whereNi is Figure 1. Comparison of edge ene(g|es'(measured at half-height of the
the number of independent observations piisithe nunlwber of varied edge jump) in XANES spectra of biological samples and modef Cr(li}
pena ; R - . complexes. Designations of the samples correspond to Table 1.
parameters) were used in XAFS calculations, which allowed meaningful
solutions to be obtained.Published XANES, XAFS, and EPR d&ta
were digitized using the WinDig softwa¥efor comparison with the
data obtained in this work.

Sets of Donor Atoms—————

of donor groups in Cr(lll) complexes. As expectéihcreasing

the electronegativity of donor atoms (8§ N < O) led to
increases in edge energies (measured at half-height of the edge
Results jump) for the model Cr(lll) complexes, although the changes
for the complexes with variou®/N-donor atom sets were not

as pronounced as those for tBelonor-containing complexes
expected to be the predominant oxidation state in Cr(VI)-treated (Flgure 1). By contrast with the range of energies and shapes
mammalian cells and subcellular fractioml(-B17 in Table in the model complexes, XANES spectral shapes for most of

1). Accordingly, the models used1—A17 in Table 1) included the cetllll-der(ijved sampleBQ.(S—Ogilig ;’al{)/leé) Werel similar, as
Cr(lll) complexes with a wide range of donor groups that can were efe hge t()a'n;argllesl( | < &V, |gl(Jire )- )
potentially be found in biological systems:,® (Al, A8, and Most of the biological samples3(—~B7 and B10-B17 in

Comparison of XANES Spectra for Biological and Model
Samples. From the previous work821.22.3639 Cr(lll) was

A16): OH (A2 and A15): RRR'N (amine,A3, ALO—A13, Table 1) were d_erived from a human lung e_pitheligl cell line
A15); RCOO™ (A4, A10—A15); RO (catecholatoA5); RS (A54_9),60 which is a comm_only_ used model in studles_ of_Cr-
(A6 andAll), RRS (A6); «-PO2 (A7); RRN (imine, A8, (VI)-induced carcinogenesis (smce the lung is the main site of
A9, A13, andA14); (ROYPO,~ (A9); RRN- (amido, A15); cancers causgd by Qccupatlonal exposure to Cr%\?l)}’.A
13-0> (A16); u-OH~ (AL7); andu-RCOO" (A16 and A17). human hepatic cell line (HepG$%),since chromodulin was

All the model complexes used possess six-coordinate octahedraperared from the reaction of Cr(V1) with liver homogenate,

geometry, as do nearly all known Cr(lll) comples@sAn and two rodent cell lines (\_/79 and C2C%2§3were uged for

overview of XANES spectra of the model complexes (Figure comparison (sqmpleB?—BQ in Table 1). The s_amples mcludgd

S5 in Supporting Information) shows a strong dependence of the following: (i) whole .Cr(VI)-treated“ceIIs (either freeze.-drled

the edge shapes and postedge absorbance features on the natLRF snap-frozenB1-B9 in Table _1); (if) Sche_I_l_U|ar fractions
of Cr(VI)-treated cellsB10—B13in Table 1); (iii) subcellular

(73) Thompson, A. C.; Attwood, D. T.; Gullikson, E. M.; Howells, M. R.;  fractions of untreated cells, reacted with Cr(VI) or Cr(lll)

Kortright, J. B.; Robinson, A. L.; Underwood, J. H.; Kim, K-J.; Kirz, J.; _ i
Lindau, I.; Pianetta, P.; Winick, H.; Williams, G. P.; Scofield, J. ) XRay compounds$l4 B17in Table l)'

Data Booklet 2nd ed.; University of California: Berkeley, CA, 2001. Representative examples of XANES spectra of biological
(74) Rich, A. M.; Armstrong, R. S.; Ellis, P. J.; Freeman, H. C.; Lay, P. A. B H ;
Inorg. Chern1998 37, 5743-5753. samples (samplddla, B12a B12b, andC) are given in Figure

(75) Levina, A.; Codd, R.; Foran, G.hJ.; Hambley, T. W.; Maschmeyer, T.; 2, and the rest of the spectra are shown in Figure S6, Supporting
Masters, A. F.; Lay, P. Alnorg. Chem.2004 43, 1046-1055. : .
(76) George, G. NEXAFSPAK Stanford Synchrotron Research Laboratory, Information. A comparison of the edge energy values for the

