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Abstract: The first systematic study on the roles of i@ the reactions of Cr(VI/V/IV) with major intracellular
reductants, cysteind), glutathione ), and ascorbic acid3] as well as with vitamin E analogue Trolo#)(

has been performed. The reactionslef3 with Cr(VI) (agueous buffer solutions, pH 4.5-7.5, 25°C) led

to a slow Q consumption (measured by a Clark oxygen electrode). The reactidrs3ovith the relatively

stable Cr(V) and Cr(IV) 2-ethyl-2-hydroxybutanoato complexes under the same conditions were accompanied
by fast @ consumption. The @consumption during the reactions of Cr(VI/V/IV) with—3 did not lead to

a significant accumulation of #D, (determined with catalase). No significant @nsumption was detected

for the reactions of Cr(VI/V/IV) with4. To reveal the

mechanisms of @ctivation, the kinetics of the Cr-

(V/IV) reactions with1—4 at pH 4.5 and 7.5 were studied by stopped-flow thisible spectrophotometry;

and the kinetic data were processed by the global analysis method. The stoichiometries and products of these
reactions were studied by UWisible, CD, and EPR spectroscopies. The proposed mechanisgeeti@ation

includes oxidations 0f—4 by Cr(V/IV) to produce organic radical intermediates, which then react witmO

chain processes. No evidence was found for the direct activation bly@e Cr compounds. Implications

of the proposed mechanism to the DNA damage induced by the C{V&ductantt- O, systems have been

discussed.

Introduction

Chromium compounds are among the most important oc-
cupational carcinogens found in industryThe ability of Cr-
(VI) to oxidize biomolecules with the formation of Cr(lll)
complexes is believed to be responsible for the mutagenicity
and carcinogenicity of Cr(VI§. However, neither Cr(VI) nor
Cr(lll) alone cause appreciable DNA damage (which is a
necessary but not sufficient first step en route to caricer).
Wetterhahn and co-workeérfirst proposed that reactive Cr(V)
and Cr(IV) intermediates, formed during the course of Cr(VI)
reactions with intracellular reductants, may be the DNA-
damaging species. Indeed, treatments of isolated DNA with
Cr(VI) in the presence of reductants (such as AsA or GSH) led
to various kinds of DNA damage, including single strand breaks,
and formation of Cr(llI)>-DNA complexes and DNA protein
cross-links® The abilities of the relatively stable Cr(V) and
Cr(IV) 2-hydroxycarboxylato complexes to cleave DNA in vitro

(1) Abbreviations: AsA= L-ascorbic acid; Cys= L-cysteine; DHAA
= L-dehydroascorbic acid; DMP& dimethyl-1-pyrrolineN-oxide; DMSO
= dimethyl sulfoxide; ehbaii= 2-ethyl-2-hydroxybutanoic acid; GSH
glutathione {-glutamylcysteinylglycine); HEPES- N-[2-hydroxyethyl]-
piperazineN'-[2-ethanesulfonic acid]; Red reductant; SOB= superoxide
dismutase; Trolox= 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid.

(2) IARC. Monographs on the:&luation of the Carcinogenic Risk of
Chemicals to Humans. Vol. 49. Chromium, Nickel and Wejdiigrnational
Agency on the Research of Cancer: Lyon, France, 1990.

(3) For the recent review of the problem, see: (a) lalessolonka, M.
Polyhedron1996 15, 36673689. (b) Kortenkamp, A.; Casadevall, M;
Da Cruz Fresco, P.; Shayer, R. O.NIATO ASI Series, Ser. 2997, 26,
15-34. (c) Stearns, D. M.; Wetterhahn, K. EATO ASI Series, Ser. 2
1997, 26, 55-72, and references therein.

(4) Connett, P. H.; Wetterhahn, K. Btruct. Bond. (Berlin)1983 54,
93-124.
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and to cause mutations in both bacterial and mammalian cells
have been first established by Lay and co-workeRecent
results of Shi et a.show that Cr(V) complexes are generated
in living organisms exposed to Cr(VI), which supports the
hypothesis about the role of Cr(V) (and possibly Cr(1V))
intermediates in Cr(VI)-induced genotoxicities.

Experimental evidence is mounting for a role of molecular
oxygen in Cr-induced genotoxicities. Sugden etfalund that
Cr(VI)-induced mutations in certain strains 8almonellaare
observed only in the presence of.OKortenkamp and co-
worker$ have shown that the absence of @r the presence
of catalase) strongly reduces the in vitro DNA damage induced
by the Cr(VI) + AsA and Cr(VI) + GSH systems. These
authors initially suggested that hydroxyl radicals formed jn O
dependent Fenton-like reactions were the ultimate active species
in the abovementioned systefhddowever, further studies have
shown that the nature of the DNA damage observed is

(5) (a) Farrell, R. P.; Judd, R. J.; Lay, P. A,; Dixon, N. E.; Baker, R. S.
U.; Bonin, A. M. Chem. Res. Toxicol989 2, 227—-229. (b) Barr-David,
G.; Hambley, T. W.; Irwin, J. A,; Judd, R. J.; Lay, P. A.; Martin, B. D.;
Bramley, R.; Dixon, N. E.; Hendry, P.; Ji, J.-Y.; Baker, R. S. U.; Bonin, A.
M. Inorg. Chem1992 31, 4906-4908. (c) Dillon, C. T.; Lay, P. A.; Bonin,
A. M.; Cholewa, M.; Legge, G. J. F.; Collins, T. J.; Kostka, K.Chem.
Res. Toxicol1998 11, 119-129.

(6) (a) Liu, K. J.; Shi, X.; Jiang, J.; Goda, F.; Dalal, N.; Swartz, H. M.
Ann. Clin. Lab. Sci1996 26, 176-184. (b) Liu, K. J.; Mader, K.; Shi, X.
L.; Swartz, H. M.Magn. Res. Medl1997, 38, 524-526.

(7) Sugden, K. D.; Burris, R. B.; Rogers, S.Mutat. Res199Q 244,
239-244.

(8) (a) Da Cruz Fresco, P.; Kortenkamp, Barcinogenesid994 15,
1773-1778. (b) Kortenkamp, A.; Casadevall, M.; Faux, S. P.; Jenner, A,;
Shayer, R. O. J.; Woodbridge, N.; O’'Brien, Rech. Biochem. Biophys
1996 329, 199-207.

(9) Kortenkamp, A.; Oetken, G.; Beyersmann,Nlutat. Res199Q 232,
155-161.

© 1998 American Chemical Society

Published on Web 06/27/1998



Chromium(VI/V/IV) with Biological Reductants

inconsistent with the action 0OH.3?8.10 The extent of DNA

damage was correlated to the presence of both Cr(V) intermedi-

ates (observed by EPR spectroscopy) and Which led to
suggestion that the possible DNA-damaging species are Cr(V,
IV) peroxo or superoxo complexés81l Recently, Zhang and
Lay'?reported the EPR spectroscopic evidence for the formation
of Cr(V) peroxo and peroxeascorbato complexes during the
Cr(VI) reduction by AsA in aerated aqueous media. Maximal
concentrations of Cr(V) peroxo species correspofieith the
conditions of maximal DNA damage in vitro by the Cr(\W)
AsA system®

Reported evidence for the,@ctivation in the Cr(VIH+ Red
reactions under biologically relevant conditions includes (i)
epoxidation of olefins by the Cr(VI}- GSH + O, system?
and (ii) O, consumption during the reactions of Cr(VI) with
GSHWY%2as well as with a less common intracellular reductant,
o-lipoic acid* To our knowledge, no other examples of O
consumption during the reductions of Cr(VI/V/IV) were re-

J. Am. Chem. Soc., Vol. 120, No. 27, B39%

protein) and superoxide dismutase (EC 1.15.1.1, 4950 units/mg protein),
(all Sigma); DNA sodium salt (from fish sperm; ICN Biomedicals);
NaCrOs-4H,0, NaHPO-H,O, CHCOONa, HO, (30% aqueous

ssolution), NaCIQ-H-0, NaOH, and HCI@ (all Merck). The Cr(V)

complexes, Na[CiO(ehba)]-H,O and K[Cr¥(0O,),], were synthesized
by known methodd%?! and their purities were confirmed by UV
visible and EPR spectroscopies. Water was purified by the Milli-Q
technique. All buffer solutions were stirred overnight witi0 g L™t
of Chelex 100 chelating resin (Bio-Rad, analytical grade). The purified
buffers were assessed for the traces of catalytic metals using Buettner's
ascorbate methodd. The achieved purity of the buffers corresponded
to <0.5uM Fe.

Dissolved Oxygen Measurements.A Clark-type oxygen micro-
electrode with a working volume of-15 mL and a response timel
s (Rank Brothers Ltd, Cambridgeshire, UK), connected to a MacLab/
2e recorder, was used to follow the changes c@ncentrations in
the reaction solutions. The time between measurements was 1.5 s, and
the results were independent of the stirring rate in the range2@0
s 1 (15 st was used in most experiments). The electrode was calibrated
as percent of air saturation; 0% corresponds to the solutions saturated

ported, although this is one of the most general and convenientwith O,-free Ar. Unless stated otherwise, the dissolvedh@asure-

methods for the studies of @ctivation mechanisns.

ments were carried out at 256 0.1 °C, under atmospheric pressure of

Because of the extensive speculation in the literature as to @i, in solutions containing 1.0 M NaClO Under these conditions,

the role of Q activation in in vitro (and by implication in vivo)
Cr-induced genotoxicities,we have undertaken systematic
studies of the effects of £Qon biologically relevant Cr redox
chemistry. The current work presents the first study of O
consumption during the reactions of Cr(VI/V/IV) with major
biological reductants: Cys, GSH, and AsAs well as with
Trolox, a water-soluble analogue of vitamin E and a standard
antioxidant in biochemical studiés. To reveal the likely
mechanisms of @activation, global kinetic analys€s'8of the
Cr(V/IV) reactions with the abovementioned reductants were
performed.

