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Inorganic arsenic that is ingested through drinking water or inhalation is metabolized by biological meth-
ylation pathways into organoarsenical metabolites. It is now becoming understood that this metabolism
that was formerly considered to be detoxification may contribute as much or more to increasing the tox-
icity of arsenic. One proposed mode of the toxic action of arsenic and its organoarsenic metabolites is
through its binding to proteins and inactivating their enzymatic activity. The classic case has been con-
sidered the affinity of the proximal 1,3 sulfhydryl groups of the lipoic acid cofactor of the pyruvate dehy-
drogenase complex for arsenic. A 2:1 stoichiometry of sulfhydryl to arsenic groups has been measured in
proteins and arsenical complexes can be synthesized using free D,L-lipoic acid. The relative importance of
this site for arsenic binding has come in to question through the use of methylating bifunctional arsenic
complexes, and the suggestion that arsenic inhibits the pyruvate dehydrogenase complex indirectly by
elevating mitochondrial hydrogen peroxide generation. In order to separate the effects of direct trivalent
arsenite toxicity from that of hydrogen peroxide and activated oxygen, we studied the inhibition of the
PDH complex under conditions that did not generate hydrogen peroxide but did expose the lipoic acid
group in its reduced state to arsenicals. We also studied the effects of arsenicals in the inhibition of
the a-ketoglutarate dehydrogenase complex. We found that only trivalent arsenical compounds inhibited
the activity of both dehydrogenase complexes and only when the lipoic acid was in its reduced form.
Arsenite inhibited both enzyme complexes approximately equivalently while monomethylarsenite inhib-
ited the PDH complex to a greater extent than the KGDH complex – although both complexes were very
sensitive to inhibition by this complex. Dimethylarsenite inhibition of both complexes was only observed
with longer pre-incubation periods. Cumulative inhibition by the reduced arsenical was observed for all
complexes indicating a binding mode of inhibition that is dependent upon lipoic acid being in its reduced
state.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic is a well-established toxic and carcinogenic environ-
mental contaminant with the majority of non-industrial human
exposure occurring as a result of contaminated drinking water
[1]. While exposure is principally to the inorganic forms of arsenic;
arsenite, (AsIII) and arsenate (AsV), these are metabolized upon
ingestion to form a number of organoarsenic species, including
methyarsonic acid (MMAsV),dimethylarsinic acid – also called cac-
odylic acid – (DMAsV), and their reduced counterparts, monome-
thylarsonous acid (MMAsIII) and dimethylarsinous acid (DMAsIII)
along a pathway that has been described as much for its activation
of arsenic as its detoxification [2]. Arsenic ingestion has been asso-
ciated with diverse health effects including cardiovascular and
All rights reserved.
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peripheral vascular diseases, haematologic effects and diabetes,
adverse reproductive outcomes, adverse neurological effects, respi-
ratory system dysfunction and lung cancer, and dermatological ef-
fects as well as cancer of the skin, kidney, bladder, colon and liver
[reviewed in 2,3]. Mechanistic events described in arsenic exposed
tissues and cells include oxidative stress [4], enhanced cell prolif-
eration and transformation [reviewed in 5] and changes in DNA
methylation patterns [6]. The diversity of these effects can be as-
cribed in part to inter-individual differences in the metabolic acti-
vation of inorganic arsenic into organoarsenic as well as to a
complicated non-linear exposure and toxicity profile for the ele-
ment [7,8]. The toxic mode of action may depend not only upon
the form of arsenic but also may be tissue and cell dependent or
even protein specific as suggested by Hu et al. [9]. Arsenic inhibits
the actions of numerous enzymes [9–14] and it has been proposed
that there may be ‘several hundred good binding sites for trivalent
arsenicals’ in each organ [15]. Very early studies into the mecha-
nistic toxicology of arsenic observed that trivalent arsenicals inhib-

mailto:brooke.martin@umontana.edu
http://www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem


974 E.R. Bergquist et al. / Journal of Organometallic Chemistry 694 (2009) 973–980
ited cellular respiration and the oxidation of pyruvic acid [16,17]. It
was subsequently decided that sulfhydryl groups were the proba-
ble arsenite reactive moiety (or arsenic ‘‘chemo-receptor” as it was
called at the time) and studies with ‘kerateine’ (sic) determined
that about 75% of the arsenic combined with sulfhydryl groups in
a 1:2 ratio. As only dithiol and not monothiol reagents were able
to mitigate arsenic-induced inhibition of pyruvate oxidation, these
studies resulted in the discovery of the dithiol arsenic chelating
agent British anti-lewiste (or BAL) [17]. It was further proposed
that some dithiol moiety of the pyruvate oxidase enzyme would
be the site of arsenic interaction and inhibition. Pyruvate oxidation
is carried out by a multienzyme complex, the pyruvate dehydroge-
nase (PDH) complex. This is a nuclear-encoded mitochondrial en-
zyme complex that contains a 1,3-dithiol complex, lipoic acid as
a post-translational modification on one of its subunits – the ace-
tyltransferase or E2 subunit. As this satisfied the contemporary
‘ring hypothesis’ of arsenic binding [18], as lipoic acid out-com-
peted monothiols for arsenical chelation [19], and as free D,L-lipoic
acid complexed arsenicals well enough for some products to be
structurally characterized [18,20,21], the lipoic acid moiety
was the proposed dithiol site of arsenic binding and enzyme
inhibition.