- Sljanford, lgA,éOOl_. 0.5 (2005) C o AS. Oslo. N model and biological Cr(Ill) samples (Figure 1) suggests the
nscrampler version 9. amo Process , Oslo, Norway. . . .
(78) Microcal Origin Version 6.0 (1999), Microcal Software Inc., Northampton, predominance of CrO coordination and the absence of any
MA

. ) ) ) significant Cr—S coordination in the latter samples. The preedge
(79) XFit for Windows, beta-version. Australian Synchrotron Research Program,

Sydney, Australia, 2004. absorbance intensities in XANES spectra of samplésB17

(80) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPDys. Re. B did not exceed those for the model Cr(lll) complexéd ¢
1998 58, 7565-7576. ; i .

(81) Binsted, N.; Strange, R. W.; Hasnain, SB&ichemistryL992 31, 12117~ Al7, Figure S5), which points to the absence of detectable
12125. amounts of Cr(VI) or Cr(V) oxo complexes in the cell-derived

(82) Lovy, D.WinDIG, University of Geneva, Geneva, Switzerland, 1996.

(83) Lay, P. A; Levina, A. InComprehensgie Coordination Chemistry il
McCleverty, J. A.; Meyer, T. J. Eds.; Elsevier: Oxford, UK 2004; Vol. 4, (84) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi, R. K.
pp 313-413. Coord. Chem. Re 2005 249, 97—129.
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(v) whole Cr(VI)-treated A549 cells and nucleic or HMM
(>30 kDa) fractions isolated from such celBl(@ B10, B11,

and B13). The absence of significant differences in XANES
spectra ofBla (a freeze-dried sample) a®b (a snap-frozen
cell suspension; see the Experimental Section) justifies the use
of freeze-dried samples for the studies of Cr(lll) speciation in
Cr(VI)-treated cells and subcellular fractions (Table 1). The
following preparations, derived from A549 cells (Table 1),
showed significant differences in XANES spectra compared with
5980 6000 6020 the samples of whole Cr(VI)-treated celBlab; see Figures
— _Bia_Bi2a b 2 and S6): (i) the LMM (30 kDa) fraction isolated from Cr-
(VI)-treated cells B12ab); (ii) the HMM fraction isolated from
the reaction of the cell lysate with Cr(VIB4); and (iii) the
HMM fraction of untreated cells after in vitro reactions with
Cr(lll) (B15) or with Cr(VI) in the presence of biological
reductants (glutathione or ascorbai&l6 and B17). These
observations were confirmed by the results of principal com-
ponent analysi&!3277showing clustering of the sampl&i—
B1llandB13and significant differences for the sampk2ab
andB14—B17 (Figure S7 in Supporting Information).

MNormalized Absorbance

5380 6000 6020 Modeling of XANES Spectra of Cr(lll) in Biological
Energy. eV Samples.Likely average coordination environments of Cr(lIl)
Figure 2. Comparison of XANES spectra (a) and difference XANES in cell-derived samplesB1—B17in Table 1) were determined
spectra (b) of Cr(lll) in cell-derived sampleB1a, B12a andB12b, Table using multiple linear regression fitting of their XANES spectra

1) and published data for chromoduli€)(* Alternative splining and ; _ ;
normalization algorithms were used B12a(EXAFSPAK software}® and Wltzf; Zgh:gse of moqlel C.r(III.) complexesAl A.17 in Table
B12b (XFIT software)?® The chromodulin figure was reproduced with 1) o The following criteria were used to define a successful
permission from ref 11. fit: (i) the regression coefficients for all the components in the
model were positive; (ii) the calculated probability values for

sampleg822 These results were not due to the photoreduction 1€ Presence of each of the components exceeded 99.9%

