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Abstract--The reduction of chromate (2 × 10 -4 mol dm 3) by L-ascorbate ((0.95-5.71) × 10 -3 mol dm -3) 
has been studied by spectrophotometry under aerobic and anaerobic conditions. Phosphate, HEPES and Tris- 
HCI buffers were used in pH range 6.8-7.8 with T =  25/26°C, I = 0.5/1.0 mol dm 3, [02] = 0.03-7.17 mg 1 -j.  
The reaction was confirmed as first order with respect to both reactants. The rate determining step is suggested 
as formation of a chromate-ascorbate-ester. In phosphate and HEPES buffers the experimental, pseudo-first- 
order rate constants obtained in the absence of dioxygen were almost identical to those obtained in its presence. 
However in the presence of Tris-HC1 buffer an oxygen dependence of the reaction was observed. This suggests 
that inhibition of the rate constant by dioxygen is a buffer dependent effect and is not an intrinsic feature of 
the redox reaction between chromate and ascorbate. The implications of these results for the mechanism of 
chromate toxicity are discussed. © 1997 Published by Elsevier Science Ltd. 
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Chromium(Vl) is an established human and animal 
carcinogen [1]. It is now well established that chro- 
mium(VI) alone does not cause DNA lesions in vitro 
[2,3] neither do the typical chromium(III) products of 
reduction [4] (however, some chromium(III) com- 
plexes can bind to DNA in vitro and this may be a 
route to toxicity). It has consequently been concluded 
that the species that causes oxidative DNA damage is 
generated during the intracellular reduction of chro- 
mium(VI) to chromium(III). Inside the cell chromate 
is believed to be reduced by enzyme systems in various 
organelles and by small molecules such as glutathione, 
ascorbic acid or cysteine. These molecules are known 
to generate reactive intermediates in the course of the 
reduction of chromate. Such intermediates can cause 
oxidative DNA damage such as strand breaks [5,6] 
and alkali labile (AP) sites [7], as well other lesions 
such as DNA-protein cross-links [8] and DNA inter- 
strand cross-links [9]. 
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Chromium has an extremely complex redox chem- 
istry in aqueous solutions. Many intermediates are 
formed which makes it difficult to understand the 
mechanism by which chromate reduction causes DNA 
damage. A likely candidate for involvement in DNA 
damage is Cr v, its formation is a common feature of 
many in vitro and in vivo chromate reductions. Crv 
complexes are known to induce cleavage of DNA [6, 
12]. Cr TM [10] and Cr" [11] and carbon based radical 
species [10] have also been identified and suggested as 
possible DNA damaging species. It is often suggested 
that hydroxyl radicals are involved but recent spin- 
trapping and competition kinetics studies [13] show 
that a simple mechanism involving these radicals is 
unlikely since the addition of the hydroxyl radical 
scavenger glucose has no protective effect on either 
the yields of radical adducts formed or the induction 
of single strand breaks caused by the reduction of 
chromate. 

Many studies of oxidative DNA damage have con- 
centrated on the chromate-glutathione reaction [6,14, 
15]. Indeed until recently ascorbate had been rejected 
as playing a major role in the intercellular reduction 
of chromate. However, it has been shown that ascor- 
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bate is stoichiometrically the most important reduct- 
ant in many biological fluids (including lung fluid) 
[16,17]. 

The kinetics of the chromate-ascorbate reaction are 
of interest as mechanistic details of the reaction could 
provide an insight into which reactive intermediates 
are involved in the formation of strand breaks. The 
reduction has been extensively studied in acid medium 
[20,21] but until recently received little attention at 
neutral pH [22]. The accepted stoichiometry of the 
reaction is; 3 moles ascorbic acid reacts with 2 moles 
Cr vl, each ascorbate transfers 2 electrons and overall 
3 moles dehydroascorbic acid and 2 moles Cr m are 
formed. No universally agreed stoichiometric equa- 
tion has yet emerged, as the exact identity of the initial 
chromium and ascorbate species at physiological pH 
is not clear. Recently several kinetic studies of the 
chromate-ascorbate reaction have been published 
[23 25]. These confirm that the reaction is first order 
in both chromate and ascorbate. Several differing 
mechanisms were suggested, including the formation 
of a chromate-ascorbate ester or a CrV-ascorbate com- 
plex as the rate determining step. The reaction was 
found to be catalysed by copper(II), iron(II) and 
iron(III) ions [23] but was not inhibited by manga- 
nese(II) [24]. The reaction rate decreased as the ionic 
strength increased. However, none of these studies 
were carried out in buffers from which trace metals 
had been removed. 