There are a small number of enzymes – three in mammals –
that are post-translationally modified by the addition of the lipoic
acid cofactor and all are mitochondrial and important for respira-
tion [22]. In addition to the PDH complex we were also interested
in studying a second one of these, the a-ketoglutarate dehydroge-
nase (KGDH) complex. Like PDH, this is a massive multienzyme en-
zyme complex and the E3 lipoamide dehydrogenase subunit is the
identical, nuclear-encoded protein in the two enzyme complexes.
Important differences occur between the two enzymes, as the
PDH complex also includes a fourth lipoic-acid containing regula-
tory protein (Protein X) within the complex that KGDH does not
have. Additionally the E2 subunit of PDH is modified with two li-
poic acids, whereas the KGDH contains only one. All of the lipoic
acid enzymes generate acetyl CoA and are important for energy
generation. However, if the ability of glucose to provide acetyl
CoA is inhibited through the diminished activity of the PDH com-
plex, this can be provided through the b-oxidation of fatty acids
or amino acid catabolism. On the other hand, KGDH is not only
an integral enzyme within the citric acid cycle, it is a control point
for the operation of the citric acid cycle and therefore, respiration.
We were also interested in studying KGDH as KGDH deficiency is
observed in patients with numerous neurodegenerative diseases
[22–26] and neurodegeneration is one of the health outcomes ob-
served following arsenic poisoning [2]. As susceptibility is pro-
nounced in individuals with deficiencies in the one carbon
recycling system (MTFTR) [26] it is plausible that intermediately
metabolized organoarsenicals may contribute to neurotoxicity.

The relative importance of the lipoic acid site for arsenite bind-
ing and enzyme inhibition has recently been questioned. Samikan-
nu and co-workers [27] suggested that reactive oxygen species
may play more of a role specifically in PDH inhibition in cells than
arsenic binding, which they stated only occurred at levels well
above toxicity for the arsenic compound they studied. Ramanathan
et al. [28] previously observed that co-administration of dietary
antioxidants with arsenite restored the arsenite-induced depletion
of mitochondrial enzyme activity although they ascribed this to
restoration of the arsenite-depleted thiol reserves of the mitochon-
dria. We were therefore, interested in whether we could establish
direct evidence for the binding of arsenicals to the lipoic acid moi-
ety within the PDH (and the KGDH) complex in a cell free (and
therefore, hydrogen peroxide free) system, particularly the organo-
arsenicals that have been identified as mammalian metabolites of
ingested inorganic arsenic and potentially more toxic than arsenite
or arsenate [29–30,12].
2. Materials and methods

Sodium arsenate was purchased from J.T. Baker. Sodium arse-
nite, and potassium iodide were purchased from Fischer Scientific.
Hydrochloric acid was purchased from EMD Chemicals, USA. Diso-
dium methylarsonate was purchased from Chem Service (West
Chester, PA). The sodium salt of dimethylarsinic acid, or cacodylic
acid, was purchased from J.T. Baker. Purified enzyme preparations
of the porcine pyruvate dehydrogenase (PDH) complex and the a-
ketoglutarate dehydrogenase (KGDH) complex were purchased
from Sigma.
2.1. Synthesis of reduced arsenicals

2.1.1. Hazardous materials. Caution!
Arsenite is a known human carcinogen and toxicant. Studies –

including these presented here – indicate that the toxic effects of
methylarsenite may exceed those known for arsenite. Methylated
arsenic compounds may also be teratogens. Proper care and cau-
tion should be taken in handling these materials.
2.1.2. Methylarsonous diiodide (CH3)AsI2

Methylarsonous diiodide (MMA) was prepared by a scaled
down methods adapted from Goddard [31] and Styblo et al. [11],
as the large quantities of those syntheses were not required for
these studies and to minimize risks associated with storage and
handling of excess toxic compound. Amounts and relative amounts
differ between the two protocols and are listed consecutively.
Briefly, the sodium salt of methylarsonic acid (2 g, Goddard or
0.44 g Styblo et al.) was placed into a one-neck pear shaped flask
and nanopure water (5 ml or 1.7 mL) and potassium iodide (2.5 g
or 0.876 g) added, the mixture acidified with the addition of 1.5 g
or 0.3 mL HCl and the contents swirled until all the components
were dissolved. Sulfur dioxide was generated by heating sodium
metabisulfite and the generated gas bubbled through the reaction
mixture by introduction through a Pasteur pipette. For the God-
dard-derived preparation the diiodomethylarsenite precipitated
out of solution directly. For the Styblo et al. preparation, after
about 9 min an oily yellow orange precipitate begins to accumulate
on the bottom of the pear shaped flask. After 1 h the pipette is re-
moved, the flask capped and reaction vessel is placed on ice where-
upon the oily precipitate crashes out of solution as a solid
precipitate which was collected by vacuum filtration. The precipi-
tate was washed twice with ice-cold nanopure water, returned to a
vacuum flask and dried in vacuo for 1 h. 1H NMR analysis of the re-
duced species gave a peak at d 3.10 in CDCl3 and at d 1.24–1.25 in
D2O for the methyl peak as has been observed previously [11,12].
Following synthesis the sample was removed to an ampoule and
stored under argon or nitrogen, in a desiccator at �20 �C until
use.
2.1.3. Dimethylarsinous iodide (CH3)2AsI
DMAsIII was prepared as the iodine salt according to a scaled

down method of Goddard [31] that was adapted by Styblo et al.
[11].