of Cr(VI/V) oxo complexes during the XAS data acquisitin, (7 <0-001){® (iii) the exclusion of any component from the
as confirmed by the observation of unaltered XANES spectra model led to a nptlceable increase in the fit reS|due_(exceed|ng
of Cr(Vl) in the freeze-dried cell culture medium samples at that of the experimental noise level). The_ two pest fits for each
295 K (Figure S4). By contrast, the formation of Cr(V) and of the samples (models_l an_d 2) are listed in Taple 2, and
Cr(VI) species in Cr(lll)-treated adipocytes has been recently calculated spectr_a and fit residues for the e_\lterr)atlve models
detected by microprobe XANES spectroscdpyNo high are shown in Figure 3a (sampBlb) and in Figure S8,
oxidation states of Cr were detected even when the treated cellsSUPPOrting Information.
were stored at 77 K from-5 min after the removal of Cr(VI) Most of the model Cr(lll) complexesAl —A17 in Table 1)
until the XAS experiment at 10 K (sampB5 in Table 1). and, hence, donor groups were excluded from the analyses due
Although the Cr content i85 was among the highest from all  to negative regression coefficients, with only six model com-
the biological samplesB1—B17 in Table 1)!8 the signal-to-  plexes being required to fit the range of XANES (Table 2). Of
noise ratio in the corresponding XANES spectrum was low these, Cr(lll) complexes with non-sulfur-containing amino acid
compared to those of typical freeze-dried samples (Figure S6),ligands (alanine, aspartate and histidiA&0, A12, andA13in
due to the high KO content inB5 and attenuation of the signal ~ Table 1) were the dominant components of nearly all of the
by the cryostat windows (see the Experimental Section). models (Table 2). These results were consistent with target
A detailed comparison of XANES spectra for sampBds- transformation analys&s®276(Table S1, Supporting Informa-
B17, including overlays and difference spectra, is shown in tion), showing thatA10, A12, and A13 were the most likely
Figures 2 and S6. For the following samples (Table 1), the components of the target spect&l(-B17). The best fits for
observed spectral differences did not exceed double the experi-nost of the cell samples (Model 1 f&1 andB2 andB6—B11
mental noise levels: (i) identical but independent preparations in Table 2) were similar and include®ll2 andA13 as the major
of Cr(VI)-treated A549 cellsB1a,b) or LMM cellular fractions components andA2 as the minor component. Despite the
(B12ab), when the data were acquired at different synchrotron relatively low molar ratio of theA2 component £10—15%,
sources (SSRL or ANBF); (ii) samples of Cr(VI)-treated (0.10 Table 2), it showed high significanct ¢alues in the regression
mM for 4 h at 310 K)A549 cells, prepared either by freeze- analyses? and its removal led to significant deteriorations of
drying (B1la, data acquired at 295 K) or by snap-freeziip, the fits (an example foBlais shown in Figure S8). Deviations
data acquired at 10 K); (iii) A549 cells, treated with Cr(VIl) from the “base” modelA2 + A12 + A13) were observed for
(0.10 mM) for various times at 310 K (4, 2r @ h or 20min, sampleB3, B4, B5, andB13(Tables 1 and 2), but these results
B1lb and B2—B4, data acquired at ANBFY (iv) various cell were inconclusive, since the improvements in the fits were
lines (A549, HepG2, V79, or C2C12) treated with Cr(VI) (0.10 comparable with the experimental noise (Figure S8). Notably,
mM for 4 h at 310 K), aswell as A549 cells, loaded with B3 (A549 cells treated with 0.10 mM Cr(VI) fal h at 310 K,
ascorbate prior to the Cr(VI) treatme&la andB6—B9); and Table 1) was the only whole-cell sample to show a slight
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Table 2. Results of Multiple Linear Regression Modeling of XANES Spectra of Cr(lll) in Cr(VI)-Treated Cells and Subcellular Fractions?