Experimental Section

Caution. As(lll) and Cr(VI) compounds are human carcinogé#s,
and Cr(V) complexes are mutagenic and potentially carcinogenic.
Contact with skin and inhalation must beaded.

Reagents. The following commercial reagents of analytical grade
were used for the preparation of the reaction solutions;O4sAs;Os,
L-dehydroascorbic acid, 5,5-dimethyl-1-pyrrolifNeoxide, dimethyl
sulfoxide, 5,5-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent), glu-
tathione (reduced form), 2-ethyl-2-hydroxybutanoic acid a@Rd({)-
Trolox (all Aldrich); L-ascorbic acid from BDH Biochemicalk:cys-

teine, HEPES hemisodium salt, catalase (EC 1.11.1.6, 2900 units/mg

(10) Observation of the characteristic EPR spectra of DMBB-adducts
is often reported as the evidence for the formationQ@ifl radicals in the
Cr(VI) + Red+ O, + DMPO systems, for example: (a) Liu, K. J.; Shi,
X.; Dalal, N. S.Biochem. Biophys. Res. Commu997, 235 54—58.

saturation with air corresponds to O= 0.178 mM?® Typical
conditions for the @ consumption measurements were [Gi] 0.20
mM; [Redl, = 5.0 mM (Red= Cys, GSH, AsA, or Trolox); 0.10 M
buffer (acetate, pH= 4.50+ 0.05 or HEPES, pH= 7.50+ 0.05; the

pH values were measured after demetalation of the buffers). The
reactions of Cr(VI/V/IV) with DNA were carried out at [Gy}= 0.20
mM; [DNA]o=2.0g L% 37+ 0.1°C; in 0.10 M phosphate (pH 7.0)

or 0.050 M acetate (pH 3.8)buffers in the absence of NaCJOIn a
typical experiment, 3.0 mL of buffer solution was allowed to thermostat
and equilibrate for 15 min, and then the solution was isolated from air
and 5-50 uL of concentrated Cr and Red solutions were injected.
Control experiments included the, @onsumption measurements for
the Cr(VI/V/IV) + buffer and Red+ buffer systems. Reductant
solutions were prepared daily and kept under Ar. Stock solutions of
Cr(V) (Na[CMO(ehba)]) in DMSO were stable for several weeks
(checked by UV-visible spectroscopy® Stock solutions of Cr(IV)

(20 mM) were preparee-30 s before use in the reactions of 20 mM
Cr(VI) with 200 mM As(lll) in the presence of 1.0 M ehbaldt pH

3.0; the concentrations of Cr(IV) were checked by ‘Wsible
spectroscopy®?’

Evolution of G after the addition of catalase was used to assess the
formation of HO; in the Cr(VI/V/IV) + Red+ O, reactiong® The
experimental procedure is illustrated by Figure 1. Addition of Cr(V)
to a solution of AsA caused a fast©@onsumption (point 2).

(19) (a) Leonard, A.; Lauwerys, R. Rlutat. Res198Q 75, 49-62. (b)
Leonard, A.; Lauwerys, R. RMutat. Res198Q 76, 227—239.

(20) Krumpolc, M.; Réek, J.J. Am. Chem. So&979 101, 3206-3209.

(21) Brauer, GHandbook of Preparatie Inorganic Chemistry2nd ed.;
Academic: New York, 1963; Vol. 2, p 1391.

(22) Buettner, G. RMethods Enzymoll99Q 186, 125-127.

However, analogous EPR signals can be observed due to the direct reactions (23) Khomutov, N. E.; Konnik, E. IZh. Fiz. Khim 1974 48, 620-625;

of DMPO with Cr in high oxidation states: (b) Judd, R. J. Ph.D. Thesis,
University of Sydney, 1992. (c) Sugden, K. D.; Wetterhahn, Klrérg.
Chem 1996 35, 651-657.

(11) Intermediate formation of the relatively stable Cr(V/IV) complexes
with Oy-derived ligands is well-known for the Cr(VH- H,O; reactions:
(a) Dickman, M. H.; Pope, M. TChem. Re. 1994 94, 569-584, and
references therein. (b) Zhang, L.; Lay, P.lAorg. Chem 1998 37, 1729~
1733.

(12) (a) Zhang, L.; Lay, P. AJ. Am. Chem. Sod 996 118 12624~
12637. (b) Zhang, L.; Lay, P. Al. Biol. Inorg. Chem.submitted.

(13) O'Brien, P.; Woodbridge, NPolyhedron1997, 16, 2897-2899.

(14) Chen, F.; Ye, J.; Zhang, X.; Rojanasakul, Y.; ShiAxch. Biochem.
Biophys 1997, 338 165-172.

(15) Trudgill, P. W. INCRC Handbook of Methods for Oxygen Radical
ResearchCRC Press: Boca Raton, FL, 1985; pp 32812.

(16) Rice-Evans, C.; Miller, N. Methods Enzymoll994 234, 279—
293.

(17) (a) Maeder, M.; Zuberbuhler, A. \nal. Chem199Q 62. 2220~
2224. (b) Beechem, J. Mlethods Enzymoll992 210, 37—55. (c) Henry,

E. R.; Hofrichter, JMethods Enzymoll992 210, 129-192.
(18) Lay, P. A.; Levina, Alnorg. Chem 1996 35, 7709-7717.

English trans.:Rus. J. Phys. Chem 974 48, 359-362.

(24) The reactions of Cr(V) and Cr(IV) ehba complexes with plasmid
DNA in 0.050 M acetate buffer, pH 3.8, 3T led to the extensive DNA
cleavagéab

(25) Stability of [CV¥O(ehba)]~ in DMSO solution is described in the
following: Judd, R. J.; Hambley, T. W.; Lay, P. A. Chem. Soc., Dalton
Trans 1989 2205-2210. The additions of DMSO<(5% vol.) did not
significantly affect the results of the;@onsumption experiments.

(26) Generation, stability and UWisible spectra of Cr(IV)-ehba
complexes are described in the following: (a) Ghosh, M. C.; Gould, E. S.
Inorg. Chem 1991, 30, 491-494. (b) Codd, R.; Lay, P. A.; Levina, A.
Inorg. Chem 1997, 36, 5440-5448.

(27) Due to the method of Cr(lV) preparation, the solutions for the typical
Cr(lV) + Red reactions contained 0.80 mM As(lll), 0.20 mM As(V), and
10 mM ehba. Preliminary experiments have shown that the addition of As-
(1) (=5 mM), As(V) (0.5 mM) and ehba<20 mM) did not significantly
affect the results of the £consumption experiments.

(28) Preliminary experiments have shown that the activity of catalase
(assessed by the rates of &volution after the addition of #D,) did not
change in the presence of 1.0 mM of Cr(VI), Cr(V), or Cr(IV) (gH7.0—

7.5).
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1 ) kinetic data was performed by a global analysis method using Pro-
J Kineticist software’® as described previoushj.

Stoichiometry Studies. Reactions of 0.20 mM Cr(V/IV) with
0.050-0.80 mM Red were performed in Ar-saturated solutions at 21
=+ 1 °C (other conditions corresponded to those of the@sumption
experiments). After completion of the reaction, 0.20 M NaOH was
added to achieve a rapid disproportionation of unreacted Cr(V/IV) to
Cr(VI) and Cr(l1).28> The UV-—visible spectra were then recorded on
a HP 8452A diode-array spectrophotometer and the reaction stoichi-
ometries were determined from (i) the disappearance of Cr(VI)
absorbance at 372 nne®(? = 4.81 x 10®* M~ cm )34 and (i) the
appearance of the absorbance due to unreacted Red -a8300hm.

The ratio A[Red]/A[O,] was determined for the reaction of 1.0 mM
Cr(V) with 2.5 mM Cys (0.10 M HEPES bulffer, pH 7.5, 26, reaction
time 5 min). TheA[Red] value was determined as a difference in
amounts of Cys (measured spectrophotometrically with Ellman’s
L L L reagentimax= 412 NnM,emax= 1.4 x 10* M~* cm1)% remaining after
0 250 500 750 the reactions with Cr(V) in Ar- and air-saturated solutions. The
Time, s [O] value was estimated from ronsumption during the Cr(V}-
Cys reaction in air-saturated solution g@= 0.18 mM). Control
experiments in the absence of Cr(V) showed that the decrease in [Cys]
due to its autoxidation was insignificant over the time scale of the
reaction.