Cacodylic acid (dimethylarsinic acid, 4.14 g) was dissolved in
nanopure water (30 mL) in a 100 mL round bottom flask. Potas-
sium iodide (5.48 g) was added and swirled until dissolved. The
solution was acidified by the addition of concentrated sulfuric acid
(H2SO4, 1.7 mL) and sulfur dioxide generated as described above
was bubbled through the solution. After 1 h, the pipette was re-
moved and the yellow oily precipitate was removed by separating
funnel. The sulfur dioxide bubbler was then returned to the reac-
tion mixture for an hour, the oily precipitate again removed and
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the two fractions were pooled together and dried with anhydrous
sodium sulfate (Na2SO4), rinsed with chloroform (HCCl3) and
stored at �20 �C overnight. Dimethylarsinous iodide was then
purified by vacuum distillation with mild heating.

Arsenic stock solutions were prepared immediately before use.
1H NMR analysis of the reduced species gave a peak at d 2.0 in
CDCl3 as has been observed previously [11].
Fig. 1. Reaction scheme for the a-ketoacid dehydrogenase complexes, where
R = CH3 for the pyruvate dehydrogenase complex or R = HOOC–CH2–CH2 for the a-
ketoglutarate dehydrogenase complex. The substrate specificity is conferred by the
individual EI a-keto acid dehydrogenase subunit of each multienzyme complex. The
second step in the enzymatic cycle is catalyzed by the lipoate-modified E2 enzyme,
the acyl transferase and uses coenzyme A as a substrate. The third, dihydrolipo-
amide dehydrogenase, step regenerates the starting state of the multienzyme
complex and generates NADH.
2.1.4. Purified enzyme assays
The purified pyruvate dehydrogenase complex (PDH) and the a-

ketoglutarate dehydrogenase (KGDH) complex from porcine heart
were obtained from Sigma in a solution containing 50% glycerol,
10 mg/mL bovine serum albumin, 30% sucrose, 2.5 mM EDTA,
2.5 mM b-mercaptoethanol, 0.5% Triton X-100, 0.005% sodium
azide, and 25 mM potassium phosphate, (pH 6.8). An aliquot of en-
zyme (7.5 mU) was centrifuged for 30 min at 14,000g at 4 �C
through a Microcon YM –30 Centrifugal Filter. The enzyme was
re-suspended in 1.8 mL 120 mM KCl, 5.0 mM KH2PO4, and
5.0 mM MOPS at pH 7.40 (Buffer 1). This was repeated twice more.
The enzyme preparation was then added to a reaction buffer con-
taining thiamin pyrophosphate (TPP, 400 lM, also called thiamin
diphosphate) and calcium chloride (CaCl2, 20 lM). Where indi-
cated the reaction buffer also contained substrate at 1 mM (pyru-
vate for PDH and a-ketoglutarate for KGDH), Coenzyme A
(200 lM) and the indicated amounts and types of arsenic. This
reaction mixture was incubated for 30 minutes at 30 �C. To begin
the reaction oxidized nicotinamide adenine dinucleotide (NAD+,
0.5 mM) was added and NADH formation was recorded at
340 nm in a 96 well Molecular Devices Spectromax II spectropho-
tometer. Kinetic analysis was performed by measuring the initial
rate (NADH/min) of NADH formation at 340 nm then converted
to relative activity compared to that of the arsenic-free control
conditions. Inhibition graphs were plotted in Kaleidagraph 3.5.0.0
(Synergy Software) and logarithmic curve fits plotted through the
50% inhibition region. IC50 were calculated and given along with
R2 values for each fit in Table 1.
2.1.5. Slot blot analysis
Solutions of each arsenic solution were made up to a high con-