One current theory suggests that a direct interaction 
of a high valence oxo or molecular oxygen-chromium 
species capable of oxygen transfer with DNA plays 
an important role in the generation of oxidative DNA 
lesions [18,19,26]. Hence the kinetics of the reaction 
under both aerobic and anaerobic conditions are of 
interest. This paper reports the results of a kinetic 
study of the chromate-ascorbate reaction using UV 
techniques at low reactant concentrations in deme- 
tallated buffers, aerobic and anaerobic conditions 
were employed. 

EXPERIMENTAL 

Chemica& 

L-Ascorbic acid, L-ascorbic acid-sodium salt, [4-(2- 
hydroxyethyl)-l-piperazine-ethane sulphonic acid] 
(HEPES), [tris(hydroxymethyl)methylamine-HC1 
(Tris-HCl), glucose oxidase (Type IIS from Asper- 
9illus niger), catalase (from bovine liver) and chelex 
100 resin were purchased from the Sigma chemical 
company. Sodium dichromate, /~-D-glucose, sodium 
chloride, sodium perchlorate, disodium hydrogen 
orthophosphate-anhydrous, sodium dihydrogen 
orthophosphate and tris(hydroxymethyl)me- 
thylamine (Tris base) were purchased from BDH 
chemicals. Sodium chromate was obtained from 
Fisons. Nitrogen and argon were supplied by BOC. 

All reagents used were analytical grade (except for 

the non-demetallated anaerobic reactions where gen- 
eral purpose reagents were used). Buffer solutions 
referred to as demetallated had any trace metals pre- 
sent removed by treatment with chelex 100 resin. 
Trace metal removal is considered complete when loss 
of absorbance of ascorbate at 265 nm is minimal 
(>0.5% in 15 min). The pH of the solutions was 
measured/checked using an Alpha 600 ion meter. 
Electronic spectra were measured using a Perkin- 
Elmer 330 spectrophotometer. The absorbance of the 
chromate ion at 370 nm (e,=4810 M ~ cm l) was 
followed. 

Methods 

For aerobic experiments [27] thermostatted stock 
solutions of sodium ascorbate, sodium chlor- 
ide/sodium perchlorate and sodium dichromate were 
prepared immediately before use. The required vol- 
ume of chloride/perchlorate and ascorbate stock solu- 
tions were pipetted into a 1 cm spectrophotometer 
quartz cell. A small amount of the chromate stock 
solution was injected into the thermostatted reaction 
cell using a microlitre pipette. The cell was stoppered, 
shaken and returned to the thermostatted sample 
compartment of the spectrophotometer. Continuous 
measurements of absorbance against time were made. 

All stock solutions for the anaerobic study were 
flushed with oxygen-free nitrogen or argon (for 
between 20 min and 1 h). They were protected by 
rubber septa and handled using standard syringe tech- 
niques before being injected into a cell with a nitrogen 
or argon atmosphere. Oxygen was also removed using 
an enzymatic system. The ascorbate and chlor- 
ide/perchlorate stock solutions were degassed for 15 
min in a Decon FS 200 ultrasonic bath. A solution 
containing glucose oxidase,/%D-glucose and catalase 
was added to the stock solutions in the cell [28]. Nitro- 
gen was then bubbled through the cell for 5 rain before 
the dichromate stock solution was injected. The oxy- 
gen concentration in the nitrogen flushed solutions for 
each kinetic study was "estimated" by measurements 
with a Jenaway 9010 oxygen meter. 

Pseudo-first-order rate constants were obtained 
graphically from plots of ln(AobjAo) vs time. Plots 
were linear for ~ 3  half lives (except for 0.95 x 10 3 
mol dm 3 ascorbate experiments which were not 
under pseudo-first-order conditions and were only lin- 
ear for 1 2 half lives). Reported values are the average 
of several runs, standard deviation is small, > 5%. 