Circular Dichroism (CD) Spectroscopy. The CD spectra of the

Cr(Ill) products obtained from the reactions of 5.0 mM Cr(VI/V/IV)

When the @ consumption was practically finished, catalase was With 125 mM }3ed (reaction time-3 min for Cr(V/IV) and~3 h for
added (point 3). This led to some @volution due to the decomposi- Cr(VI); 21 + 1 °C; other conditions correspond to the @nsumption

100

95
40

AN\ —
TANT

20

O,, % saturation

Figure 1. Test for the formation of KD, in the reaction of 1.0 mM
Cr(V) with 1.0 mM AsA in air-saturated solution (0.10 M HEPES
buffer; pH= 7.5; 1.0 M NaCIQ; 25 °C; [O2]o = 0.18 mM). Point 1:
buffer + AsA; point 2: Cr(V) added; point 3: 25 mg L catalase
added; and points46: 17 uM H,O, added.

tion of H,O,; the overall reaction wa% experiments) were recorded on a Jasco 710 spectropolarimeter. Typical
instrument settings weré = 350-650 nm; scan rate 500 nm/min;
+RH, catalase response time 1.25 s, and number of scans, 5. Noise reduction in the
O, -R 20, H,0 +0.50, @) resulting spectra was performed by a Fourier transform procedure in
Origin software®®
Calibration of [O;] was performed by sequential additions of®4 EPR Spectroscopy. The X-band EPR spectra were recorded on a
solution, that was standardized by iodometric titratofpoints 4-6 Bruker EMX spectrometer, equipped with an internal NMR gaussmeter
in Figure 1). The molar amounts of evolved Cbrresponded to 1/2 and a microwave frequency counter. The spectra were taken-at 21
of added HO; (Figure 1, eq 1). 1°C, using a flat quartz cell. Typical instrument settings were center
Kinetic Studies. The Cr(V/IV) + Red reactions were followed  field, 3500 G; sweep width, 200 G; resolution, 1024 points; microwave
under conditions that corresponded to those used for fle@@&umption frequency,~9.66 GHz; microwave power, 2 mW; modulation fre-

experiments (in air-saturated solutions). A SX-17 MV stopped-flow quency, 100 kHz; modulation amplitude, 0.27 G; time constant, 0.64
spectrophotometer (Applied Photophysics Ltd., Leatherhead, UK) with ms; sweep time, 5.24 s; number of scans, 20; receiver gair,QLx

a diode-array detector was used. Typically, 250 time-dependent spectraj(*. The spectra were processed with WIN-EPR softvare.
(logarithmic timebase, integration time 2.56 ms, deadtir@ems,/ = The presented data are the averaged results -63 Parallel
350-750 nm, resolution~1 nm) were collected in 500 s. In typical  experiments; the experimental errors for all of the used methods did
stopped-flow experiments, the solutions of Red:[Red]LO mM, 0.20 not exceed 10%.

M buffer, pH 4.6 or 7.6 (changed to 4.5 or 7.5 after mixing with the

acidic solutions of Cr(V/IV), see below), 1.0 M NaCjQvere mixed Results

in a 1:1 ratio with the solutions of 0.40 mM Cr(V) or Cr(IV) in 1.0 M

NaClQ,. The solutions of Cr(V) (Na[CiO(ehbay]) were acidified with Studies of G Consumption. Shown in Figure 2 are typical
HCIO,4 to pH 3.03! The solutions of Cr(IV) were prepared by the O, consumption kinetic curves for the reactions of Cr(VI/V/
reactions of 0.40 mM Cr(VI) with 2.0 mM As(lll) in the presence of IV) with Cys, GSH, AsA, or Trolox (0.10 M HEPES buffer,
20 mM ehbald, pH 3.0%® To minimize the influence of Cr(V/IV)  pH = 7.5)38 The Cr(VI)+ Cys reaction is characterized by a
decomposition, the solutions of Cr(V) and Cr(IV) were prepardd  gjgnjficant Q consumption with a pronounced induction period
min before use. Analogous experiments were performed in Ar-saturated(curve 1 at Figure 2a). The Cr(V/I\)- Cys reactions exhibit

solutions, using a SX-17 MV anaerobic accessory. Since Cr compounds . - .

are known to be light-sensitiv@the possible influences of UV radiation fast Gy cor?sun;pno?o%unng the flrsjt:l.o T:,_followgt()j by Sg’.""‘."lr
on their reactions were checked by (i) a comparison of kinetic data consumption for~ s (curves 1 in Figure 2b,c). Similar
obtained with the diode-array detectae(, using a white light beam,  features, except for much smaller amounts of consumgd O

200-750 nm) with those obtained from a monochromator (502 nm) are characteristic for Cr(VI/V/IV) reactions with AsA (curves

with photomultiplier detection and (ii) a variation of the slit width — - - - -
(0.5-2 mm). Most of the studied reactions (with the exception of the heé%3)5 r}? Kllggtéust Version 4.10Applied Photophysics Ltd.: Leather
Cr(V) decomposition at pH 4.5 in the absence of Red) did not show (321) Hau'pt, G. WNatl. Bur. Stand. Circ. (U.S.)952 48, 414-423.
any significant light dependence, probably because they were much (35) Ellman, G. L.Arch. Biochem. Biophys959 82, 70-77.
faster than the possible light-induced processes. Processing of the (36)Origin. Technical Graphics and Data Analysis for WindoWersion
4.1; Microcal Software Inc.: Northampton, U.S., 1996.
(29) Aebi, H.Methods Enzymoll984 105 121-126. (37)WIN-EPR Version 921201 Bruker-Franzen Analytic GmbH.:
(30) Vogel, A. I. Text-Book of Quantitate Inorganic Analysis. Theory Bremen, Germany, 1996.
and Practice 2nd ed.; Longmans, Green and Co.: London, U.K., 1953; pp (38) The kinetic curves of ©consumption (Figures 2, 3, S1, S3, S4)

348-349. were obtained by subtraction of backgroungd@nsumption (5.0 mM Red
(31) Acidic conditions (pH= 3—4) provided maximal stability of in the corresponding buffer) from the data for the 0.20 mM Cr(VI/V/iV)
[CrYO(ehba)] ~ in aqueous solutions: Krumpolc, M.; Relg J.Inorg. Chem 5.0 mM Red systems (in all cases, the background consumption during the
1985 24, 617-621. time of measurement was10% ). Such a subtraction is valid, since the
(32) Mitewa, M.; Bontchev, P. RCoord. Chem. Re 1985 61, 241— reactions were carried out with large excesses of Red. No significant O

272. consumptions were observed for the Cr(VI/V/IM) buffer systems.
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Figure 2. Typical O, consumption kinetic curves for the reactions of
(@) Cr(VI), (b) Cr(V), or (c) Cr(IV) with Cys (curves 1), GSH (curves
2), AsA (curves 3), or Trolox (curves 4). Conditions: [Ef 0.20
mM; [Redp = 5.0 mM; 0.10 M HEPES buffer; pH= 7.5; 1.0 M
NaClQy; 25 °C; [Og]o = 0.18 mM.

3 in Figure 2). However, two significant differences between
the reactions of Cys and AsA were observed. First, the Cr(V)
+ AsA reaction leads te-3 times greater amount of consumed
O, than the Cr(IV)+ AsA reaction, and the slow stage ot O
consumption is practically absent for the latter reaction (an
enlarged view is given in Figure S1, Supporting Information).
By contrast, both the amounts of,@nd the consumption
kinetics are similar for the reactions of Cr(V) or Cr(IV) with
Cys (Figure 2). Second, the amount of consumedrCthe
Cr(V) + Cys reaction increases with an increase in [¢Ya}
constant [Cr(V)J, Figure S2a in Supporting Information), while
the amount of @consumed in the Cr(\V}- AsA reaction passes
through a maximum with increasing [Asf\[Figure S2b), and
the maximal @ consumption corresponds to the stoichiometric
AsA/Cr(V) ratio of ~0.7 (see the stoichiometry results below).
Consumption of @in the reactions of Cr(VI/V/IV) with GSH

J. Am. Chem. Soc., Vol. 120, No. 27, B399
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Figure 3. Influence of radical scavengers on @nsumption during
the reactions of 0.20 mM Cr(V) with 5.0 mM Cys in air-saturated
solutions (25°C). (a) 0.10 M phosphate buffer, pH 7.0, without
NaClQy; no additions (solid line); 50 mg 1! catalase (dashed line);
50 mg L'* SOD (dotted line). (b) 0.10 M HEPES buffer; pH 7.5;
1.0 M NaClQ; no additions (solid line); 50 mM DMPO (dashed line);
100 mM DMPO (dotted line).

presence of 0.10 M ehba caused some decreasgagonr@ump-
tion rates for the reactions of Red with Cr(V/IV) (but not with
Cr(VI1)). Typical results of these studies are shown in Figure
S4, Supporting Information.

The influences of radical scavengers (catalase, SOD, or
DMPO)* on O, consumption were studied for the Cr(\W)
Cys reaction at pH= 7.0-7.5 (Figure 3). The presence of
catalase or SOD caused a decrease in the amounts; of O
consumed in the slow stage, with the effect of catalase being
more significant (Figure 3&f. Changes in the concentrations
of either of the enzymes (25100 mg LY did not lead to
significant changes in £ronsumption. By contrast, the addition
of 10-100 mM DMPO caused a concentration-dependent
decrease in the amounts of @onsumed in the first stage of
reaction; typical results are given in Figure 3b.

No significant Q consumption was detected for the reactions
of Cr(VI/VIIV) with DNA at pH 3.8 or 7.0, 37°C.

Formation of H,0, During the Cr(VI/V/IV) + Red+ O,

is slower than in the analogous reactions of Cys and AsA (curves Raactions. Many studies have suggested a crucial role fgbH

2 in Figure 2). The reactions of Cr(VI/V/IV) with Trolox did
not lead to significant @consumption (curves 4 in Figure 2).
Similar observations were made for analogous Cr(VI/V/iV)

Red reactions in 0.10 M acetate buffers, pH 4.5 (Figure S3 in

Supporting Information). Significant differences for the reac-
tions at pH 4.5 included (i) much smallep @onsumption rates
in the Cr(VI) + Red reactions and (ii) the appearance of
induction periods in the kinetic curves o, ©@onsumption for
the reactions of Cr(V) (but not Cr(IV)) with Cys and GSH
(Figure S3).