centration of 2 mM (as indicated) in Tris buffered saline (50 mM
Tris–HCl, 150 mM NaCl, pH 7.6; TBS). PDH (2 lL of 13 mg/mL) or
KGDH (2 lL of 12.2 mg/mL) was added to 500 lL of each arsenic
solution and each As-enzyme solution was incubated at 34 �C
for 2 h. Each arsenic –enzyme preparation was pipetted into an
individual slot of a prepared Bio-Rad slot blotter and the enzyme
transferred to nitrocellulose membrane (Hybond – ECL, Amersham
Bioscences) by applying a vacuum according to the manufacturer
instructions. After rinsing each well with TBS, the nitrocellulose
membrane was removed from the slot blot apparatus and blocked
with TBS containing 3% bovine serum albumin (BSA) for 1 h. The
membrane was rinsed twice with TBS containing 0.5% Tween 20
(TBS-T) by rocking at room temperature for 5 min each, then incu-
bated for 3 h at room temperature with polyclonal anti-lipoic acid
antibody (a generous donation from Drs. Luke and Pam Szweda,
Case Western University) at 1:25,000 dilution. The membrane
was washed twice with TBS-T and incubated with horseradish
peroxidase conjugated goat anti-rabbit antibody (Bio-Rad) at
1:3000 in TBS-T for one hr at room temperature. The membrane
was then rinsed twice with TBS-T, once with TBS and the antibody
visualized using SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce) exposed to X-ray film (KODAK BioMax (MS). Nor-
malized loading between the individual blots was visualized by
Ponceau Red staining – a reversible non-specific azo-dye-based
protein staining – of the membrane blots using standard tech-
niques [32].
3. Results

Both the PDH complex and the KGDH complex go through a
three step catalytic cycle (Fig. 1). A detailed structure–function
analysis of these enzyme complexes is reviewed by Hengeveld
and de Kok [22]. Briefly, the initial substrate dependent step (1)
is the a-keto acid dehydrogenase reaction whereby the enzyme
uses thiamin to oxidatively decarboxylate pyruvate or a-ketoglu-
tarate (dependent upon the dehydrogenase) to generate CO2 and
an acylated lipoic acid. The second acyltransferase step (2) of the
catalytic cycle is carried out by the lipolylated E2 subunit that
transfers the acyl group to coenzyme A, generating a reduced lipoic
cofactor on the E2 enzyme subunit. This step is dependent upon
the presence of the cofactor to proceed. The third step is catalyzed
by the dihydrolipoamide dehydrogenase subunit (3) that is com-
mon to all of the a-ketoacid dehydrogenase complexes and is
dependent upon NAD+ to proceed. In the a-ketoglutarate dehydro-
genase complex this constitutes a point of control for the whole
citric acid cycle as this catalytic cycle is inhibited by the presence
of excess NADH.

3.1. The lipoic acid group must be in the reduced state for effective
enzyme inhibition by arsenite

With the commercially obtained enzymes we could hope at best
for a mixture of states upon opening the bottle but in all probabil-
ity the enzyme in its resting state – particularly once the buffer ex-
change has been completed – almost certainly contains oxidized
lipoate group(s). We originally began these studies when we no-
ticed that both dehydrogenase complexes exhibited a lag period
before arsenite began to inhibit the enzyme, effectively not chang-
ing the initial reaction rate (v0) for the enzymes. In order to deter-
mine with which state of the enzyme arsenic reacts, we stalled the
enzyme in state 1 by withholding substrate (pyruvate or a-keto-
glutarate) during the incubation period; in state 2 by withholding
coenzyme A during the incubation period and in state 3 (with re-
duced lipoate group) by incubating the enzyme with arsenic as
well as substrate and coenzyme A. In all cases the reaction began
with the addition of NAD+, and the missing reactive component
where appropriate. We determined that both enzymes needed to



Fig. 3. Comparison of initial enzyme velocity relative to control after a half hour
incubation with the four different forms of arsenate and arsenite that were
available commercially: sodium arsenite (circles), sodium arsenate (diamonds),
cacodylic acid or dimethylarsenate (triangles), and monomethylarsenate (squares).
PDH – hollow symbols, KGDH – solid symbols.
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be in the enzymatic state that held the lipoate in the reduced state
in order for arsenic to inhibit the initial reaction rate (Fig. 2).

3.2. Arsenite gives greater inhibition than any arsenate compound
with both purified PDH and KGD

Analysis of inhibition under these pre-incubation conditions
with varying concentrations of all three arsenate compounds and
arsenite found that only arsenite inhibited the initial rate of enzy-
matic NADH production when the enzyme complex is paused in
state 3 with reduced lipoic acid groups (Fig. 3).

3.3. Arsenite inhibition was dose and time-dependent for both enzyme
complexes. PDH was more sensitive to arsenicals than KGDH

Both enzymes were very strongly inhibited by the reduced
monomethylarsenite species. While the inorganic arsenite com-
plex inhibited both dehydrogenases approximately equivalently,
the pyruvate dehydrogenase complex was more sensitive to the re-
duced monomethylarsenite than the a-ketoglutarate dehydroge-
nase complex (Fig. 4A). Control reactions with potassium iodide
(not shown) determined that enzyme inhibition was caused by
the arsenite complex and not by the iodide counter-ion that was
also introduced into the solutions with the synthetic monomethy-
larsenite diiodide complex. Initially, we observed that the reduced
dimethyl species inhibited neither enzyme particularly strongly
although the pyruvate dehydrogenase complex was inhibited
slightly at higher concentrations. However, when we extended
the pre-incubation period to an hour we found measurable differ-
ences in enzyme activity compared to non-arsenic treated controls
and that the pyruvate dehydrogenase complex was far more sensi-
tive to arsenite and dimethylarsenite than the a-ketoglutarate
dehydrogenase complex (Fig. 4B). We found that the level of inhi-
bition caused by 250 ppb of sodium arsenite increased up to the
longest time period measured of 165 min (not shown). In order
to compare the enzymes we measured the amount of arsenical re-
quired for 50% inhibition of the initial reaction rate following an
30 min or a 1 h pre-incubation (Table 1).