RESULTS AND DISCUSSION 

Aerobic: conditions 

The aerobic reduction of sodium dichromate by 
sodium L-ascorbate was studied under pseudo-first- 
order conditions at various values of pH. Under these 
conditions ascorbate gave a near first-order reduction 
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of  chromate,  however a second step towards the end 
of  the reaction independent of  ascorbate con- 
centration was observed. The kinetics of  the reaction 
under demetallated, aerobic conditions were not 
affected by either HEPES or phosphate buffer, reac- 
tions in either buffer gave near identical results in the 
pH range studied. Similarly perchlorate or chloride 
added for ionic strength gave near identical results. 
Rate constants were derived from plots of  ln(AobdAo) 
rs time. The observed pseudo-first-order rate con- 
stants were found to be directly proport ional  to the 
initial concentration of  ascorbate as in previous non- 
demetallated studies [23 25]. The rate increased with 
ascorbate concentration (Fig. 1). Using the initial 
rates method a plot of  log initial kob s FS log ascorbate 
concentration proved to be linear with slope close to 
unity, confirming the reaction as first order with 
respect to ascorbate. 

In this system chromium(VI)  is present as either 
the hydrogen chromate ion or the chromate ion, at 
physiological pH and low Cr vI concentrations other 
Cr w species are not significant [29]. Ascorbate is pre- 
sent as the strongly reducing hydrogen ascorbate ion 
[30]. Second order rate constants for the reaction can 
be calculated. The rate determining step of  the reac- 
tion is probably the formation of  a chromate-ascor- 
bate-ester intermediate (Fig. 2). This step is thought 
to be slow compared to the subsequent reduction by 
pathways which are not yet clear but may involve 
CrY,J31] Cr w [10] and perhaps Cr u [11] before the 
final products of  Cr "t and dehydroascorbic acid are 
formed. Cr w has a tendency to condensation reactions 
with many compounds  [29] so the chromate-ascor- 
bate-ester intermediate is likely, however due to the 

[HA] +[HCrO4] ¢:~A-Cr(VI)+H20 

2.00 

T 1.50 , a b * 

% 1.00 

• d 
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0.00 . . . . . . . . . . . . . . . . . . .  
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[Ascorbate](103)/mol dm 3 

Fig. 1. Plot of kob s l:S [Na L-ascorbate]0 for the reduction of 
chromate (2 × 10 4 mol dm 3) by ascorbate at different pHs 
in demetallated HEPES/phosphate buffer (0.1 mol dm 7 
25C, 1 = 1.0). (a) pH 6.8; (b) pH 7.0; (c) pH 7.1; (d) pH 

7.15; (e) pH 7.2; (f) pH 7.5. 
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Where A-Cr (VI) is: O 

o~°-- H'" 0 
II 
Cr ~ OH 
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CH2OH 

Fig. 2. Formation and structure of the chromate-ascorbate- 
ester. 

strongly reducing nature of  the hydrogen ascorbate 
ion a rate determining step involving either a 1:1 
reaction between a Cr species and ascorbate or elec- 
tron transfer between H A -  and HCrO4  cannot be 
ruled out. Assuming the rate of  formation of  the first 
step is slow compared to subsequent reactions then: 

kf 
H A -  + HCrO2  ~ products. (1) 

The resulting rate expression is: 

kob~ = kf[ascorbate]0 + kb. (2) 

kf and kb can be directly ascertained graphically from 
plots ofkob~ against [ascorbate]0 (see Fig. 1 and Table 
1). Since the forward reaction gives much larger values 
than the reverse reaction it can be assumed that kb is 
insignificant as a reaction pathway. Estimates of  the 
equilibrium constant K can be obtained since: 

K = kf/kb. (3) 

The pseudo-first-order rate constants were also 
found to be pH dependent, this was in agreement with 
previous non-demetallated results [23 25]. In the pH 
range 6.8-7.5 all ascorbate is present as H A -  [30] so 
the reactions present can be represented by: 