To determine the influences of buffers on theddnsumption,
the Cr(VI/V/IV) + Red reactions were studied in 0.10 M

phosphate buffers (pH 7.5) as well as in self-buffered systems

(Red= Cys, pH 7.5). The influences of excess ehba ligand

in Cr-induced in vitro DNA damag@i24! therefore, it was
important to establish whether,@onsumption by the Cr(VI/
V/IV) + Red systems led to accumulation of®3. The results

of [H20,] determinations with catalase (Figure 1, eq 1) showed
that <10% of the consumed Qwvas converted to D, (rows
1-15 in Table 1). Low yields of KD, were observed either
in the presence of excess Red or in excess Cr(V) (row3 2
and 112 in Table 1; see the stoichiometry results below).
The accumulation of kD, was significantly increased by the

(39) Preliminary kinetic experiments have shown that the rates of Cr-
(V) reactions with catalase, SOD, or DMPO under the studied conditions
were insignificant in comparison with those for the Cr(¥)Cys reaction.

(40) The use of 0.10 M phosphate buffer, pH 7.0, in the absence of
NaClQy, led to maximal effects of catalase and SOD. Similar, but smaller,

were studied by performing the reactions in the presence of Olloeffects of the both enzymes were observed in 0.10 M HEPES buffer, pH

M ehba (pH 7.5 and 4.5). The kinetics of €@onsumption were
not significantly affected by the nature of buffer, while the

7.5, 1.0 M NaClQ.
(41) Tsou, T.-C.; Yang, J.-LChem. Biol. Interact1996 102 133-
153.
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Table 1. Formation of HO, during the Cr(VI/V/IV) + Red
Reactions
O, consumed, H,0,formed,
condition$ uM uM

1.0 mM Cr(VI) + 5.0 mM Cy$ 1.1x 1% 4.2
1.0 mM Cr(V)+ 5.0 mM Cys 1.6x 10? 4.2
1.0 mM Cr(V)+ 1.0 mM Cys 33 0
1.0 mM Cr(IV) + 5.0 mM Cys 1.6x 1% 3.0
1.0 mM Cr(V)+ 5.0 mM Cy$ 1.6 x 17 3.4
1.0 mM Cr(V)+ 5.0 mM Cys¢ 1.6x 1% 13
10.0 mM Cy$ 37 0
1.0 mM Cr(V)+ 5.0 mM GSH 92 3.2
1.0 mM Cr(IV) + 5.0 mM GSH 59 2.4
10.0 mM GSH 39 0
1.0 mM Cr(V)+ 5.0 mM AsA 1.1x 107 11
1.0 mM Cr(V)+ 0.50 mM AsA 1.7x 1% 8.8
1.0 mM Cr(IV) + 5.0 mM AsA 26 0
1.0 mM Cr(V)+ 1.0 mM AsA¢ 1.7 x 1% 9.2
1.0 mM Cr(V)+ 1.0 mM AsAcd 1.7 x 1% 14
10.0 mM As” 71 34

aThe reaction conditions, unless stated otherwise, are as follows:
0.10 M HEPES buffer, pH 7.5; 1.0 M NaCl25 °C; reaction time 5
min. ° Reaction time 30 mirt 0.10 M phosphate buffer, pH 7.0, without
NaClO,. ¢ Reaction in the presence of 50 mgilSOD. € Autoxidation
in 0.10 M HEPES buffer, pH 8.0, 1.0 M NaCJlO

presence of SOD (rows-% and 14-15 in Table 1). Autoxi-
dation of AsA (in the absence of Cr) led to significant
accumulation of HO; (yield ~50% according to eq 1; row 16
in Table 1); by contrast, autoxidations of Cys and GSH did not
produce measurable amounts ofC] (rows 7 and 10 in Table
1).

Stoichiometry Studies. Typical UV—visible spectral changes,
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Figure 4. Typical results of stoichiometry studies. (a) BVisible
spectra of the solutions after the reactions of 0.20 mM Cr(V) with AsA
(0.10 M acetate buffer, pH 4.5, 1.0 M NaCl(21 °C, Ar-saturated
solutions); [AsA} = 0.12 mM (solid line), 0.14 mM (dashed line),
and 0.16 mM (dotted line). After completion of the reactions (reaction

which were used to determine the stoichiometries of the Cr(V/ time 10 min), and 15 min before taking the spectra, 0.20 mM NaOH
IV) + Red reactions, are shown in Figure 4. The stoichiometries Was added. Absorbance maximum at 372 nm corresponds ta]fCrO

found (column 5 in Table 2) are as follows: (i) 1 mol of Cys
or GSH reduces 1 mol of Cr(IV) or 0.5 mol of Cr(V) to Cr-
(11); (i) 1 mol of AsA or Trolox reduces 2 mol of Cr(IV) to
Cr(Il); (iii) 2 mol of AsA reduce 3 mol of Cr(V) to Cr(lll);
and (iv) Trolox reacts with Cr(V) in a molar ratio close to 1:1.

Comparison of [Cys] values after completion of the reaction
of excess Cys with Cr(V) in Ar- and air-saturated solutions, in
connection with the @ consumption measurements (see the
determination of A[Red]/A[O,] in Experimental Section),
showed that the consumption of 1.0 mal during this reaction
caused the additional oxidation of 2400.5 mol Cys.

Product Studies. As all of the reductants used in this work
are optically active, the compositions of Cr(Ill) products formed
in the reactions of Cr(VI/V/IV) with excess Red at pH 7.5 and
4.5 were studied by CD spectroscdily. A summary of the
spectra is given in Figure S5, Supporting Information. In all

cases, the Cr(Ill) products possessed optical activity, which
shows the presence of Red or their oxidation products in the

coordination spheres of the resulting Cr(lll) complexes. How-
ever, the CD spectra for the products of the Cr(M)Red

reactions (in the absence of ehba ligand) are different from those

for the reactions of Cr(\Arehba and Cr(I\V)-ehba complexes

with Red (Figure S5). It suggests that in the two last cases the

products include mixed Cr(lityehba-Lig complexes (Lig=
Red or its oxidation product).

Kinetic Studies. Time-dependent U¥visible spectra for
the reactions of Cr(V/IV) with large excesses of Red at both

(42) The ratio [Red}[Cr]o = 25, used in the CD spectroscopic studies,
was the same as for most of the @nsumption and kinetic experiments
(see Experimental Section); however, the absolute values of (R
[Cr]o were higher in order to obtain satisfactory signal-noise ratios in the
CD spectra. Similar spectra were obtained with lower concentrationsg [Cr]
= 1.0 mM.; [Red} = 25 mM.

maximum at 297 nm corresponds to ascorbate(2-) ion. (b) Dependency
of absorbance at 372 nm on [AsAfor the Cr(IV) + AsA (circles)

and Cr(V)+ AsA (triangles) reactions at pH 4.5; other conditions as
in (a).

pH 7.5 and 4.5 were fitted by sequences of two or three pseudo-
first-order reactions; the optimized rate constants are given in
Table 243 Deviations between the experimental absorbance
values and those estimated from the kinetic schemes did not
exceed the spectrophotometer noise level; typical experimental
and estimated kinetic curves are shown in Figure 5. The
estimated spectra of the reacting species in reactieri201
(Table 2) are given in Figures S&10, Supporting Information;
significant spectral features are summarized in Table 3. A
comparison of the kinetics for the Cr(V/I\)- Red reactions
(1—16 in Table 2) with those for the decompositions of Cr(V/
IV) —ehba complexes (3720 in Table 2) was performed.In
most cases (with the exceptions of the Cr(V/IV) reactions with
Cys or GSH at pH 7.5), the decompositions of Cr(VA&hba
complexes were much slower than their reactions with Red.
A comparison of the kinetics for the Cr(V/IV)} Red
reactions in Ar- and air-saturated solutions was performed for
the reactions of 1.0 mM Cr(V) or Cr(IV) with 5.0 mM Cys at

(43) Kinetics of the reactions of [EO(ehba)] ~ with Cys and AsA were
studied previously at pH= 2—4 in the presence of excess ehba. At low
[Red]/[Cr(V)]o ratios, these reactions possessed autocatalytic behavior: (a)
Ghosh, S. K.; Bose, R. N.; Gould, E. Biorg. Chem 1987, 26, 3722—
3727. (b) Ghosh, S. K.; Bose, R. N.; Gould, E.l'%org. Chem 1987, 26,
2684-2687. However, autocatalysis was not observed under the conditions
used in this work.

