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Abstract ECTO-NOX proteins are growth-related cell
surface proteins that catalyze both hydroquinone or NADH
oxidation and protein disulfide interchange and exhibit
time-keeping and prion-like properties. A bacterially
expressed truncated recombinant 46 kDa ENOX2 with full
ENOX2 activity bound ca 2 moles copper and 2 moles of
zinc per mole of protein. Unfolding of the protein in
trifluoroacetic acid in the presence of the copper chelator
bathocuproine resulted in reversible loss of both enzymatic
activities and of a characteristic pattern in the Amide I to
Amide II ratios determined by FTIR with restoration by
added copper. The H546-V-H together with His 562 form
one copper binding site and H582 represents a second
copper site as determined from site-directed mutagenesis.

Bound copper emerges as having an essential role in
ENOX2 both for enzymatic activity and for the structural
changes that underly the periodic alternations in activity
that define the time-keeping cycle of the protein.
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Introduction

Both animals and plants exhibit one or more hormone-
responsive external plasma membrane hydroquinone oxi-
dases (ECTO-NOX proteins) (Kishi et al. 1999) that use
NADH as an alternative substrate (NADH oxidase = NOX)
and carry out protein disulfide-thiol interchange (Morré
1998). There are at least two forms of ECTO-NOX or
ENOX activities that may be distinguished on the basis of
response to capsaicin and certain anticancer drugs. tNOX or
ENOX2 (GenBank Accession No. AF207881) is drug
inhibited and tumor associated (Morré et al. 1995). The
other is constitutive, refractory to drugs and designated
CNOX or ENOX1 (GenBank Accession No. EF432052)
(Bruno et al. 1992; Jiang et al. 2008). ENOX2 activity has
been found on the surface of cancer cell lines in culture
(Morré et al. 1995), in cell culture media conditioned by
growth of cancer cells (Morré 1995) and in sera of cancer
patients (Morré et al. 1997). ENOX1, on the other hand, is
present at the surface of all eukaryotic cells and tissues
including non-cancer, cancer, plant and animal (Morré 1998)
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as well as in conditioned culture media (Wilkinson et al.
1996). ENOX1 responds to hormones and growth factors but
not to anticancer drugs. Bruno et al. (1992) compared NOX
activities from plasma membranes isolated from rat liver
(ENOX1) and plasma membranes from rat hepatomas
(ENOX1+ENOX2). They found that the ENOX activities of
the hepatoma plasma membranes were much less hormone
responsive than those of liver. A similarly altered ENOX
activity of the plasma membranes subsequently was observed
with a variety of transformed cells and tissues (Morré 1998;
Morré et al. 1995; Wang et al. 2001).

The principal characteristic used to distinguish ENOX2
activity from other ENOX activities was its response to
capsaicin, a quinone-site inhibitor, and several other antican-
cer drugs potentially regarded as interacting with quinone
sites (Morré 1998). Here, functional motifs and character-
istics are reported for recombinant ENOX2 from cDNA
obtained by expression cloning of a HeLa library using a
ENOX2-specific monoclonal antibody. The findings show
that the activity of this cell surface growth-related and time-
keeping protein of cancer cells is dependent on the presence
of a metal, most likely copper.

Single amino acid substitutions in histidines critical to
the formation of potential copper binding ligands as well as
reversible metal removal with the copper chelator bath-
ocuproine and restoration of activity by readdition of
copper provide additional evidence for an essential role
for copper in both the overall oxidative activity catalyzed
by the protein and in the periodic alternation of activities
and secondary structural changes that characterize both
ENOX2 and ENOX proteins in general.

The finding support a model depicting ENOX2 as a dimeric
protein containing 4 coppers/dimer capable of carrying out
concerted four electron transfers from NADH or ubiquinol to
molecular oxygen as required to form water as occurs during
the oxidative portion of the ENOX2 catalytic cycle (Orczyk
et al. 2005).

Materials and methods

Recombinant ENOX2 protein was prepared from E. coli
cells transfected with pET 43.1 a (+) reporter plasmid
carrying the cDNA for the 46 kD truncated form of ENOX2
(nt 680 to 1855; aa 220 to 610) carrying Nus and His tags.
Cells were grown in LB broth with ampicillin overnight,
then lysed by French Press and insoluble material was
removed by centrifugation. The pellet and supernatant were
analyzed for the presence of tENOX2 protein by western
blot analysis and silver staining.