K l 
HCrO4 ~,@2CrO42 + H+(pK,  = 6.02), (4) 

kl 
HCrOg  + H A -  --+ products, (5) 

k, 
CrO 2- + HA -4 products. (6) 

From these equations equation (7) can be arrived 
at: 

[H +]k~ + K~k2 [ascorbate]0 
kobs = + kb. (7) 

[H ÷] +K~, 

Since k b is a minor reaction and K~ >> [H+], 
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Table 1. Second order kinetic parameters obtained from plotting kob~ vs [Na L-ascorbate]0 for 
the aerobic reduction of chromate by ascorbate at different pH values. Using demetallated 

HEPES/phosphate buffer, 0.1 mol dm ', 25"C, 1 = 1.0 

pH kf (dm 3 mol ' s ~) kb (s i (10~)) K (dm 3 m o l i  (103)) 

6.8 4.14(0.25) 3.50(0.63) 1.18 
7.0 2.45(0.15) 2.00(0.31 ) 1.23 
7.1 1.74(0.10) 1.21 (0.20) 1.44 
7.15 1.46(0.09) 1.00(0.15) 1.46 
7.2 1.41 (0.09) 0.95(0.20) 1.48 
7.5 0.59(0.07) 0.42(0.15) 1.40 

[H+]kl  
kf - - -  + k 2. (8) 

K~ 

kt and  k2 can be ascertained graphical ly (from a plot 
o f [ H  +] a g a i n s t k 0  as 3 2 _ + 5 . 2 m o l  ~ dm ~s  ~ and 
- 0 . 5 2 _ +  0.25 mol ~ dm -3 s l respectively (small 
negative figure for k2 suggests it is insignificant).  

The pH dependence  could be explained if the for- 
ma t ion  of  the chromate-ascorba te-es te r  is "pro-  
m o t e d "  by the presence of  extra p ro tons  [22,29]. The 
slower react ions at  higher  pH values could be due to 

O H  becoming  the leaving group instead of  water  [22] 
(Fig. 3), however  the small deviat ions  f rom linearity of 
the plot  of  kob ~ vs [H +] and  the relatively large per- 
centage error  in k~ and  k2 may suggest the role of  H + 
is more  complex than  this. 

Several detailed analyses of  the kinetics of  the chro-  
mate  ascorba te  react ion have been under t aken  [22- 
25], the only conclusions f rom all such studies and the 
present  work is tha t  the t ransient  na ture  and  large 
n u m b e r  of  possible react ion intermediates  involved 
make  it very difficult to establish an  overall  mech- 
anism for the process. 

Anaerobic conditions 

At the t ime our  kinetic s tudy was being carried out  
work was publ ished which suggested that  molecular  

2.00 -- ba~ 

- "  1.33 

c 

0.87 

~:r,,f-"-, I , I , I , I , I , I , I 0.00 
0.20 0.38 0.55 0.72 0.90 1.07 1.25 1.42 1.60 

[H +] ( 107)/tool dm -3 

Fig. 3. Plot of kob~ vs [H +] for the reduction of chromate 
(2 x 10 4 mol dm 3) by ascorbate at different [Na L-ascor- 
bate]o in demetallated HEPES/phosphate buffer (0.1 mol 
dm 3, 2YC, I =  1.0). (a) 0.95 x 10 3 mol dm 3. (b) 
1.90 x 10 3 mol dm 3; (c) 2.86 x 10 3 mol dm 3; (d) 

3.81 x 10 3moldm 3. 

oxygen was involved in the chromate-ascorba te  reac- 
t ion causing single s t rand breaks in PM2  D N A  [18]. 
ESR evidence has suggested that  molecular  oxygen 
reacted with Crv to generate a formate  cleaving reac- 
tive oxygen species [26]. We were interested in exam- 
ining any oxygen dependence of  the react ion kinetics 
to discover whether  dioxygen was involved in a major  
mechanis t ic  pathway.  If  it was, the observa t ion  would 
have impor t an t  implicat ions concern ing  the na ture  of  
the D N A  cleaving species. 