(44) The decompositions of Cr(V) and Cr(lV) are complex processes,
including parallel second- and first-order reactiéhd. The simplest kinetic
schemes, applied here (Table 2), do not reflect true mechanisms of these
reactions. The kinetic data (320 in Table 2) are given only for comparison
with the reactions in the presence of Red-(b in Table 2).
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Table 2. Stoichiometries and Kinetics of the Reactions Cr(V/I¥)Redt

kinetic rate
no. Red Ox pH stoichiometry schemé constant$§,s*
1 Cys Cr(Iv) 75 f A 0.63; 6.4x 1073
2 Cys Cr(lVv) 4.5 1.0 B 81;3.7;0.12
3 Cys cr(V) 75 2.0 B 13;2.1;4.8 103
4 Cys Cr(V) 4.5 2.0 A 1.7;6.& 102
5 GSH Cr(IVv) 7.5 f A 0.69;1.9x 102
6 GSH cr(Iv) 45 1.0 B 80:0.14; 1.5 102
7 GSH Cr(V) 7.5 f B 1.3;2.7x 10%3.3x 1073
8 GSH Cr(V) 4.5 2.0 B 0.21;8.310%1.3x 1072
9 AsA Cr(lVv) 7.5 0.50 B 1.3x 1% 12; 1.4x 1072
10 AsA Cr(1V) 4.5 0.50 A 1.2 1% 1.1
11 AsA Cr(V) 7.5 0.65 B 65;3.7;8.8 102
12 AsA cr(v) 45 0.65 A 80; 34
13 Trolox Cr(lVv) 7.5 0.50 B 6.2;3.2;7.% 1072
14 Trolox Cr(Iv) 45 0.50 B 1.2 10% 3.8;5.3x 1073
15 Trolox Cr(V) 7.5 f B 6.3;1.7;6.1x 1072
16 Trolox Cr(V) 4.5 0.90 B 6.5;1.5;2.0 102
17 Cr(lVv) 7.5 C 0.60; 13
18 cr(Iv) 45 C 78,18
19 Cr(V) 7.5 D 3.0x 102
20 cr(V) 45 D 4.2x 103N

aReaction kinetics were followed by stopped-flow BVisible spectrophotometry with a diode-array detector (see Experimental Section).
Conditions: [Cr} = 0.20 mM; [Red} = 5.0 mM; 1.0 M NaClQ; 25 °C; air-saturated solution8.For pH 7.5: 0.10 M HEPES buffer; for pH 4.5:
0.10 M acetate buffef Amount of Red (mol), which completely reduces 1.0 mol of Cr(V/IV) to Cr(lll); erte0.05. 9 Designations of the kinetic
schemes$ = initial substancel, I' = intermediatesP = product): A=S—|—P;B=S—|—I'—P;,C=S— 1,2l —Pand D=S—
P. € Pseudo-first-order rate constants for the stage8 ih the kinetic schemes, respectivelihe stoichiometry could not be determined as the
rate of the redox reaction was comparable with that for the decomposition of Cr(\¥//B&cond-order rate constants; M. " This reaction was
significantly catalyzed by UV light.

{ 0.50-1.5 mM of Cys, GSH, AsA, or Trolox (7090% of

1 2 stoichiometric amount, see Table 2) with 1.0 mMY{Otehbay] -
at pH 4.5 or 7.5 in air-saturated solutions possessed only the
characteristic EPR signal of this Cr(V) compley{= 1.9783,
1002 Aso=17.1x 1074 cm1).20 Analogous results were obtained
for the reactions of excess Cr(I¥ghba complexes with Red
(in this case, Cr(V) is formed due to the disproportionation of
unreacted Cr(IV)¥8® Thus, the @ consumption by the Cr(V/
IV) + Red systems did not lead to the formation of measurable
10.01 amounts of relatively stable Cr(V) complexes with-@erived
ligands. In addition, the stabilities of 1.0 mM [€0,)4]3~ in
buffer solutions (0.10 M HEPES, pH 7.5 or 0.10 M acetate,
pH 4.5) were checked. At both pH values, the EPR signals of
the Cr(V) peroxo complex disappear #13 min (the complex
is stable in 0.20 M NaOH solutionge = 1.9723,Aiso = 18.4

Time, s x 1074 cm™1).45

Figure 5. Typical experimental (solid lines) and estimated (dashed )
lines; see the kinetic schemes and rate constants in Table 2) kineticDiscussion
curves for the Cr(V/IV)+ Red reactions: (1) Cr(IV)} Trolox, pH
7.5, 435 nm and (2) Cr(V)+ Cys, pH 4.5, 620 nm. The reaction
conditions correspond to Table 2.

<o
'S
T

Absorbance (1 =1 cm)
S

Extensive studies have been performed on the mechanisms
of genotoxicities caused by the Cr(\) Red (mainly GSH or
AsA) systems. The difficulty with mechanistic studies on the
pH 4.5 or 7.5 as well as for the reactions of 1.0 mM Cr(V) Cr(VI) + Red reactions resides in the often very low steady-
with 1.0 mM AsA at pH 4.5 or 7.5. In air-saturated solutions, state concentrations of the intermediafesFor this reason,
these conditions led to substantial €@nsumption¥0.15 mM). studies on the reactions of Red with the relatively stable Cr(V)
However, neither significant differences in the rate constants and Cr(IV) complexes can provide crucial information about
of Cr(V/IV) reduction nor any evidence for the formation of the intermediates in, and the mechanisms of, Cr(¥IRed
new absorbing species was revealed in the presence.of O  reactions'® On the other hand, the Gctivation mechanisms

The reactions of Cr(V/IV) with DHAA at pH 7.5 and 4.5 during the Cr(VI)+ Red reactions (Figures 2a and S3a) are
were studied in order to explain the unusual stoichiometries of difficult to delineate, because the,@onsumption rates are
the Cr(V)+ AsA reactions. DHAA was oxidized by both Cr-  relatively low and comparable to those due to the autoxidations
(V) and Cr(lV); however, the reaction rates were low in — - .
comparison with the corresponding reactions of AsA (Table S1 Phgiﬂgﬁﬂ 4N'1316'\ﬂ'§£'3‘?' M.; Jagadeesh, M. S.; Seefra, M. &hem.
in Supporting Information). (46) The use of the relatively stable Cr(V) and Cr(IV) complexes mimics

EPR Spectroscopic Studies.The aim of these studies was intracellular conditions, where Cr(V/IV) species are likely to be stabilized
to determine whether relatively stable Cr(V/IV) peroxo or by complexation with a variety of Iiga.mds, includir}g carbohyd.rates and

. 2-hydroxycarboxylates (Barr-David, G.; Bramley, R.; Brumby, S.; Charara,
superoxo complexes are formed in the Cr(V/I¥)Red+ O, M.; Codd, R.; Farrell, R. P.; Hanson G. R.; Irwin, J. A; Ji, J.-Y.; Lay, P.
systems112 The reaction mixtures after the fast reactions of A. J. Chem. Soc., Faraday Trank995 91, 1207-1216).
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Table 3. UV—Visible Spectral Characteristics and Assignment of the Reacting Species in the Reactions CGH{\RBd}

reactions and specfes spectral features (350750 nm}¥ assignmerst
1(9; 5(9); 9(9); 13(9); 17(9 350 ((1.2-1.4) x 108); 465 max (1.8x 109) mixture of [CVO(ehbaH)]°, [Cr'VO(OH,)x(ehba)?,
and [C#O(ehba)(ehbaH)]
2(9); 6(9); 14(9);¢18(9 350 ((1.5-1.7) x 10%); 510 max (1.2x 10%)
1009 2(1); 6(1); 140);217();9 18() 350 ((1.0-1.5) x 10%); 500 sh (3x 1(®)
3(9); 4(9; 7(9); 8(9); 12(9); 15(9); 16(S); 350 sh (1.2 10°); 510 sh (1.6x 107); [CrVO(ehba)]~
19(9); 20(9 740 sh (40)
2(1); 6(1") 350 (1.4x 10°%); 500 max (1.6x 1(?) Cr(IV)—ehba-Red
4(1) 350 (1.6x 10°); 650 max (1.5x 109) Cr(V)—ehba-Red
8() 350 (1.5x 10°); 650 sh (1x 107
11(9); 12() 350 ((1.5-1.8) x 10%); 510 sh ((2.5-3.5) x 1%
13(1); 15() 350 ((2.0-2.5) x 10°); 435 max ((2.5-3.0) x 10%); Cr(V)—ehba-Trolox' and Trolox anion radical
500 sh (1.5x 1(?); 650 sh (1.2x 10%)
16() 350 (1.7x 10°); 435 sh (6x 10%);
500 sh (1.5x 10%); 650 sh (1.21x 10?)
13(); 15(0)f 350 ((1.0-1.7) x 103) 435 max ((6-8) x 10%);
650 max (1.2x 10%)
9(l); 11() 360 sh ((0.71.2) x 10%); 480 max (50)! AsA anion radical and Cr(lll)
590 max (50)
1(1); 30"); 5(P); 7010 7(P); 9’ ) 10(I) 11(I ); 350 sh ((2-7) x 10%) or 372 max ((2-25) x 10%);  ([HCrO4]~ or [CrOs]?") and Cr(lll)
13(P);k 14("):k 14(P);k 15(P)}k 16(7):¢ 430-480 max (50! 540-590 max (50)
16(P);x 17(P); 18(P); 19(P); 20(P)
1(P); (ZP()P) gg)) 4(P); 6(P); 8(P); 9(P); 10(P); 430-480 max (50} 540590 max (50) Cr(1l1)
11P); 1

aFull spectra of the reacting species are given in FiguresS8®, Supporting Informatior®.Numbers of the reactions correspond to those in
Table 2; designations of the reacting species (given in parentheses) correspond to note “d” in TMd& 2 maximum; sh= shoulder. Values
of e (M~t cm™) are given in parenthesesSee Discussiorf. Some absorbance due to the Trolox anion radical is also présonme absorbance
due to Cr(lll) is also presenf.Some absorbance due to Cr(lll) and Cr(V) complexes is pres&ntor in determination of these values was
~50% due to the very low absorbancéblixtures of the complexes.Some absorbance due to Cr(V) is also presefihe spectra for the reactions
of Trolox (13—16) possess some absorbance at-388 nm even at prolonged reaction times. This was attributed to the Trolox oxidation products.