3.4. Loss of recognition by a lipoic acid-specific antibody indicates
binding at the lipoic acid moiety of PDH

Increased enzyme inhibition with time is indicative of a binding
mode of inhibition [33]. As the lipoic acid groups have historically
been considered the target of arsenical binding to these enzymes
Fig. 2. Variations on incubation conditions of (A) PDH or (B) KGDH with inorganic arse
were added during the pre-incubation period and the dehydrogenase complexes were s
we wanted to see if this binding would lead to the loss of the abil-
ity of the anti-lipoic acid antibody to recognize the moiety as it
does when lipoic acid is modified by the addition of hydroxynone-
nol [34]. We did not observe any loss of lipoate recognition in the
arsenite treated samples. This does not necessarily imply lack of
arsenite binding at this site as the arsenite group may be too small
to affect recognition by the comparatively large antibody. We did
observe loss of recognition of the lipoic acid groups of the pyruvate
dehydrogenase complex that were treated with monomethyl and
dimethylarsenite, indicating that the presence of the methyl
groups on the arsenical species is enough to alter antibody recog-
nition at this site (see Fig. 5).

4. Discussion

The oxidation state of arsenic will determine the extent of inhi-
bition of the respiratory 2-oxo-keto acid dehydrogenases as no
pentavalent form of arsenate inhibited the purified enzyme com-
nite. Only when substrate (pyruvate or a-ketoglutarate) and CoASH (solid squares)
talled in the reduced lipoic acid form during incubation was inhibition observed.



Fig. 4. Comparison of relative enzyme velocity at (A) 30 min and (B) 60 min pre-incubation with substrate, coenzyme A and the arsenical indicated. PDH – hollow symbols,
KGDH – solid symbols.

Table 1
IC50 for the inhibition of the pyruvate dehydrogenase (PDH) and the a-ketogluratate
dehydrogenase (KGDH) complexes after a 30 min or 1 h pre-incubation with arsenic,
substrate, TPP, and coenzyme A.

Enzyme Arsenical 50% Enzyme inhibition

Half hour incubation One hour incubation

(ppb) (lM) R2 (ppb) (lM) R2

PDH As3+ 704 9.39 0.998 267 3.56 0.98
MMA3+ 10.5 0.140 0.95 6.9 0.0921 0.96
DMA3+ NDa 0.76 786.55 10.498 0.97

KGDH As3+ 733 9.78 0.96 488 6.51 0.98
MMA3+ 35 0.467 0.99 21 0.280 0.93
DMA3+ NDa 0.71 7535b 100.6 0.95

None of the pentavalent complexes inhibited either enzyme complex.
a ND – not determined.
b Calculated.
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plexes. Varying substrates in the incubation mixture to stall the
dehydrogenase complexes at various stages of lipoic acid cycling
established that the lipoic acid groups needed to be in the reduced
form during incubation for inhibition of both PDH and KGDH by
arsenite to be observed. This implies that KGDH and the homolo-
gous PDH are inhibited by arsenite modification of reduced lipoic
acid. Stevenson et al. [35] also observed in passing that co-incuba-
tion the PDH complex with substrate (pyruvate) and coenzyme A
Fig. 5. Slot blot of the a-ketoglutarate dehydrogenase complex or the pyruvate dehydro
indicated. Ponceau red staining of each slot is also shown above the Western blotted ba
had to occur for the enzyme to be inhibited by high concentrations
of a synthetic p-amino-phenyl arsenoxide. While that study con-
cluded that arsenical inhibition was reversible, our study using
arsenite and the synthetic analogs of the biological metabolites
of arsenic indicated a cumulative effects of the toxicity of arsenite
that is kinetically interpreted as a binding and therefore, irrevers-
ible mode of inhibition under the time scale of these experiments.
For reduced arsenicals the enzyme must be in the third state of its
catalytic cycle that contains the reduced lipoic acid groups that fa-
vor arsenic chelation. The enzyme active site in this state also con-
tains a pair of reactive oxidized thiols that participate in the
electron transfer of the next phase of the catalytic cycle, moving
themselves through a reduced state [22]. Kitchen and Wallace ob-
served that cysteines placed five or nine amino acids apart in a
peptide also provide a high affinity arsenite binding site provided
the cysteines are in the reduced state [36]. It is difficult to compare
the flexible peptides of that study with the more fixed architecture
of a protein active site. The spacing of seven amino acids between
the two active cysteines would a priori indicate a potential high
affinity binding site were the cysteines in the reduced state. As
the cysteines share a dithiol bond throughout the catalytic cycle
a better comparison may be with the highest affinity site reported,
that of adjacent cysteines [36]. As the reduction of these cysteines
requires catalytic turnover through this state it is unlikely that this
site contains a high percentage population of reduced cysteines
under our conditions. In order to test this hypothesis in our system
genase complex, pre-incubated with TPP, CoA, substrate and the arsenical complex
nd to indicate �equivalent loading.
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however we would have to had pre-incubated the enzyme com-
plex with NADH to drive this reaction step backwards and this
would then prevent us measuring enzyme activity which we
accomplished by monitoring NADH production. The enhanced sen-
sitivity of PDH over KGDH to reduced arsenical complexes (vide in-
fra) led us to propose the lipoic acid group as a primary binding
site, while noting the possibility that these cysteines of subunit
one provide a potential alternate site that we cannot formally rule
out under the conditions reported here.