The anaerobic /par t ia l ly  anaerobic  reduct ion of  
ch romate  by ascorbate  was studied unde r  pseudo- 
first-order condit ions.  Oxygen was partial ly removed 
by flushing with ni t rogen or a rgon  and  also by using 
an  enzyme system [28]. The react ion showed no oxy- 
gen dependence in demetal la ted H E P E S  or phospha te  
buffers at any pH (6.8-7.15) or ascorbate  con- 
cent ra t ion  ((0.95-5.71) x 10 .3  mol dm -3) at  chro- 
mate  concen t ra t ion  (2 x 10 .4  mol dm-3) .  Spectra 
taken from identical aerobic and  anaerob ic  exper- 
iments  were virtually identical (Fig. 4). No  differences 
in the pseudo-firs t-order  rate cons tants  were seen. 
These results showed tha t  the overall  rate of  reduct ion 
of  ch romate  by ascorbate  at  physiological  pH is not  
affected by the presence of  molecular  oxygen, which 

O.OOt 

,-~ -1.00 

~. -1.50 I .  

.= -2.00 

-2.50 

-3.00 
0 60 120 180 240 300 360 420 480 

Time/sec  

Fig. 4. An example of the lack of oxygen dependence of the 
reduction of chromate (2 x 10 4 mol dm -3) by ascorbate 
in demetallated HEPES/phosphate buffer (pH 7.1, 0.1 mol 
dm 3, 25 C, 1 =  1.0) (a) 1.90 × 10 3 mol dm 3; (b) 
3.81 x 10 3 mol dm 3. A pseudo-first-order plot of 
ln[CrO] ]/[CrO42-]0 vs time. + Aerobic reactions, [] par- 
tially anaerobic reactions (40 min Nz/Ar), O anaerobic reac- 

tions (enzymes). 
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0.70 

suggests tha t  if oxygen is involved in the mechanism 
by which D N A  cleavage occurs then the oxidising 0.60 
species is not  formed in a ma jo r  s toichiometr ic  pa th  
of  the c h r o m a t e - a s c o r b a t e  reduction.  0.50 -/ 

However ,  as the studies in our  l abora to ry  were 
underway,  Dixon et al. [25] reported a kinetic s tudy ~ 0.40 
in non-demeta l la ted  Tris-HC1 buffer showed an up to 

-~ 0.30 [ 
a ten-fold increase in the react ion rate for experiments  -~ 
carried out  in the absence of  dioxygen. These results = 
were in direct cont ras t  to those established in the ~ 0.20 
present  study. We reexamined our  results by under-  0.m t 
taking studies to ascertain whether  the re ta rda t ion  of  
reaction rate by dioxygen was due to an  interact ion 0.00 , 

0 
between oxygen and  a reactive intermediate  formed in 
the c h r o m a t e - a s c o r b a t e  reaction which would deplete 
the a m o u n t  of  the reactive intermediate  available for 
involvement  in the ra te-determining step. Alter-  
natively the inhibi t ion of  the react ion kinetics by 
dioxygen could be caused by the choice of  buffer or 
by the presence of  trace metal  ions perhaps  act ivated 
by the buffer. 

There  are problems associated with trace metal  ion 
con t amina t i on  in these redox systems. The kinetics 
of  ascorbate  decomposi t ion  react ions are part icular ly 
sensitive to trace metals  such as Fe" and  Cu"  [32]. 
Removing  trace metal  ions ensures tha t  the observed 
kinetics are due to the reduct ion of  the ch roma te  ion 
alone. Tr is-HCl buffer also has problems associated 
with its use. It is known  to affect reduct ions  [10,31], 
presumably  by coord ina t ing  to Crv to form a te rnary  
CrV/ascorbate/ tr is  complex or a CrV/tris complex 
when  used as a buffer for the chromate -ascorba te  reac- 
tion. Indeed there were considerable  problems in 

V observing Cr  in early work on  ch roma te -g lu t a th ione  
react ions due to choice of  Tris-HC1 as a buffer [22]. 
Due to its par t ic ipat ion in the CrW/Cr v system it is 
now rarely used for buffering ch romate  reactions.  