The Nus- and His-tagged proteins were purified from the
supernatant using a Ni-NTA Superflow column (QIAGEN)
according to the manufacturer’s protocol. Briefly, after

equilibrating the column with 10 ml Buffer I (50 mM
NaH2PO4, 300 mM NaCl and 10 mM imidazole, pH 8.0),
the supernatant of the lysate was transferred to the
equilibrated column and washed twice by 10 ml Buffer II
(50 mM NaH2PO4, 300 mM NaCl and 200 mM imidazole,
pH 8.0). The ENOX2 proteins were eluted with 50 mM
NaH2PO4 containing 300 mM NaCl and 200 mM imidazole,
pH 8.0.

The stcENOX2 (short truncated C-terminus ENOX2) pro-
tein is composed of 101 amino acids (starts with methionine
and followed by ENOX2 K502 to F601). The calculated
molecular weight is 11.47 kDa.

stcENOX2 was expressed in E. coli strain BL21 (DE3)
transformed with plasmid—pET11-stcENOX2 nt 1526 to
1823). Bacterial cultures of LB medium containing ampi-
cillin were grown to an OD600 of 0.8. Isopropyl-β-D-
thiogalactoside was added to a final concentration of
0.5 mM and the culture was grown for another 3 h. Cells
were harvested by centrifugation and then lysed by French
Press. Pellets (inclusion bodies) were collected after
centrifugation and solubilized and refolded. Refolding of
stcENOX2 was according to the procedure provided by
Novagen (Madison, WI, USA). Briefly, the pellet was
washed with 1% Triton X-100 and the recombinant
stcENOX2 proteins were dissolved in 50 mM CAPS,
pH 11, containing 0.3% N-laurylsarcosine (sodium salt).
Proteins were then dialyzed in two changes of dialysis
buffer (20 mM Tris-HCl, pH 8.5 containing 0.5 mM
cysteamine and 0.05 mM cystamine) over a period of
14 h followed by dialysis in two changes of equilibration
buffer (20 mM Tris-HCl, pH 7.5, 0.1 mM DTT). After
dialysis, stcENOX2 protein was stored at −20°C.

Oligonucleotides to replace amino acid residues poten-
tially involved in metal binding by site-directed mutagen-
esis were designed according to Braman et al. (1996).
Histidines in the potential copper-binding domain were
replaced by alanines (H246A, H546A, H562A, H582A)
and a tyrosine was replaced by a phenylalanine (Y556F).
Oligonucleotides for mutagenesis were as follows:
H546A : 5 ’ -GGATTATCTCCACATTCCTTGCG
GTTCACCCATTTGGAGC-3 ’ ( fo rwa rd ) , 5 ’ -G
CTCCAAATGGGTGAACCGCAAGGAATGTGGA
GATAATCC-3 ’ ( r e v e r s e ) ; H562A : 5 ’ -GAAT
ACATCTGTTCCTACTTGGCCCGTCTTGATAATAA
GATCTGC-3’(forward), 5’- GCAGATCTTATTATCAA
GACGGGCCAAGTAGGAACAGATGTATTC-3 ’
(reverse); H246A: 5’CCACCCCCAGTGGTCGCCTATTC
AGATCATGAATGC-3’ (forward), 5’-GCATTCATG
ATCTGAATAGGCGACCACTGGGGGTGG (reverse);
H582A: 5’- CTCATGGGTAGACTCCAGGCTACCTT
CAAGCAGGAAATG-3’ (forward), 5’-CATTTCCTGCTT
GAAGGTAGCCTGGAGTCTACCCATGAG-3’ (reverse);
Y556F: 5’- GCATTGAATACATCTGTTCCTTCTTG
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CACCGTCTTG-3’ (forward), 5’- CAAGACGGTGCAA
GAAGGAA CAGATGTATTCAATGC-3’ (reverse).

The mutagenesis was carried out using a QuikChange
Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA).
All mutants were sent for DNA sequencing to confirm the
correct replacements.

NADH oxidation was measured spectrophotometrical-
ly from the disappearance of NADH measured at 340 nm
(Morré et al. 1995) or from the cleavage of dithiodipyr-
idine (DTDP) (Morré et al. 1999). Proportionality of
enzymatic activity to protein concentration with the
purified tENOX2 or with the bacterial extracts was
verified for both assays.