Scheme 1.Ligand Exchange Equilibria of Cr(V) and Cr(IV)  Scheme 2.Reactions of Cr(V/IV) with Red in the Absence

Complexes of O,
[CrIVO(ehbaH)]0® === [CrIVO(ehba)(ehbaH)]~ + H* ?))
[CrIVO(ehbaH)J0 + 2 HyO === [CrIVO(OHy);(ehba)]0 + ehbaH, (3) ~ ~ H H >—\ﬁ
[CrIVO(ehbaH),]0 + LigHp === [CrIVO(ehbaH)(LigH)]0 + ehbaH;(4) C = RSH
[CrVO(ehba);]— + LigH; ==—= [CrVO(ehba)(Lig)]~ + ehbaH; (5) RSH RS- + H+ (6)
e o Cr(V) + RS- — Cr(IV) + RS* I
ehbaH; = H 5 LigHp = Cys, GSH, AsA or Trolox
HO  OH Cr(IV) + rRs- — Cr(Ill) + RS’ 8)
of Red. Comparative studies (Figures 2, S3, S4) showed fast RS'+ RS~ =—= RSSR™ ©)

initial O, consumption in the reactions of Cr(V) or Cr(IV) with
Red, in contrast to induction periods in the reactions of Cr(VI). .
Thus, it is likely that the activation of £during the Cr(VI)+ Cr(V) + RSSR™ — Cr(Ill) + RSSR (1)
Red reactions is connected with the formation of Cr(V/IV)

intermediates; therefore, investigating likely mechanisms.of O

Cr(V) + RSSR™ ——= Cr(IV) + RSSR  (10)

consumption during the Cr(V/IV} Red reactions will provide HQ OH HO. )
insights into the genotoxicities induced by the Cr(W)Red b /[~
+ O, systems. 0 OH 0 o
Mechanisms of the Cr(V/IV) + Red Reactions. The AsA OH Trol B

. . or rolox = RH2
mechanisms (Schemes 1 and 2) are proposed on the basis of
kinetic, stoichiometry, and product studies (Tables 2 and 3, RH) == RH- + H* (12)
Figures 4 and 5, S5510). The pH range used (4:3.5) .
corresponds to that of intracellular reactions of Cr compo@ffds. Cr(V) + RH™ —= CrdV) + R=+ H* (13)
Comparisons of kinetic data at pH 4.5 and 7.5 are also important CrV) + RH-— Cr(lll) + R™ + H+  (14)

for the mechanistic studies, because Cr{&€hba and Cr(I\V-

ehba complexes decompose at much slower rates at pi415.
The spectra of the initial species in the Cr(l)Red reactions Cr(IV) + R~ — Cr(Ill) + R + H* (16)

at pH 4.5 and 7.5 (estimated from global analysis of the kinetic

Cr(V) + R~ —= Cr(IV) + R + H* as)

data) are characteristic for bis-ligated Cr(IV) oxo complexes 2R+ HY R+ RH” an
(strong absorbance at 46600 nm; Table 3 and Figures S6 Cr(V) + R-e—= Cr(V)-R —= Cr(IV)-R —
S9)260 However, the spectra at pH 7.3 = 465 nm) are . . (18)
different from those at pH 4.5.ax= 510 nm). This difference, — Crm-R* —= CrlI) + Ry + HY
which was also observed for the decompositions of Cr(IV) at R, —= further oxidation products (19)

pH 4.5 and 7.5 in the absence of Red (Table 3 and Figure S10),
was assigned to the partial deprotonation of the initial CrlV) initial decrease of absorbance at 48D0 nm, observed for all
ehba complex at pH 7.5 (eq 2 in Schemé&1)The very fast of the Cr(IV) reactions at pH 4.5, was assigned to an equilibrium
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between bis- and mono-chelated Cr(t\&hba complexes (eq

J. Am. Chem. Soc., Vol. 120, No. 27, B394

mechanism (eqs-611) is consistent with the observed stoichi-

3)#8 Indeed, the rate constants for this stage of the reaction ometries of Cr(V/IV) reactions with Cys and GSH (Table 2).

(~80 s1, Table 2) were practically independent of the absence

or presence of Red (Cys or GSH). For the reactions of Cr(IV)
with AsA or Trolox at pH 4.5, the values of the rate constants
for the initial stages were even higher{20 s, Table 2) due

to the parallel fast reductions of Cr(1V). For the Cr(V) reactions

The stoichiometry of the Cr(V} AsA reactions at both pH
4.5 and 7.5 (Table 2) suggests that the oxidation of AsA does
not stop with the formation of DHAA (the product of two-
electron oxidation, usually considered as the stable oxidation
product for AsA)*® However, this unusual stoichiometry cannot

at both pH values, the spectra of the initial species correspondbe due to the fast reaction of Cr(V) with the initially formed

to that of [CV¥O(ehba)]~ (Amax= 510 and 740 nm, Table 39.

The spectral changes, attributed to the formation of the mixed-
ligand Cr(V) and Cr(IV) complexes (egs 4 and 5), are enumer-

ated in Table 3; however, this evidence is not definitive due to
the absence of the literature data on the-tiNsible spectra of
such complexe®? More informative was the presence of Red
ligands in the resulting Cr(lll) complexes, as shown by CD
spectroscopy (Figure S5). As Cr(lll) complexes are kinetically
inert on the time scale of the redox reactiétih)e compositions

of the Cr(lll) products from the fast Cr(V/IV} Red reactions
show unambiguously that the ligand-exchange reactiorns 3

DHAA, since the oxidation of DHAA under these conditions
is relatively slow (Table S1). The proposed mechanism, leading
to products that are different from DHAA in the Cr(M) AsA
reaction, is shown in egs 18 and 19 (Scheme 2). It includes
the formation of Cr(V) complex with the relatively stabie
ascorbate anion radical, followed by an electron transfer. The
resultant Cr(IV)-DHAA complex undergoes fast intramolecular
electron transfer (due to the high redox potential of Cr(%/)),
leading to Cr(lll) and carbon-based radicdsSimilar processes
take place, although to much smaller extent, in the CrV)
Trolox reaction (see the stoichiometry in Table 2).

take place prior to the redox processes. The presence of pechanisms of @ Consumption During the Cr(V/IV) +

reactions 25 highlights the complexity of the Cr(V/IV}- Red

Red Reactions. To suggest possible mechanisms o O

processes, since different complexes of Cr(V) and Cr(IV) can consumption, the kinetics of the Cr(V/IV}- Red reactions

be reduced in parallel reactiobs. Therefore, the general
schemes for the further reactions are given in Scheme 2.
For AsA or Trolox, the formation of the corresponding anion

(observed by stopped-flow spectrophotometry) were compared
with those of Q consumption; typical comparisons are shown
in Figure 6. For the Cr(V) Cys reaction at pH 7.5, the initial

radicals (egs 13 and 14 in Scheme 2) in the reactions with Cr- ast stage of @ consumption followed the formation of the

(V) or Cr(lV) at pH 7.5 was observed in the time-dependent
spectra {max = 360 nm for As&? and 435 nm for Trolox?

Table 3, Figures S8 and S¥). The spectral changes due to the
formation of the anion radicals were less evident at pH 4.5,

intermediatel’ (Figure 6a). The spectral featureslo{Table
3, Figure S6) suggest that it is due mainly to Cr(lll) species
(characterized by weak absorbance maxima420 and~580
nm) 5% with a small amount of [Cr@}?>~ present fmax = 372

probably because of the acid-catalyzed decomposition of thesenm; [Cr(VI)] = ~5% [Cr(V)]o).3* Chromium(VI) is formed in

species (eq 172253 By contrast, the formation of thiyl radicals

the disproportionation of Cr(\3! parallel to its reduction by

in the reactions of Cys and GSH (egs 7 and 8) could not be Ccys. The last slow stage of the Cr(¥) Cys reaction at pH

directly observed in the studied wavelength rabfyédowever,

7.5 (' — P; Table 2) is the reduction of the remaining Cr(VI)

the formation and further reactions of such radicals, leading to py excess Cys, as the final produBt possesses only the

the disulfide products (eqs—9.1), are generally accepted for
the reactions of thiols with a variety of oxidar¥ks. The

(47) Protolytic reactions of Cr(I\\yehba complexes were assumed in
previous workge however, application of the stopped-flow technique in
the current work allowed to obtain definitive evidence for their existence.
The equilibrium (eq 2) is probably achieved within a deadtime of the
stopped-flow experiment.

(48) This reaction is due to the mixing of the initial Cr(lV) solution,
containing 20 mM ehba, with the buffer solution, which does not contain
ehba (see Experimental Section). The estimated spectra of the sBecies
and| (Table 3, Figures S5S10) correspond to the equilibrium mixtures
of mono- and bis-ehba Cr(IV) complexes at [ehba]20 and 10 mM,
respectively?eo

(49) EPR-spectroscopic evidence for the formation of Cr(V) complexes
with Red or their oxidation products during the Cr(\) Red reactions
have been reported: (a) complexes with Cys or GSH (Kitagawa, S.; Seki
H.; Kametani, F.; Sakurai, Hnorg. Chim. Actal988 152, 251-255); (b)
complexes with AsA2 and (c) complexes with Trolox oxidation product,
2-hydroxy-2-methyl-4-(2,5,6-trimethyl-2,4-dioxo-2,5-cyclohexadienyl)bu-
tanoic acid (Dalla-Pozza, A.-M. B.Sc. Honours Thesis, University of Sydney,
1996).

(50) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrbth
ed.; John Wiley & Sons: New York, 1988; p 687.