In order  to unde r s t and  bet ter  the discrepancies 
between our  results and  those publ ished [25], the 
reduct ion of  ch roma te  by L-ascorbic acid was studied 
at  different stages of  deoxygenat ion  at a set pH and  
concent ra t ions  of  ascorbate  and  ch romate  similar to 
those used by Dixon et al. [25] in several different 
non-demeta l la ted  buffers. Unde r  these condi t ions  all 
experiments  gave first order  reduct ion of  ch romate  
(Fig. 5). The large differences in rate cons tants  
between the buffers under  aerobic condi t ions  are 
p robab ly  partial ly due to the presence of  differing 
amoun t s  of  trace metals.  Phospha te  is k n o w n  to have 
high metal  complexing ability [33]. In non-deme-  
tal lated phospha te  buffer the observed rate of  the 
ch roma te  reduct ion was not  first order,  the reaction 
actually had  a mixed order  with respect to the oxidant  
due to the large con t r ibu t ion  f rom associated metal  

N2 flushed (min) ions (mainly f rom copper(II ) ) .  A first order  rate con-  
s tant  was es t imated from the initial 4 min  of  the reac- 0 
tion. Tr is-HCl buffer p robab ly  had  more  associated 20 
metal  ions than  H E P E S  buffer bu t  bo th  gave first- 40 
order  rate constants .  Since the react ion rate in phos-  60 
pha te  buffer was not  affected by the oxygen con- 
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10 20 30 4 0  5 0  6 0  

Time N2 bubbled through/min 

Fig. 5. Effect of dioxygen variation. Plot of kob~ vs length of 
time reaction solutions were flushed with nitrogen. Sodium 
chromate (2 x 10 4 mol dm 3) was reduced by L-ascorbic 
acid (1 x I0 3 mol dm -3) in non-demetallated buffers (pH 
7.8, 0.05 mol dm ~, 26C,  I = 0.5 (NaCIO4). (a) Tris-HCl 

buffer; (b) phosphate buffer; (c) HEPES buffer. 

cent ra t ion  (Table 2) it is likely tha t  the reported 
oxygen dependence was not  caused by trace metals  
alone. In HEPES and  phospha te  buffers the con- 
cent ra t ion  of  oxygen present  in the react ion system 
had  no effect on the kinetics of  the ch romate  ascor- 
bate  reaction. However  in Tris-HCl buffer the first- 
order  rate cons tants  for the reduct ion of  chromate  by 
ascorbate  increased in a non- l inear  fashion as oxygen 
concent ra t ion  decreased. These results could not  be 
repeated for demetal la ted experiments,  perhaps  
because the react ion system was extremely sensitive to 
the a m o u n t  of  oxygen present,  (injecting even small 
amount s  of  air into the react ion cell led to no increase 
in reaction rate being observed) maybe  because the 
oxygen dependence is a buffer/ trace metal  ion effect. 
This exper iment  showed that  the reported oxygen 
dependence of  the ch roma te - a sco rba t e  react ion was 
caused by the use of  non-demeta l la ted  Tris-HC1 buffer 
and  was not  an intrinsic feature of  the redox reaction 
between chromium(VI)  and  ascorbate.  This con- 
clusion is suppor ted  by a recent ESR study [10] which 
showed tha t  for the chromate  ascorbate  react ion in 
demetal la ted HEPES buffer nei ther  Crv or the for- 

Table 2. [02] was estimated from solutions of the reaction 
mixture using a Jenway 9010 oxygen meter which was only 
accurate to about 0.05 mg 1 ~. The oxygen concentration for 
the aerobic solution was very close to the literature value for 

solution with the salinity of the reaction mixture [34] 

Estimated [02] (mg 1 L) 

7.17 
0.11 
0.05 
0.03 
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mation of carbon-based radicals was affected by the 
absence of dioxygen. 

Our conclusion is not that dioxygen and reactive 
oxygen species do not have a role in DNA cleavage 
by the chromate-ascorbate system, just that the species 
involved in a major mechanistic pathway cannot be 
involved in DNA cleavage if oxygen is proved to be 
involved. An interaction between dioxygen and a 
chromium reaction intermediate involving Tris-HC1 
buffer (probably with Fe H or Cu H also involved) is a 
likely cause of the reported oxygen dependence of the 
chromate-ascorbate reduction. 
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