model 1 model 2
sample Al A2 A12 Al13 Al7 R? A10 Al12 R?
Bla 0.12(1) 0.44(2) 0.99983 0.46(2) 0.54(2) 0.99975
Blb 0.14(1) 0.38(1) 0.48(1) 0.99993 0.48(2) 0.52(2) 0.99978
B2 0.14(1) 0.39(3) 0.47(3) 0.99953 0.41(3) 0.59(3) 0.99927
B3 0.10(1) 0.31(2) 0.35(2) 0.24(2) 0.99985 0.60(2) 0.40(2) 0.99967
B4 0.15(1) 0.85(1) 0.99882 1.00(2) 0.99901
B5 0.32(2) 0.34(3) 0.34(3) 0.99933 0.62(5) 0.38(5) 0.99873
B6 0.13(1) 0.37(2) 0.50(2) 0.99979 0.52(2) 0.48(2) 0.99972
B7 0.16(1) 0.40(1) 0.44(1) 0.99991 0.38(3) 0.62(3) 0.99957
B8 0.16(1) 0.27(2) 0.57(2) 0.99986 0.56(2) 0.44(2) 0.99966
B9 0.15(1) 0.40(2) 0.45(2) 0.99986 0.44(2) 0.56(2) 0.99963
B10 0.18(1) 0.22(2) 0.60(2) 0.99961 0.57(4) 0.43(4) 0.99928
B11 0.14(1) 0.41(2) 0.45(2) 0.99968 0.47(3) 0.53(3) 0.99953
Bl2a 0.39(1) 0.16(1) 0.45(2) 0.99957 0.48(6) 0.52(6) 0.99784
B12b 0.40(1) 0.08(1) 0.52(2) 0.99946 0.50(6) 0.50(6) 0.99835
B13 0.08(1) 0.15(1) 0.61(1) 0.16(2) 0.99986 0.77(3) 0.23(3) 0.99959
B14 0.14(1) 0.20(3) 0.66(3) 0.99952 0.80(6) 0.20(6) 0.99836
B15 0.30(1) 0.70(2) 0.99889 0.86(8) 0.14(8) 0.99680
B16 0.24(1) 0.76(1) 0.99861 1.00(2) 0.99769
B17 0.26(3) 0.74(3) 0.992P1 1.00(1) 0.98926
C 0.38(2) 0.11(1) 0.51(2) 0.99934 0.18(6) 0.82(6) 0.99770

aShown in the table are calculated molar components of each of the contributing model complexes (errors in the last significant figures are given in the
parentheses) and the correlation coefficief®d.(Designations of the samples and model complexes correspond to those in Table 1. Experimental and
calculated spectra and fit residues are shown in Figure® $Be shapes of the calculated spectra are significantly different from those of the experimental

spectra (Figure S8).

improvement in the fit whemA17 (a polynuclear hydroxo-
carboxylate, Table 1) was included into the model (Table 2 and
Figure S8). This observation is consistent with the detection of
Cr...Cr interactions in the XAFS spectrum of the sampg
(reported previously}® The average CrCr distances irB3,
calculated by single-scattering fitting of the XAFS spectrum,
were close to those iA17.18

In addition to the three-component mod&PR(+ A12 + A13,
model 1 in Table 2), good fits for most of the sampl84.¢
B11 andB13) were obtained with the use of only two model
componentsA10 and A12 (model 2 in Table 2). However,
inclusion of the A2 component into the models led to a
consistent improvement in the fits for all of the samples, except
for B4 (compare thd=? values for the models 1 and 2 in Table
2 and the fit residues in Figure S8). Notably, inclusionA&f
into the regression analyses led to the exclusioAd in favor
of A13.

In agreement with visual comparisons and principal compo-
nent analyses of XANES spectra, the largest differences in
models compared with the whole-cell samples (suclB )
were observed for the LMM fractions isolated from Cr(VI)-
treated cells B12ab) and for the products of the in vitro
reactions of Cr compounds with cell lysat&14-B17). Regres-
sion results (Table 2) point to significant increases in the
proportion of hydrolysis-related donor groups (aqua, hydroxo,
or bridging carboxylato; model&l, A2, or A17, respectively)
in such samples compared with those of whole Cr(VI)-treated
cells.

In addition to the models using well-characterized Cr(lll)
complexes (Table 2), a XANES spectrum of whole Cr(VI)-
treated A549 cellsB1a) was fitted with a combination of the
spectra of subcellular fractions isolated from such cells. The

+ 0.28B11+ 0.5/B123), was significantly different from that
observed experimentally (Figure S6f in Supporting Information).
The main difference between the spectraBdfr and B1* (as
well as between those &laandB12a,l Figure 2) was in the
edge position, which is sensitive to the nature of the donor
groups (Figure #f and points to changes in the coordination
environment of Cr(Ill) during the cell lysis.

