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a b s t r a c t

H2O2 inhibits the [3H]carnitine/carnitine antiport catalysed by the mitochondrial carnitine/acylc arnitine 
transporter reconstituted in proteoliposomes. The inhibition was reversed by dithioerythritol, N-acetyl- 
cysteine and L-cysteine. Inhibition time-dependence revealed a faster and a slower reaction stages with 
orders of reaction of 1.0 and 1.9, respectively. Inhibition was tested on mutants in which one or more of
the six Cys residues had been substituted with Ser or with Val. The four replacement mutant C23S/C58S/ 
C89S/C283S containing C136 and C155 was inhibited as the wild-type. Mutants C23V/C58V/C155V/C89S/ 
C283S and C23V/C58 V/C136V/C89S/C283S containing only C136 or C155, respectively, were inhibited at
a much lower extent respect to the wild-type, while the mutant C136S/C155S in which the two Cys were 
substituted and the C-less protein were virtually insensitive to inhibition. DTE reversed the inhibition of
the H2O2 sensitive proteins except that in the case of the mutants containing only C136 or C155 after 
long time of incubation with H2O2. The IC50 values obtained by dose–response curves of H2O2 inhibition
were 0.17 mM for the wild-type, 0.39 mM for the four replacement mutant containing C136 and C155,
2.23 or 1.8 mM in the five replacement mutants containing the single C136 or C155, respectively.
Carnitine and acetylcarni tine protected the protein from the inhibition by H2O2. Inhibition kinetics 
showed a comp etitive behaviour of H2O2 respect to carnitine. All the data concur to demonstrate that 
H2O2 interacts with C136 and C155 and completely inactivates the transporter by inducing the formation 
of a disulphide.

� 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction 

H2O2 has several effects on proteins and, at lower concentra- 
tions, also signalling roles [1–3]. It is well established that H2O2,
as well as other reactive oxygen species, are by products of aerobic 
respiration in mitochond ria [1], thus it will firstly interact with 
proteins located in mitochondrial matrix or in the membranes 
and facing towards the matrix or the intermembr ane space [2].

Since H2O2 reacts with thiol groups [3–6] an important feature of
proteins, that make them sensitive towards H2O2, is the presence 
of exposed thiol residues of Cys. Thus the mitochondrial carni- 
tine/acyl carnitine transporter (CACT), which possesses six Cys res- 
idues, represents a potential target of H2O2. The main role of CACT 
consists in catalysing the transport of acyl groups from cytosol to
the mitochondr ial matrix as acyl-carnitin es, to allow b-oxidation
[7,8]. This transport system functions accordin g to an antiport 
mechanis m, i.e., it translocates fatty acyl units, as acylcarniti nes,
into the matrix in exchange with free carnitine towards the cytosol 
[9]. The transport function has been well characterise d in the pro- 
teoliposome experime ntal model, consisting of phospholipid s ves- 
icles in which the transport protein is inserted (reconstituted),
mimicking the physiolog ical environment. This model gives the 
important advantage to study the function of a single protein 
without interferences from other transporters or enzymes. Indeed 
proteolip osomes were reconstit uted with the CACT purified from 
the native source of rat liver mitochond ria and, later on, with the 
recombin ant rat and human proteins obtained from over- 
expression in Escherichia coli [10,11]. Many functional and 
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structural propertie s of the CACT have been defined. The structure 
of the CACT has all the typical properties of the mitochondr ial car- 
rier family, such as three repeated segments of about one hundred 
amino acids, each containing the signature motif PX[DE]XX[RK] 
[12]. The CACT proteins constitute a sub family of members ex- 
pressed in various unicellular or multicellula r organisms [11].
Using homology modellin g and the ANC structure as template 
[13] the CACT structural model has been built showing that the 6
transmemb rane a-helices surround a cone shaped central cavity 
facing the cytosol [14]. The structural model has been then vali- 
dated by experiments in proteoliposo mes. The site of binding of
free carnitine and acylcarnitines has been identified and the molec- 
ular mechanism of transloca tion clarified to some extent [15–17].
The six Cys residues of CACT have been well characterised in terms 
of structure /function relationshi ps by site-directed mutagen esis 
and chemical targeting [14,18,19 ]. Apparently, these residues do
not play important roles in the transloca tion process. However,
some of the six Cys residues interfere with the substrate transloca- 
tion thus being potentially implied in the regulation of the trans- 
port process. Some of these residues are exposed towards the 
external environment and can be targeted by specific SH reagents,
such as NEM or MTS. This reaction leads to transport inhibition 
caused by occupanc y of the substrate binding site. Moreover two 
residues, C136 and C155 can undergo after treatment with oxidis- 
ing reagents, to the formation of a disulphid e which leads to com- 
plete inactivation of the protein [18]. However, so far, the study of
the role of the Cys residues was limited to chemical compounds 
which are not involved in cell metabolism under physiologica l or
pathological conditions. Being the exposed Cys residues possible 
targets of H2O2, the effect of this compound on the CACT has been 
studied and characterised in reconstituted proteolip osomes. The 
results highlight a potential implication of the interaction of
H2O2 with the CACT in pathophysiology .