(51) Since all the reductants used possess a number of potential donor

characteristic absorbance maxima of Cr(lll) (Table 3). This last
stage of the redox reaction was much slower than the second
stage of @ consumption (Figure 6a). Furthermore, a control
experiment has shown that the reaction of such small amounts
of Cr(VI) with Cys does not cause any significant €@nsump-
tion. Thus, the second (and the most significant) stage.of O
consumption occurs independently of the CrvCys reaction
and is, therefore, related to the reactions of organic intermedi-
ates, formed during the oxidation of Cys by Cr(V). Compari-
sons of the kinetics of the other Cr(V/IV) Red reactions (Red
= Cys, GSH, or AsA) with the corresponding @onsumption
data lead to similar conclusions. The exceptions were the
reactions of Cr(V) with Cys and GSH at pH 4.5, where induction

" periods for Q consumption were apparent (Figure S3) and the

(55) Asmus K.-D.Methods Enzymoll99Q 186, 168-180.

(56) Further slow oxidation of DHAA leads to degradation products,
such as 2,3-diketogulonic acid: Davies, M. B.; Austin, J.; Partridge, D. A.
Vitamin C: Its Chemistry and Biochemistryfhe Royal Society of
Chemistry: Cambridge, U.K., 1991; pp 683, 115-146.

(57) Bose, R. N.; Fonkeng, B.; Barr-David, G.; Farrell, R. P.; Judd, R.

groups (see Scheme 2), such mixtures of Cr(V/IV) species may be very J.; Lay, P. A.; Sangster, D. B. Am. Chem. S0d.996 118 7139-7144.

complex.
(52) Bielski, B. H. J. InAscorbic Acid: Chemistry, Metabolism and Uses

(58) This reaction (eq 18) may be related to the formation of carbon-
based radicals during the Cr(VH- AsA reactions, observed in EPR

Seib, P. A,, Tobbert, B. M., Eds.; Advances in Chemistry Series, American experiments with the spin trap DMPO (Stearns, D. M.; Wetterhahn, K. E.

Chemical Society: New York, 1982; Vol. 200, pp-829.

(53) Thomas, M. J.; Bielski, B. D. J. Am. Chem. So2989 111, 3315~
3319.

(54) The estimated extinction coefficients at 360 and 435 nm for the

reacting species containing AsA and Trolox anion radicals, respectively

Chem. Res. Toxicol994 7, 219-230). Preliminary EPR experiments in
the presence of DMPO led to similar EPR signals in the reactions of Cr-
(VI) or Cr(V) with AsA (pH 7.5); however, no EPR signals were observed
for the Cr(IV) + AsA + DMPO reactions (Levina, A., unpublished results).
(59) Two weak absorbance maxima in visible range (49480 nm and

(Table 3), are lower than the literature values for the corresponding anion 550-600 nm) are characteristic for octahedral Cr(lll) complexes in aqueous
radicals®253 This is because the applied kinetic schemes (Table 2) did not solutions (Larkworthy, L. F.; Nolan, K. B.; O’Brien, P. l@omprehensie
take into account the second-order disproportionation reactions of the anion-Coordination ChemistriyWilkinson, G., Gillard, R. D., McCleverty, J. A.,

radicals (eq 17 in Scheme 2).

Eds.; Pergamon Press: Oxford, U.K., 1987; Vol. 3, pp-6989).
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Figure 6. Comparison of the kinetics of the Cr(\ Cys reaction
(observed by stopped-flow spectrophotometry) with the kinetics,of O
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oxidants®® Reaction 20 can lead to the further autoxidation of
RSH in a radical chain process (an example of a chain
propagation reaction is given by eq #2) An alternative path

for O, consumption in the reactions of Cys or GSH with Cr-
(VIIV) is given by eqgs 23-2651 Notably, both paths of ©
consumption (eqs 2622 and 23-26) do not lead to accumula-
tion of H,O,, which is in agreement with the very low yields

of H,0, detected during the Cr(VI/V/IV} RSH+ O, reactions
(Table 1) and the absence of Cr(V) peroxo species in the EPR
spectra. Possible minor processes, leading to accumulation of
H,O,, are shown by eqgs 27 and 28.An increase of HO,
accumulation in the presence of SOD (rows 5 and 6 in Table
1) is due to the catalysis of the superoxide dismutation, €§ 28,
which supports the role of superoxide anion in the mechanism
of O, consumption (eqgs 2328). The proposed mechanism (eqs
20—28) is supported by the results of experiments in the
presence of radical scavengers (Figure 3). A decrease in the
initial O, consumption in the presence of DMPO (an effective
scavenger of R¥C shows that @ is consumed due to the
formation of thyil radicals. The influence of SOD is due to
the catalysis of reaction 28, but catalase accelerates the
decomposition of the peroxo products, includingQd and
RSOOH?Z® Thus, the initial Q consumption in the Cr(V/IV)

+ RSH+ O, systems is due to the reactions of Cr(V/IV) with

consumption during this reaction. Reaction conditions correspond to RSH, leading to RSradicals, which then rapidly react with,O

Table 2: (a) pH= 7.5 (no. 3 in Table 2); and (b) pH 4.5 (no. 4 in

(egs 7, 8, and 20 in Schemes 2 and 3). The second (slower)

Table 2). Solid lines are the estimated concentrations of the reaction stage of Q@ consumption is due to the chain reactions of the

intermediates or I' and the product® (see Tables 2 and 3). Dashed
lines are the amounts of consumed O

Scheme 3.Reactions Leading to £Consumption
a Cys or GSH = RSH
RS"+ 0 — RSO0’ (20)
RSO0 "+ RSH —= RSOOH + RS’ (21)

RSOOH — further oxidation products ~ (22)

RSSR™+ O; — = RSSR + Of (23)
RSH + Oy —» RSO + OH- @4
RSO"+ RSH — RSOH + RS’ (25)
RSOH + RSH —— RSSR + H0 (26)

RSH + 07 + H* — RS + H,0, (27

202l +2Ht — H,0; + O, (28)
b AsA = RH,

R+ 0, —= R+ 05 9
RH, + 05 — = R+ Hy0, 30)
Rex + Oy — Ry, 00° @31
Rox00" + RH-—> RoyOOH + R— (32)

RoxOOH —— further oxidation products ~ (33)

maximal rates of @consumption approximately corresponded
to the maximal concentrations of the intermediatg&igure
6b). The UV~visible spectra of were attributed to the mixed
Cr(V)—ehba-Red complexes (Table 3).

Likely reactions leading to ©consumption are outlined in
Scheme 3. The formation of thioperoxyl radicals (RSO
20) is known to be a reason for,@onsumption during the
reactions of thiols, including Cys and GSH, with one-electron

organic radical intermediates (eqs-247). The observed two
stages in @consumption are similar to those previously reported
for the reactions of Cys and GSH with peroxonitfite. The
induction periods in the ©consumption curves for the Cr(V)
+ RSH reactions at pH 4.5 (Figure 6b) confirm the assumption
that Cr(V)y-ehba-RSH complexes are formed prior to the
generation of RSradicals (Schemes 1 and 2).

Reactions 29 and 30 (Scheme 3), leading to the formation of
superoxo and peroxo species, are considered as the main source
of O, consumption during the metal-catalyzed autoxidations of
AsA.52 However, the assumption about the dominance of
reactions 29 and 30 in the Cr(V/I\ AsA + O, system is in
contradiction with the observed low yields ob®h, either in
the absence or presence of SOD (Table 1). Furthermore, eqgs
29 and 30 cannot explain the differences ip @nsumption
for the reactions of AsA with Cr(V) or Cr(IV) (Figures 2, S1,
and S3), as the anion radicals are formed in comparable amounts
in the reactions of AsA with both of the oxidants (Table 3,
Figure S8). The alternative mechanism of fast@nsumption
during the Cr(V)+ AsA reactions is represented by egs 18 and
31 (Schemes 2 and 3). The slower stage pE@hsumption in
the Cr(V) + AsA systems may be caused by the slow chain
reactions of the relatively stable organic radicals, represented
by eq 32. The small ©@consumption in the Cr(IVH AsA
reactions can be explained by eqgs 29 and 30 as well as by the
presence of some Cr(V) in the stock solutions of Cr(IV) due to
its fast disproportionatio?f® The processes leading to the O
consumption during the Cr(V/IV} AsA reactions require the
presence of ascorbate anion radical and are, therefore, competing
with its disproportionation (eq 17). This explains the observed
maximum in the dependency of the amount of €@nsumed
on [AsA]p (Figure S2b). In the case of Trolox, the high

(60) Karoui, H.; Hogg, N.; Joseph, J.; KalyanaramanAR:h. Biochem.
Biophys 1996 330, 115-124.

(61) Winterbourn, C. C.; Metodiewa, Bwrch. Biochem. Biophy4994
314, 284-290.

(62) Brunori, M.; Rotilio, G.Methods EnzymolL984 105 22—35.