4.1. MMAIII was the strongest inhibitor of both PDH and KGDH

Due to the cumulative nature of arsenite inhibition we reported
our observed concentrations required for 50% enzyme inhibition –
or IC50 – at 30 min and 1 h in order that we would be able to com-
pare our work with those components of it that have reference val-
ues in the literature. The value for which there is comparative
literature data is the ability of arsenite to inhibit the PDH complex.
For arsenite inhibition of the pyruvate dehydrogenase complex our
numbers are comparable to those of Hu et al. [9] who determined
an IC50 of 5.6 lM. That study did not indicate the total time period
over which they monitored the reaction and our numbers at 30 and
60 min of 9.39 lM and 3.56 lM bracket theirs and can be consid-
ered comparable. Petrick et al. [12] indicated that they monitored
the extent of reaction after 30 min by trapping a radioactive reac-
tion product. That we detected much greater sensitivity than they
did (IC50 of 115.7 lM) we attribute to the fact that we pre-incu-
bated the enzyme complex in order to favor the reaction at the li-
poic acid group. Under any other conditions arsenite also competes
with the enzymes own catalytic cycle for the opportunity to react
at the lipoic acid group. It is therefore, not surprising that we ob-
served much greater sensitivity.

This enhanced sensitivity of these enzymes towards reduced
arsenicals under our experimental conditions is still more marked
for the monomethylarsenite species where we observed an IC50 of
0.092 lM at 30 min compared to the 62 lM level Petrick et al. [12]
observed, indicating the importance of the availability of the lipoic
acid group for the arsenite reactivity and inhibition. Both enzymes
are particularly susceptible to inhibition by the monomethylarse-
nite complex. This markedly enhanced affinity of monomethylars-
enite for reduced thiol groups is also seen by Ramadan et al. [37]
who determined dissociation constants (Kd) of 13–106 nM com-
pared with 5–124 lM found by Kitchin and Wallace for arsenite
[36]. We believe this susceptibility of both enzymes is caused in
part by the defensive properties of the methyl group keeping exter-
nal chelators from removing the arsenite moiety.

4.2. PDH is more sensitive to reduced arsenicals than KGDH

While arsenite inhibition was comparable between the two en-
zymes, the pyruvate dehydrogenase complex was more sensitive
to monomethylarsenite than the a-ketoglutarate dehydrogenase
complex. This was also reflected in the ability of monomethylarse-
nite to prevent recognition of the lipoic acid antibody. After 2 h,
recognition of the lipoate groups of the KGDH complex is dimin-
ished but it is almost completely abolished in the PDH complex.
After 30 min pre-incubation with inorganic arsenite we do not
see a great deal of difference in inhibition between the two dehy-
drogenases but after 1 h the PDH complex is inhibited to a greater
extent than the KGDH complex. This could superficially be attrib-
uted to the greater number of lipoic acid groups carried by each
PDH subunit – two per E2 subunit compared with one for KGDH.
While this was believed to be a redundancy in the enzyme it
may be that both lipoic acids participate in and are important for
catalytic turnover and NADH production. An alternative explana-
tion could include the fourth regulatory subunit, ‘‘Protein X” (also
called the E2 binding protein, E2BP) within the PDH complex that
is not found in the KGDH complex. This subunit also carries a lipoyl
modification. This protein is thought to mediate the regulatory
processes by binding and activating the starvation induced [38]
regulatory kinases [39–41]. In addition to the ability of Protein X
to bind the E1 subunit to the complex, removal of the lipoyl regions
of the E2 protein indicated that Protein X also contributes residual
acetyltransferase activity to the complex [41,42] indicating a role
of the lipoate group of Protein X in overall catalytic function of
the complex and not just in its structural integrity and regulation.
It is therefore, plausible that the increased sensitivity of the PDH
complex to inhibition arsenical inhibition may be due to the
involvement of up to three lipoyl residues per unit for effective
functioning of the catalytic cycle compared with one for KGDH.