Proteins were estimated by the bicinchoninic acid (BCA)
procedure (Smith et al. 1985) with bovine serum albumin as
standard.

For unfolding and refolding, recombinant ENOX2
protein 46 kD (100 μg in a total volume of 200 μl) was
combined with 0.2 μl trifluoroacetic acid and 0.4 ml
20 mM metal solution or water with or without 25 μM
bathocuproine. After a 2 h incubation at room temperature,
the material was dialyzed for 2 days against 15 mM Tris-
MES, pH 7 and lyophilized.

ENOX2 protein from sera (the antigen sources for the
monoclonal antibody) and recombinant ENOX2 were
analyzed for copper, nickel, zinc and iron content by
atomic absorption spectroscopy (AAnalyst #300, Perkin-
Elmer Instruments, Shelton, CT). Standards were diluted
from 1 g/L metal stock (Aldrich, Milwaukee, WI). To
measure copper binding, ENOX2 and CuCl2 were preincu-
bated for 24 h at 4°C at a 10-fold molar ratio of excess
CuCl2. Samples were then dialyzed for 48 h against four
changes of 20 mM Tris-HCl, pH 7.8. Protein samples
analyzed contained between 0.5 μg/ml and 2 μg/ml bound
copper, zinc or added nickel but no iron and were within
the linear range of the assay.

The copper amounts of purified Nus tag protein and
mutant proteins were determined by a colorimetric assay.
To 100 μl protein (ca. 10 μM) samples were added to 25 μl
0.3 g/ml trichloroacetic acid, 25 μl 0.35 mg/ml L-dehy-
droascorbic acid and 160 μl 0.067 mg/ml acid disodium
bicinchoninic containing 0.04 mg/ml NaOH and 0.17 mg/
ml HEPES sodium salt. The mixture was incubated at room
temperature overnight. Distilled water (2 ml) then was
added and the absorbance values were recorded at 354 nm.
The copper contents were estimated from a standard copper
series from 5 μM to 30 μM assayed in parallel (Brenner
and Harris 1995).

Infrared spectra were taken from recombinant tENOX2
solvated in deuterium oxide to minimize water absorption
in the amide I/amide II region of the spectrum (1,700 to
1,499 cm−1) with a Perkin-Elmer Fourier Transform
Infrared Spectrophotometer (Model 1750). The data were

analyzed using appropriate software and a workstation.
Spectra were collected at 2 min to 3 min intervals and co-
added over two to four successive cycles of oscillation.
CaF2 windows had a Teflon 9 mm spacer to provide a
sealed, demountable cell. Data were collected over the IR
region 4,000 cm−1 to 6,000 cm−1. Regions of interest were
copied, converted to absorbance and processed computa-
tionally for analysis. Real time full spectra were recorded
both as a function of protein concentration and at different
temperatures.

Results

Copper presence was necessary for ENOX2 activity
(Fig. 1). In the folded native state both the recombinant
and the cell surface-associated ENOX2 were refractory to
inhibition by the copper chelator bathocuproine. The
relative resistance of the ENOX2 activity to inhibition by
the copper chelator bathocuproine suggests that the bound
copper is located within a protected portion of the protein
which is inaccessible to the chelator. It was first necessary
to unfold the protein for the bathocuproine to bind and
remove the ENOX2-bound copper. Nus-tagged ENOX2
when unfolded in the presence of trifluoroacetic acid
retained activity after dialysis and at physiological pH.
However, if the ENOX2 was unfolded by trifluoroacetic
acid treatment in the presence of the copper chelator

Fig. 1 Nus-ENOX2 activity unfolded in the presence of 0.1%
trifluoroacetic acid (TFA) a or in the presence of 25 μM bath-
ocuproine to remove bound copper (b). For each set of measurements,
the TFA, bathocuproine and released copper were removed by dialysis
prior to assay. Upon removal of the TFA by dialysis, activity in the
absence of bathocuproine was retained (a). Upon removal of TFA
from the bathocuproine-treated sample no activity was observed (b)
but activity was restored by addition of 100 μM CuIICl2
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bathocuproine, activity was lost. Activity was subsequently
restored by refolding in the presence of copper at
physiological pH (not shown). Refolding in the absence
of copper did not restore activity.