Multiple-Scattering Modeling of XAFS Spectra of Cr(VI)-
Treated Cells.Previous XAFS spectroscopic studies of Cr(VI)-
treated A549 cell$ revealed time-dependent changes in the
spectra, which were attributed to a decrease inr@rinterac-
tions at longer treatment times. In the present study, more
detailed XAFS data analysis was performed for a sample of
A549 cells treated with Cr(VI) (0.10 mM) fo4 h at 310 K
(Blbin Table 1), i.e., under the conditions when no significant
effect of Cr—Cr interactions on the spectra was expecfea.
the previous studi® only single-scattering (SS) XAFS modeling
was possible, due to the lack of knowledge on the nature of
Cr(ll)-binding ligands. In this work, multiple-scattering (MS)
XAFS models of the most likely Cr(lll) binding sites in Cr-
(VI)-treated cells were proposed, based on the results of XANES
data modeling, namely H-free forms of triacetatobis(ethylami-
ne)imidazole-chromium(lll) and tetraacetatobis(ethylamine)-
chromium(lll) (models 1 and 2 in Table 2 and Chart 1). These
models lead to equally good fitfRk(= 13.6% and 14.0% for
models 1 and 2, respectivel§)of the XAFS spectrum for the
sampleB1b. The fitting results for model 1 (Chart 1) are shown
in Figure 3b,c, those for model 2 are shown in Figure S9
(Supporting Information), and details of the applied multiple-
scattering (MS) XAFS models are given in Tables—%&2,
Supporting Information. The values of bond lengths and angles

distribution of Cr between the subcellular fractions, as measuredin the ligands were restrained during the calculations to be within

by GFAAS, was as follows: nucleic fractioB{0), 13 + 2%;
HMM fraction (B11), 29+ 4%; and LMM fraction B12a), 57
+ 5% (h = 3). A “reconstructed” spectrum of Cr(lll) in whole
Cr(VI)-treated cells, based on this distributidil¢ = 0.1310

0.02 A and 2, respectively?®74to those determined by X-ray
crystallography for Cr(lll) amino acid complexes (Table 8%

The optimized values of the €tigand bond lengths (1.95
1.96 A for Cr—0O and 2.02-2.04 A for Cr—N, Table S3) are in
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Figure 3. Experimental and calculated XANES (a), XAFS (b), and Fourier
transform (FT) XAFS (c) spectra of Cr(VI)-treated A549 cells (saniil®

in Table 1). Calculations were performed according to model 1 in Table 2
(for the XANES spectra) or in Chart 1 (for the XAFS spectra). Details of
the XAFS calculations are given in the Tables-S2, Supporting
Information.

agreement with the X-ray crystallography d4f&(these values,

as well as those of bond angles around the Cr(lll) ion, were
not restrained during the calculations). No significant differences
in the MS XAFS fits were observed for various geometric
isomers of the proposed models (similarly to other Cr(lll)
complexes with carboxylato ligand¥) Thus, MS XAFS data
fitting for the sampleB1b (Figure 3b,c and S9 and Tables-S2
S4) supported the results of XANES data modeling (Table 2),
pointing to preferential binding of Cr(lll) to amino acid residues
in Cr(VI)-treated mammalian cells, but it did not distinguish
between two of the possible coordination modes (models 1 or
2 in Chart 1).

Comparison of Spectral Data for Cr(VI)-Treated A549
Cells and Chromodulin. As shown in Figure 2, XANES spectra
of two independent preparations of the LMM3J0 kDa) fraction
of Cr(VI)-treated A549 cellsB12a,bin Table 1), acquired at
different synchrotron sources (SSRL or ANBF) and processed
with the use of different softwar€;’® were not significantly

(85) Madafiglio, K.; Manning, T. M.; Murdoch, C. M.; Tulip, W. R.; Cooper,
M. K.; Hambley, T. W.; Freeman, H. CActa. Crystallogr.199Q C46,
554-561.

1072 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007

Chart 1. Models Used in MS XAFS Fitting of the Coordination
Environments of Cr(lll) in Cr(VI)-Treated A549 Cells (sample B1b
in Tables 1 and 2)

Model 1

different (in the 5986-6020 eV range) from that of the
published XANES spectrum of chromodufin(C in Table 1

and Figure 2). A slight difference between sampd®a and

C at >6020 eV (Figure 1b) was probably due to a difference
in the background subtraction procedufea close similarity

of the XANES spectra oB12ab and C was confirmed by
principal component analyses (showing a close correlation
between the sampld®12a B12b, andC, Figure S7) and by
similar models for these samples obtained from the regression
analyses (Table 2).