4.3. Dimethylarsenite (dimethylarsinous acid) may operate by a
different mechanism that arsenite or monomethylarsenite

Our results for arsenite and monomethylarsenite (methylarson-
ous acid) indicate that the species are acting via the same mecha-
nism, with the monomethylarsenite species creating a more stable
binary complex in the enzyme active site than arsenite. In contrast
the inhibitory action of the reduced DMAIII seems to present a
much more complicated profile indicating differing or additional
mechanistic considerations. The initial weak inhibitory action of
this species observed at thirty minutes is replaced after an addi-
tional 30 min (1 h pre-incubation) by a more enhanced inhibition
that approaches number seen for arsenite at 30 min. After 2 h we
saw strong interference in the ability of the lipoic acid antibody
to recognize the lipoic acid groups on both enzymes. One concern
with any studies involving DMAIII is that it is fairly unstable to-
wards re-oxidation to the DMAV, cacodylic acid (dimethylarsinic
acid). We have observed a maximum useful lifetime of the reduced
species of only a few hours in aqueous solutions (Martin, Fischer
and Rauk – unpublished observations) and it would be expected
that after 1 and 2 h pre-incubations we would expect some popu-
lation of the oxidized dimethylarsenic acid (DMAV) species. As we
do not observe any inhibition of either enzyme complex by this
species we can rule out any direct effect due to the formation of
the oxidized species, particularly given that the period in which
we see the least effect i.e. the first 30 min, is also the period during
which little to no dimethylarsenic acid (DMAV) is formed.

Two further explanations arise for our observations. The first is
that dimethylarsinic acid binds proteins via a different mechanism
and a different site than either arsenite or monomethylarsenite. It
is known that DMAIII is rapidly taken up and retained in the red
blood cells of rats and that this is due to the increased sulfhydryl
content of rat hemoglobin compared with many other species [re-
viewed in 47]. Not surprisingly DMAIII is bound to monothiols as
the additional methyl groups preclude chelated binding. The affin-
ity is sufficient for cysteinyl-arsenic compounds to be identified by
collision-induced dissociation tandem mass spectrometry (CID MS/
MS) after a 1 h incubation [48]. It may therefore be possible that
single cysteine groups of catalytic importance within these enor-
mous dehydrogenase complexes bind DMAIII in a mechanism dis-
tinct from that of the other two reduced arsenic compounds.
Such binding sites could be identified by similar CID MS/MS
techniques.

The results we observed indicate that there is an additional lag
period associated with the toxicity of dimethylarsinous acid
(DMAIII) that is not observed for arsenite nor methylarsenite, nor
is it reported in the hemoglobin studies. This lag period may also
be consistent with DMAIII undergoing further enzyme-mediated
speciation. A transmethylation mechanism would give rise to a
population of the highly toxic monomethylarsenite species. As
the inhibition that we observe after 1 h is still at fairly high concen-
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trations (10.4 lM at 1 h) compared to that of monomethylarsenite,
a small percentage formation of this highly toxic compound could
explain the results we observe. The ability of dimethylarsinic acid
(DMAIII) to perform such transmethylation reaction was observed
by Grüter et al. during a study of complicating side reactions dur-
ing hydride generation at low pH [49]. As the reactions mixtures
are buffered, low pH conditions are only likely to be generated
by the microenvironment created by the proton shuffling in the ac-
tive site. The enzyme active site for the lipoamide dehydrogenase
reaction lies in a deep cleft at the subunit interface [22]. The pro-
posed mechanism is that the reduced lipoyl group transfers elec-
trons and a proton to a reactive disulfide on subunit one with an
active site histidine on subunit two also acting as a proton accep-
tor. Therefore, any formation of demethylated DMAIII (namely
MMAIII) would occur as a function of enzymatic activity over time.

It is intriguing in this context to speculate on the fate of any
newly released methyl moiety. A potential explanation is sug-
gested by the results of Stevenson et al. [35]. Using high concentra-
tions of an artificial bifunctional arsenoxide, BrCH2CONH-PhAsO
they observed that both the arsenic group and methylating func-
tionality were required for rapid, complete and irreversible inacti-
vation of PDH. They were only able to restore functionality to PDH
using a strong arsenic chelator 2,3-dithioproanol if they used a
monofunctional arsenical reagent p-amino phenylarsenoxide and
similarly the use of an analogous methylating agent bromoacety-
laniline (BrCH2CONHPh) had little effect on enzyme activity. As
they required the bifunctionality of both arsenic species and
methylating ability they proposed a mechanism whereby arsenic
was chelated by the lipoic acid and then the lipoic acid–arsenical
complex delivered the methylating end of the reagent into the ac-
tive site, irreversibly methylating one of the active site subunits.
These amino acids were later identified as a histidine and to a les-
ser extent a cysteine which they attributed to being from the iso-
lated E3 subunit [50] and are now known to be on subunits one
and two [22].