(63) Quijano, C.; Alvarez, B.; Gatti, R. M.; Augusto, O.; Radi, R.
Biochem. J1997, 322 167-173.
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efficiency of the disproportionation reaction ¥¥ombined with dation of AsA in solution, prior to its mixing with Cr(VI}2
the low reactivity of the Trolox anion radical toward Cr(V) and These peroxo complexes are formed by the reaction ,ai,H
O,, leads to negligible @consumption (Figures 2 and S3). with Cr(V) intermediates of the Cr(VI} AsA reaction. The

Two alternatives to the proposed mechanism (Schem&3 1  low yields of HO,, produced in the fast Sconsumption caused
were considered. Kortenkamp et3&F and Lefebvre and by the Cr(V/IV) + AsA reactions, contrast with the significant
Pezera* suggested that £activation during the Cr(VI}- Red yield of H,O; in the relatively slow @ consumption due to the
reactions was connected with the formation of Cr(V/IV) peroxo AsA autoxidation (Table 1) and may be indicative of negligible
or superoxo complexes. Perez-Benito and co-wofRensg- amounts of Cr(IV/V) peroxo complexes being produced in the
gested that the Cr(VI}> RSH reactions in neutral aqueous former reactions. In agreement with previous wérkitle or
solutions produced Cr(ll) intermediates, which then rapidly react no H,O; is formed during the autoxidation of Cys or GSH (Table
with 0,56 Both possibilities were examined for the Cr(V/IV) 1), and no evidence was found for the formation of Cr(V) peroxo
+ Red reactions. The kinetic studies of the Cr(V/I¥)Red species in the Cr(VIH RSH + O, systems (RSH= Cys or
reactions, performed in Ar-saturated or air-saturated solutions, GSH)% Therefore, though the formation of Cr(V) peroxo
did not reveal either significant changes in kinetics or the species is the most likely reason for the in vitro DNA damage
formation of new intermediates in the presence efO The by the Cr(VI)+ AsA + O, systemt? similar assumptions cannot
results of EPR-spectroscopic studies showed no evidence forbe applied to the Cr(VI+ RSH + O, systems. This is
the formation of the relatively stable Cr(V) peroxo or superoxo consistent with the observations that the in vitro DNA damage
complexes during the Cr(V/IV} Red+ O, reactions. Forma- induced by intermediates in the Cr(\A) AsA reaction is more
tion of relatively stable Cr(Il) intermediates in the Cr(V/IW) susceptible to inhibition by catalase than that caused by
Red systems is inconsistent with the stoichiometry results, intermediates in the Cr(VI}+ GSH reactior$:® Furthermore,
obtained from Ar-saturated solutions (Table 2). Therefore, if Cr(V) peroxo species are unlikely to be important for Cr(VI)-
Cr(V/IV) peroxo or superoxo complexes or Cr(ll) intermediates induced genotoxicities in vivo, since such species are detected
are formed during the Cr(V/IV)}+ Red reactions, they should only in the presence of significant equilibrium concentrations
be unstable and exist at low steady-state concentrations.of H,O,,1tP:12which is excluded in biological systems due to
However, a comparison of the;@onsumption kinetics with  the presence of scavenging enzyrifes.
that of the redox processes shows that in most cases the redox The Cr(V/IV) species, formed during the reactions of Cr-
reactions are practically complete before most of thei®©D (VI) with intracellular reductants (Cys, GSH, or AsA) in the
consumed (Figure 6a). Furthermore, if one assumes that O  presence of biological stabilizing ligands, such as carbohydrates
activated in the reactions with Cr compounds, rather than with and 2-hydroxycarboxylatési® can act as the initiators of chain
organic radicals, it becomes difficult to explain the absence of reactions involving organic radicals and (3chemes 2 and 3).
O, consumption in the reactions of Trolox, as this compound These processes may be responsible for the experimentally
reduces both Cr(V) and Cr(IV) with the rates comparable to observe formation of carbon-based radicals and enhanced
those of the corresponding reactions with Cys, GSH, or AsA level of lipid peroxidation in living organisms exposed to Cr-
(Table 2). Thus, the current work shows that@nsumption (VI). The formation of active oxygen species, including lipid
during the Cr(V/IV)+ Red processes is caused by reactions of peroxides can, in turn, cause the reoxidation of Cr(lll) com-
organic radical intermediates; Cr(V/IV) species act as the plexes’® accumulated in Cr(VI)-exposed cells,leading to
initiators of radical chain reactions. highly reactive Cr(V/IV) species.

Implications to the Roles of G in Cr-Induced Genotox- The role of Cr(V/IV) species as the initiators of radical chain
icities. The lack of significant HO, accumulation as a result  reactions in the presence of Red ang (Schemes 2 and 3)
of O, consumption during the Cr(VI/V/IVH Red reactions does not exclude the possibility of direct DNA oxidation by

(Table 1) supports the suggestion of Kortenkamp &b-athat these species. Indeed, the actions of Cr(V/IV) in acetate buffer
Fenton-like reactions (eq 34) do not play a significant role in at pH 3.8 are known to cause extensive strand breaks in isolated
the systems Cr(VI} Red+ O in the absence of added:€h: DNA;5> however, no significant © consumption by these
systems was observed (see Results). Furthermore, rapid one-
H,O, + Cr"™ Y — ™ + *OH+ OH~ (34) electron reductions of Cr(V/IV) by Red (Table 2, Scheme 2)

lead to the possibility of similar (although much sloweér)

The absence of evidence for the formation of Cr(V/IV) peroxo reactions with DNA. These reactions will produce DNA
or superoxo complexes in the Cr(V/IV) Red+ O, systems radicals or anion radicals, which then can be further oxidized
does not disprove the potential role of such complexes (existing by Oz Similar mechanisms have been proposed by Sugden
at low steady-state concentrations) in genotoxic effects of the and Wetterhahti for the Q-dependent oxidation of nucleotides
Cr(VI) + Red+ O, systems. Appreciable concentrations of by [Cr'O(ehbaj]~. The other possible mechanism for direct
Cr(y) peroxo and peroxeascorbato gomplexes are generated (68) Zhang, L. Ph.D. Thesis, University of Sydney, 1998.
during the Cr(Vl)+ AsA + O, reaction in neutral aqueous (69) Kadiiska, M. B.; Xiang, Q.-H.; Mason, R. Ehem. Res. Toxicol

solutions, if HO; is allowed to accumulate during the autoxi- 1994 7, 800-805, and references therein.
(70) Bakac, A.; Wang, W.-DJ. Am. Chem. Sod 996 118 10325

(64) Lefebvre, Y.; Peerat, H.Chem. Res. Toxicol992 5, 461-463. 10326.
(65) Perez-Benito, J. F.; Arias, C.; Lamrhari, Rew J. Chem1994 (71) Dillon, C. T.; Lay, P. A.; Cholewa, M.; Legge, G. J. F.; Bonin, A.
18, 663—-666. M.; Collins, T. J.; Kostka, K. L.; Shea-McCarthy, Ghem. Res. Toxicol
(66) Formation of Cr(ll) intermediates is well documented for the 1997 10, 533-535.
reactions of Cr(VI) with alcohols in strongly acidic media: Scott, S. L.; (72) The additions 2 g L~1 of DNA did not cause significant changes
Bakac, A.; Espenson, J. H. Am. Chem. Sod 992 114, 4205-4213. in the rates of Cr(V) or Cr(IV) decompositons ([¢# 0.20 mM, 0.10 M
(67) This is in agreement with the recent data (O'Brien, P.; Woodbridge, phosphate buffer, pH 7.0, without NaG|(B7 °C).
N. Polyhedron1997 16, 2081-2086), showing no @dependence for the (73) These reactions are not expected to lead to significagb@sump-

kinetics of the Cr(VI)+ AsA reaction (observed spectrophotometrically tion because of the relatively low rates of DNA oxidation by Cr(V/IV)
by the decay of Cr(VI)) in demetalated buffers. The inhibition of this reaction complexeg?

by O, reported earlier (Dixon, D. A.; Sadler, N. P.; Dasgupta, TJP. (74) (a) Sugden, K. D.; Wetterhahn, K. E.Am. Chem. Sod996 118
Chem. Soc., Dalton Trand993 3489-3495), was probably due to the ~ 10811-10818. (b) Sugden, K. D.; Wetterhahn, K. Ehem. Res. Toxicol
significant autoxidation of AsA in unpurified buffets. 1977, 10, 1397-1406.
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interactions of Cr(V/IV) intermediates with DNA includes the ARC RIEFP grant for the EPR, stopped-flow, and CD instru-
formation of Cr(V/IV)-DNA—Red complexes, which are then ments are gratefully acknowledged. The authors thank Mr.
converted to the corresponding Cr(lll) complexes. Evidence Lianbo Zhang (School of Chemistry, University of Sydney) for
for the formation of such Cr(lIyDNA—Red complexes have  providing unpublished results of his work and helpful discus-
been reported for the living cells exposed to Cr(VI) as well as sjons and Mr. Mark Curran (School of Biological Sciences,
for the reactions of isolated DNA with Cr(VI) in the presence University of Sydney), who helped to set up the dissolved

of GSH or Cys: o , _ oxygen measurements.
Thus, the formation of organic radical intermediates during

the Cr(VI/V/IV) + Red reactions, leading to ;Cactivation

(Schemes 2 and 3), is one of the possible mechanisms, Supporting Information Available: Table of rate constants
contributing to Cr(VI)-induced genotoxicities. The alternative for the reaction Cr(V/IVH DHAA and figures showing typical
mechanisms include direct interactions of DNA with the Cr- O, consumption kinetic curves; dependences pE@sumption
(V/IV) intermediates of the Cr(VI)} Red reactiond->74 These on [Red}; CD spectra of the Cr(lll) products for the Cr(VI/V/

two types of mechanisms are not mutually exclusive, and both |V) + Red reactions; and estimated spectra of the reacting
require further investigation in terms of their possible involve- species (global kinetic analysis data) for the Cr(V/i¥)Red

ment in Cr-related carcinogenicities. reactions (11 pages, print/PDF). See any current masthead page
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