The X-band EPR spectrum &12b (77 K, frozen aqueous
solution) possessed a dominant broad signal at2 and two
weak signals agj ~ 5, similarly to the reported EPR spectrum
of C at 4 K (Figure 4a). The XAFS and Fourier transform
(FT) XAFS spectra oB12b (a freeze-dried solid at 295 K) also
closely matched the corresponding spectr@ ¢frozen aqueous
solution; 15 K)!* as shown in Figure 4b,c. The published results
of SS XAFS data analyses for chromoddlirsuggested the
presence of six O/N donor atoms in the first coordination shell
of Cr(lll) (at an average distance of 1.98(2) A), five C atoms
in the second coordination shell (average Cr...C distance, 3.12-
(2) A), and two different C+Cr shells (0.5C+Cr at 2.79(2) A
and 1CkCr at 3.79(2) A). However, SS XAFS fittings are likely
to overestimate the degree of-&Cr interactions in biological
Cr(lll) complexes, since they do not take into account the MS
contributions from carboxylato groups, which are probably the
most abundant donor groups for Cr(lll) in biological media, as
shown by the XANES and XAFS data fittings for the sample
Blb (Table 2, Chart 1 and Figure 3b,c). No attempts of MS
XAFS data analyses foB12b were made, since this sample
probably represents a mixture of hydrolysis products of CrlI)
protein complexes (see Discussion). In summary, XANES,
XAFS, and EPR spectroscopic data (Figures 2 and 4) point to
a close similarity of the coordination environment of Cr(lll) in
chromodulin to that in the LMM fraction isolated from Cr(VI)-
treated A549 cells (sampl@&l2ab) but not to that in the intact
cell samplesB1la,b).

EPR Spectroscopy of Cells during the Cr(VI) Uptake.In
agreement with previous studi#&s®® X-band EPR signals of
Cr(V) intermediates in Cr(VI)-treated cells at 295 K could only
be observed during the reactions of concentrated cell suspensions
(~2 x 107 cells in 0.25 mL HBS) with high concentrations of
Cr(VI) (=0.50 mM). Typical spectra for various cell lines are

(86) Weng, T.-C.; Waldo, G. S.; Penner-Hahn, JJESynchrotron Rac2005
12, 506-510.

(87) Sugiyama, M.; Tsuzuki, K.; Hidaka, T.; Ogura, R.; Yamamoto,Bifl.
Trace Elem. Resl991, 30, 1-8.

(88) Witmer, C.; Faria, E.; Park, H. -S.; Sadrieh, N.; Yurkow, E.; O'Connell,
S.; Sirak, A.; Schleyer, HEnviron. Health. Perspect. Suppl. 394 102
169-176.
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Figure 4. Comparison of EPRa), XAFS (b) and FT XAFS €) spectra of
the LMM fraction of Cr(VI)-treated A549 cells with the literature data for
chromodulif! (samplesB12bandC in Table 1). A feature designated with
an asterisk is an artifact due to the trace Mn absorption édgae FT
XAFS spectrum for the samplB1lb (black line inc) was obtained by
limiting the k range to 12 AL, The chromodulin figures were reproduced
with permission from ref 11.
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Figure 5. X-band EPR spectra (295 K) of cell suspension® (x 107

cells in 0.25 mL PBS) in the presence of Cr(VI) (0.50 mM), averages of
20 scans, reaction time +@0 min. A549-DHA are A549 cells treated with
dehydroascorbate (see Table 1 and Experimental Section). Assignments of

shown in Figure 5, and the assignments of the EPR signalsthe signals are shown in Chart 2.

(based on the literature datagre given in Chart 2. No EPR

signals were detected in the absence of Cr(VI). For all of the
cell lines used (not pretreated with dehydroascorbate), the ob-

served signals were those of Cr(V)-thiolato complexgs €
1.9858, proposed structuten Chart 2, glutathione is the most
likely ligand)®® and those ofO-donor ligands (carbohydrates
and 2-hydroxycarboxylategiso = 1.9793-1.9797,2 in Chart
1) 9% Kinetic studies for the reaction of Cr(VI) with A549 cells

(reported elsewher¥)showed an increase in relative concentra-

tions of specie® versusl with time (in agreement with the
literature data for Cr(VI) reactions with red blood cefisThese

time-dependent changes are due to ligand-exchange reactions
of Cr(V) thiolato complexes, leading to thermodynamically more

favorable Cr(V)-carbohydrate complexé&&:%°

Chart 2. Assignment of EPR Signals? for the Reactions of Cr(VI)
with Intact Mammalian Cells (Figure 5)

R? R? —e
|SR R Ao R1\\)\° o 0 |
H0, v o_lv olv "\ OH
_cr=0 >cr=0 Scr=0 0Ny
| o7 | |

o -
S/Sro OH
R Giso = 2.0046

R = glutathione residue 0 e oublet)
Giso = 1.9858 R', R? = glycoprotein R® = 2-hydroxy- 3
residues carboxylato
Giso = 1.9797 residues
Giso = 1.9790