2. Materials and methods 

2.1. Materials 

L-[Methyl-3H]carnitine 99% pure, 85 Ci/mmol, from Scopus Re- 
search BV, Wageningen The Netherlands, Sephadex G-75, egg-yolk 
phospholipid s (L-a-phosphatidylcho line from fresh turkey egg 
yolk), Pipes, Hepes, Triton X-100, cardiolipin, L-carnitine, H2O2, Cat- 
alase from Sigma–Aldrich s.r.l., Milano Italy. All other reagents 
were of analytical grade.

2.2. Site-directed mutagene sis, overexpressi on and isolation of the 
CACT proteins 

The previously constructed pMW7-WTratC ACT recombinant 
plasmid was used to introduce the mutations in the CACT protein 
as previously described [19]. The amino acid replacemen ts were 
performed with complemen tary mutagen ic primers using the 
overlap extension method [20] and the High Fidelity PCR System 
(Roche). The PCR products were purified by the QIAEX II Gel 
Extraction Kit (QIAGEN, La Jolla), digested with NdeI and HindIII 
(restriction sites added at the 50 end of forward and reverse prim- 
ers, respectively ) and ligated into the pMW7 expression vector. All 
mutations had been verified by DNA sequencing, and, except for 
the desired base changes, all the sequences were identical to that 
of rat CACT cDNA (AC: NM_053965 ) [14]. The resulting plasmids 
were transformed into E. coli C0214. Bacterial overexpression , iso- 
lation of the inclusion body fraction, solubilisati on and purification
of the wild-type CACT and mutant CACT proteins were performed 
as described previously [10,19].

2.3. Reconstit ution of wild-type and mutant CACT proteins in
liposomes

The recombin ant proteins were reconstit uted into liposomes as
described previously [10,19]. The concentratio n of intralipo somal 
carnitine was 15 mM.

2.4. Transport measurements 

The external substrate was removed by passing 550 ll of prote- 
oliposom es through a Sephadex G-75 column. The first 600 ll of
the turbid eluate from the Sephadex column were collected, trans- 
ferred to reaction vessels (100 ll each), and readily used for trans- 
port measure ment by the inhibitor-st op method [21]. For uptake 
measure ments, transport at 25 �C was started by adding 0.1 mM [3-

H]carnitine (4.5 lCi/lmol) to proteoliposom es and at the required 
time interval the reaction was terminated by the addition of
1.5 mM NEM. In controls, the inhibitor was added together with 
the labelled substrate at time zero to evaluate the amount of la- 
belled substrate unspecifically bound and/or diffused into lipo- 
somes. Finally, the external substrate was removed by
chromatogr aphy on Sephadex G-75 columns, and the radioactivi ty
in the liposomes was measured [21]. The experimental values were 
corrected by subtracti ng control values, which were always lower 
than 5% of the experimental values. All of the transport activities 
were determined by taking into account the efficiency of reconsti- 
tution (i.e., the share of successfully incorporate d protein).

2.5. Other methods 

SDS–PAGE was performed according to Laemmli [22] as previ- 
ously described [10]. The amount of recombinant protein was esti- 
mated on Coomass ie blue-stained SDS–PAGE gels by the Bio-Rad 
GS-700 Imaging Densitomet er equipped with the software Bio- 
Rad Multi-Analy st, using bovine serum albumin as standard. The 
extent of incorporati on of the recombinant protein in liposomes 
was determined as described in Phelps et al. [23], with the modifi-
cations reported in Ref. [19].

3. Results 

3.1. Inhibition by H2O2 and activity recovery by DTE, NAC and Cys 

The effect of 1 mM H2O2 on [3H]carnitine/ carnitine antiport has 
been studied adding the reagent to proteoliposo mes 1 min before 
the labelled substrate (Fig. 1). The time course of the antiport 
was sensibly impaired by H2O2 (closed symbols) respect to the 
control (open symbols). Fitting the data points into first order rate 
equation , the initial rates of transport were derived as the product 
of the first order rate constant k and the transport at equilibrium .
The values were 0.24 ± 0.03 nmol/min/mg protein for the control 
and 0.15 ± 0.02 nmol/min/mg protein for the inhibited sample.
The treated samples showed, besides reduced transport rate re- 
spect to the control, also reduced transport at equilibriu m,
2.30 ± 0.25 nmol/mg protein respect to 3.67 ± 0.32 nmol/mg pro- 
tein of the control, indicating that a significant fraction of the pro- 
tein was completely inactivated by H2O2. Indeed, under the 
condition s of reconstit ution used, i.e., one protein molecule per 
proteolip osome, the transport at equilibriu m is proportional to
the amount of functional transporters [24]. Interestin gly, DTE, a
disulphid e reducing agent, added after 20 min as well as after 60
or 120 min (small closed symbols), reverted the inhibition. DTE 
had a slight activation effect also on the control, without added 
H2O2 (.), since a fraction of protein, which is spontaneou sly oxi- 
dised during the purification and reconstit ution procedures, was 
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