Our conditions do not allow us to distinguish whether one or
the other potential mechanism predominates – or whether both
play a contributing role. Future mass spectrometric analysis of
the inhibited enzyme complex will be required to provide some
answers. It must however be emphasized that organoarsenicals
arise as a consequence of intracellular speciation of ingested inor-
ganic arsenic (arsenite and arsenite) and if DMAIII is in the presence
of even low concentrations of arsenite and monomethylarsenite,
its effect will be minor when compared with these two species. Un-
less these effects are truly irreversible compared with organoarse-
nic binding, any effects of DMAIII are likely to be minor players in
terms of the biological inhibition of the PDH and KGDH complexes
by trivalent arsenicals.
5. Conclusions

We reported our data as concentration, as has been the custom,
but also as parts per billion of arsenic as the drinking water stan-
dards are referenced in parts per billion. Correlating the drinking
water standards with tissue, cellular and even mitochondrial ar-
senic concentrations is at best descriptive, particularly once
metabolism and speciation is taken into account. Nevertheless
we feel that this conversion gives an important basis for interpre-
tation and comparison that is relevant to the social discussion of
arsenic poisoning and toxicity. This becomes particularly appropri-
ate when considering that the numbers – including ours – are often
reported as IC50 numbers and that some enzyme inhibition occurs
at levels well below the 50% number reported. Even considering
IC50, monomethylarsenite (methylarsonous acid, MMAIII) is able
to inhibit both enzymes complexes at concentrations below the
former US drinking water standard and for the case of the PDH
complex below the current drinking water standards. The extent
to which arsenic, and particularly methylated arsenicals, accumu-
late in the mitochondria is still being determined and may be tis-
sue specific but is in the 15–30% range [42–45]. As only a
component of ingested arsenic is retained in the tissues, intracellu-
lar levels of arsenic following speciation are unlikely to approach
the regulatory levels in populations exposed to ‘safe’ drinking
water. Populations exposed to elevated arsenic levels in their
drinking water may well be another case and it is also important
to note that we have also observed that toxicity toward these en-
zymes is cumulative. In addition, Aposhian et al. [46] found that
that administration of arsenic chelators to humans who ingested
high concentrations of arsenic in drinking water led to the urinary
excretion of disproportionately high concentration of monomethy-
larsenite, indicating that the tissue concentration of this toxic
metabolite may be a disproportionately higher component than
previously appreciated. Samikkannu et al. [27] suggested that the
inhibitory action of arsenic trioxide As2O3 toward PDH was greater
in HL60 cells than in the purified enzyme because it was acting
indirectly through the formation of oxidative stress and not di-
rectly by binding to enzymatic dithiols like lipoic acid. The role that
intramitochondrial oxidative stress may play in arsenic toxicity
cannot be under-estimated. However under the conditions we
have used reactive oxygen species should not be generated in
our system and we see enzyme inhibition measured as IC50 num-
bers far lower than the values of 182 lM than they observed in
the purified complex. Monomethylarsenite (methylarsonous acid)
– which they did not use in their studies – also inhibited the puri-
fied complexes at much lower an IC50 (submicromolar) than the
2 lM they observed in the cell extract preparations. The lag time
we had initially observed prior to undertaking our pre-incubation
studies indicated that enzyme turnover is required for arsenite
inhibition, including monomethylarsenite and our conditions that
poise the enzyme complex in the state containing reduced lipoic
acid groups allowed us to see a direct effect of inhibition on en-
zyme activity giving us lower IC50 number than those observed
by many others. The extent of the effect of the cellular milieu on
these numbers can be debated, however it is clear from our studies
that in vitro both arsenite and monomethylarsenite bind to and in-
hibit these enzyme complexes with great efficacy and that these
effects are cumulative.

One of the consistent observations of toxicity in arsenic treated
cells and arsenic exposed tissues is the measurement of many
parameters of oxidative stress [4,51–59]. This provides something
of a conundrum for mechanistic toxicology, as arsenic will not be
able to generate reactive oxygen species in any straightforward
manner such as the Fenton and pseudo-Fenton metals do and an
indirect mechanism needs to be determined. It is known that arse-
nite generates excessive oxygen radical formation through increas-
ing the activity of the cells surface NADPH dehydrogenases [51,60].
While hydrogen peroxide is a fairly diffusible molecule in biology
this mechanisms suggests more of an extracellular and cell signal-
ing effect. Intracellularly it has been proposed that arsenite de-
pletes intracellular glutathione stores [61] although oxidative
stress can also do this. As arsenite is toxic to cells far below concen-
trations that would allow stoichiometric depletion of intracellular
glutathione, it has also been suggested that arsenic acts indirectly
by inhibiting the glutathione recycling enzyme glutathione reduc-
tase [11]. It has already been observed that it there are potentially
several hundred good targets for arsenic binding and toxicity [15].
The appeal of the enzymes studied here is therefore, that they are
indeed mitochondrial enzymes that are involved in respiration and
the mitochondrial metabolism of oxygen. Depletion of their activ-
ity would lead to depleted mitochondrial NADH reserves and the
inefficient metabolism of oxygen at the inner mitochondrial mem-
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brane. As oxidative stress itself is also proposed to inhibit these en-
zymes [27,34] this then would lead to a spiraling effect on these
enzymes systems following exposure to toxic arsenical com-
pounds. Whether the initial inhibition by arsenic is the initiating
event in biology is yet to be determined however the ability of
arsenite and dimethylarsenite to inhibit these enzymes at very
low concentrations in a cumulative manner suggests this as a good
probability.
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