2 (mixtures of species)

Pretreatment of A549 cells with dehydroascorbate (2.0 mM species. This change in EPR-active species points to a switch

for 90 minf® before the addition of Cr(VI) led to a marked

from glutathione to ascorbate as a main Cr(VI) reductant in

change in the EPR spectra (Figure 5), with the ascorbyl radical A549 cells after the pretreatment (which increased the intrac-

(giso = 2.0046,3 in Chart 2§3 becoming a dominant EPR-active

(89) Levina, A.; Zhang, L.; Lay, P. Anorg. Chem.2003 42, 767—784.

(90) Codd, R.; Irwin, J. A.; Lay, P. ACurr. Opin. Chem. Biol2003 7, 213—
219.

(91) Levina, A.; Lay, P. ACoord. Chem. Re 2005 249 281-298.

(92) Sakurai, H.; Takechi, K.; Tsuboi, H.; Yasui, Bl Inorg. Biochem1999
76, 71-80.

(93) Laroff, G. P.; Fessenden, R. W.; Schuler, RJHAm. Chem. Sod.972
94, 9062-9073.

ellular ascorbate concentration fron® to ~1 mM).%% Notably,

this metabolic change did not affect the XANES spectra of Cr-
(VI)-treated A549 cells (samplB6 vs Blain Tables 1 and 2
and Figure S6). By contrast, XANES spectra of the Cr(lll)
products formed during the reactions of Cr(VI) (5.0 mM) with
excess glutathione or ascorbate (50 mM) in aqueous solutions
(pH 7.0-7.5, adjusted with NaOH, 15 h at 310 K) were
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significantly different from each other and from the spectra of data for the Cr(VI) treatments of ascorbate-deficient and

Cr(lll) in Cr(VI)-treated cells (Figure S6). ascorbate-loaded A549 cells (sampkk and B6 in Table 2
_ _ and Figure S6). These data show that glutathione and ascorbate
Discussion (the main Cr(VI) reductants in the respective types of cells) are

The results of multiple linear regression analyses of XANES not the'main ligands in the resultant Cr(llh complexe§ in intact
spectra (Table 2 and Figure S8), together with the MS XAFS tclfllzpsgce thte ckll:gnge |5n :jhe typet O?rre??ﬁtam ((Ttv'd??(;\fl:loég
fittings (Chart 1 and Figures 3b,c and S9), point to amino acid € spectra, Figure 5) does not affect the resultan

residues (carboxylato, amine, and imidazole) as the most likely spt))ec_tra.d Ey cc;]ntr_ast,_ XA(‘:NIi/SI spdectr_a ober(llll) E.rOdUCtS
donor groups for Cr(lll) in Cr(VI)-treated mammalian cells obtained from the in vitro Cr(V1) reductions by glutathione or

(regardless of the species or organ of origin; samplesB9 ascorbate were significantly different (Figure S6).
in Table 1), although smaller amounts of hydroxo or agua An increase in the proportion of LMM Cr(lll) complexes due

ligands are also likely to be present. These results are consistent® the partial hydrolysis of Cr(lIt)-protein complexes during
with the dominance ob-donor ligands in biological Cr(ll) the subcellular fractionation of Cr(VI)-treated cells reflects a

complexes, which was suggested based on the comparison openeral proble_m of hydr_olysis and redistribgtion of metal ior_1
edge energies with those of model complexes (Figure 1). complexes during analytical procedures, which greatly compli-

Structures in Chart 1 represent average, rather than unique,cates the metal speciation studies in biological and environ-

coordination environments of Cr(lll) in Cr(Vl)-treated mam- mental sample$: Comparison of XANES spectra of metal ions
malian cells, although it is likely that they are dominated by N Whole samples with a combination of spectra of separate
one or a few similar environments given the similarity of the fractions (taking into account the metal distribution between

spectra from different cell lines. By contrast, oxalato and acetato 1€ fractions) can be used as an efficient diagnostic tool for
groups have been suggested as the most likely Cr(lll) ligands changes in chemical states of metal ions caused by analytical
in Cr(Vi)-treated plant cells, based on the analyses of their Procedures. . .
XANES spectr@? The predominant coordination modes of Cr- The close similarity between the LMM cytoplasmlp fraction
(Ill) in the animal cell nuclei (containing 1015% of the total ~ ©f Cr(V)-treated A549 cellsE12ab) and chromodulin €)'
cellular Cr under the studied conditions) are likely to be similar that was established by comparisons of Cr K-edge XANES and
to those in the whole cells, as shown by a close similarity of XAFS, and EPR spectroscopies (Figures 2 and 4) is not
XANES spectra of sampleBlab, B10, andB13 (Table 2 and surprising given that chromodulin has been isolated by size-
Supporting Information). A slight difference for samyB&3is exclusion and ion-exchange chromatographies as an anionic
likely to be caused by partial hydrolysis of the Cr complexes ITMM Cr(lll)-contaln_lng fraction from the reaction of bovine
during the more lengthy isolation procedure compared with that liver homogenate with Cr(VI)? Hence they are expected to be
used for sampld®10 (see Experimental Section). The charac- the same species. Moreover, since the Cr K-edge XANES of
teristic XANES spectra of intact Cr(VI)-treated cells were not POth the lung A549 cells and the liver HepG2 cells treated with
matched by those for the samples obtained from the in vitro Cr(Vl) were very similar, the same species is expected to be
reactions of Cr(VI) or Cr(lll) compounds with cell lysate or its 1Solated using the same procedures from either cell line.
fractions (sampleB14—B17in Tables 1 and 2 and Figure S6), Although the chemical nature of Cr(lll) in the LMM cellular

which points to the existence of specific metabolic pathways fraction requires further characterization, it is highly unlikely
for Cr(VI) in living cells. to consist of a single well-defined Cr(Ill) complex, as suggested

for chromodulint! Chromodulin also does not represent the
coordination environment of Cr(lll) in intact Cr(VI)-treated
mammalian cells (as shown by the comparison of XANES and
XAFS data for the sampleBla,b and C in Figures 2-4).
Results of the present work strongly support the previous
hypothesi'?that the main source of chromodulin is an artifact
of the reported isolation procedute.

Cell treatment conditions used in most of the experiments
(0.20 mM Cr(VI) for 4 h at 310 K,Table 1) did not lead to
acute toxicity but completely abolished cell propagation (0%

Lysis of Cr(VI)-treated A549 cells, followed by separation
of the cytoplasmic fraction into HMM and LMM components
(~30 kDa cutoff), leads to a distribution with60% of the total
cellular Cr in the LMM fraction (sampleB12ab). The
coordination environment of Cr(lll) i812ab is significantly
different from that of Cr in intact cells (sampkla,b), which
is reflected in different XANES and XAFS spectral shapes
(Figures 2-4). The regression modeling for the sam@d2ab
implied partial replacement of the amino acid donor groups with
aqua ligands (componeAtL, Table 2). These changes are likely X e A
to occur due to the hydrolysis of cellular Cr(Ill) complexes Clonogenic survival}? Slight changes in XANES spectra were
during the lysis and separation procedures, since a combinatiorPPServed for the 20-min treatment (samplein Tables 1 and
of XANES spectra of the lysate fraction8X0—-B12, in the 2 and Figure S6), which led t&100% plgnogenlc survival of
proportions corresponding to the relative Cr content in these the cells;® but these data are more difficult to analyze due to

fractions) could not reproduce the original XANES spectrum the high noise levels. Future studies will concentrate on the
of intact cells (Figure S6) nature of Cr species formed during the prolonged treatments

A comparison of XANES spectra of intact Cr(VI)-treated cells r:;'ttr;]Zﬁ;ﬁb?;’:_dgts:;ig{iEr(ggégglgp g:gl:;kgéyn:ootsjiézsevant
and the nucleic, HMM and LMM fractions of their lysate P 9 P '

(samplesB1 andB10—B12 in Table 2 and Figures 2 and S6) In summary, the results of this. study show a great potelntial
provides strong evidence that the main part of Cr(Ill) formed of XANES spectroscopy for studies on the biotransformations

in Cr(VI)-treated cells (including the cytoplasm and the nuclei) of exagenous metal ions, such as Cr(Vl), in cultured cells.

is bound to HMM ligands (probably proteins). This analysis iS 44y 521, medel, A ; Soldado Cabezuelo, A. B.; Mia®.; Bantan Polak, T.
supported by a comparison of XANES and EPR spectroscopic Coord. Chem. Re 2002 228, 373-383.
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