Recombinant 46 kDa Nus-ENOX2 when refolded in the
presence of excess copper followed by exhaustive dialysis
to remove unbound copper yielded 2.1±0.4 mole of bound
copper/mole of recombinant protein (Table 1). In the
presence of stoichiometric amounts of copper during
refolding, 2.3±0.2 mole copper was bound/mole of protein.
Similar results were obtained with a short truncated C-
terminus ENOX2 that contained the two putative copper
binding sites determined from site-directed mutagenesis
(see below). With bathocuproine present during refolding,
in the absence of added copper, 0.8±0.2 mol of copper
remained per mol of protein (Table 1), an amount
insufficient to support enzymatic activity (Fig. 1).

Excess copper caused the ENOX2 protein to form
aggregates. Aggregates were typically amyloid fibrils as
shown by electron microscopy (del Castillo-Olivares et al.
1998) and were readily collected by centrifugation at
10,000×g. This response to copper may be different from
copper bound in the catalytic sites.

In addition to 2 moles of copper per mole of protein,
recombinant ENOX2 contained 2 moles of zinc per mole of
protein but no iron or nickel (Table 2). The presence of iron
or nickel above the limit of detection of 0.02 nmoles or
0.00015 nmoles/mole protein, respectively, were not ob-
served. With copper-loaded recombinant ENOX2, 2 moles
nickel/mole of protein were bound with 20 mM nickel
added. In the absence of added nickel the amount present
was less than 150 μmoles/mole of ENOX2. When assayed

in the presence of 20 mM copper, nickel or zinc without
refolding or prior metal removal, the specific activities
observed were 63, 48 and 53 nmole/min/mg protein and not
significantly different. With copper and zinc, the period
length observed was 22 min. With nickel addition, the
period length increased from 22 min to 24 min.

A further indication of the importance of copper to
ENOX2 function was provided by experiments where
changes in Amide I to Amide II ratios were monitored by
FTIR (Fig. 2). With the wild type, the ratio varied between
1.70 and 1.72 generating a regular recurring pattern of
maxima (Fig. 2a). After bathocuproine treatment, a more
random pattern of change with a much reduced amplitude
was observed (Fig. 2b). Also with the H562A and the
H564A replacements, no regular pattern of oscillations in
Amide I-Amide II ratio could be discerned (not shown).

Four amino acid substitutions in full length ENOX2
H246A, H546A, H562A, H582A and H546A and H582A
in 46 kDa truncated ENOX2 resulted in loss of NADH
oxidase activity (Table 3, Fig. 3). With the H546A, H562A
and H582A substitutions, ≤ 1 mol copper/mol protein was
bound compared to 1.7±0.3 for wild type and 1.8±0.2 for
the Y556F substitution which did not affect ENOX2
activity (Table 4).

Fig. 2 As in Fig. 1 except ratios of Amide I to Amide II of
recombinant Nus-ENOX2

Table 1 Bound copper comparing Nus-tagged recombinant ENOX2
and short truncated C-terminus ENOX2 (stcENOX2)

μmoles Ratio Cu:Protein

Protein Copper

Nus-tagged ENOX2

TFA only 2.0±0.2 4.6±0.5 2.3±0.2

TFA + Bathocuproine 4.2±2.0 3.5±2.0 0.8±0.2

TFA + CuCl2 5.0±3.0 10.3±3.0 2.1±0.4

stcENOX2

TFA only 23±8 39±9 1.7±2

TFA + Bathocuproine 23±2 18±1 0.8±0

TFA + CuCl2 14±3 35±2 2.5±0.7

stcENOX2 H546A+H582A

TFA only 39.5±0.4 9.1±0.4 0.23±0.01

TFA + Bathocuproine 48.0±1.3 10.2±0.4 0.25±0.03

TFA + CuCl2 37.7±1.7 9.1±0.3 0.24±0.02

Table 2 Zinc, iron and nickel contents of recombinant ENOX2

Metal Moles metal/mole protein

Zn (n=6) 2.2±0.7

Fe (n=6) 0.02±0.02

Ni (n=3) <0.00015

358 J Bioenerg Biomembr (2010) 42:355–360



Discussion

We have reported previously that both ENOX2 isolated
from patient sera or recombinant ENOX2 contained bound
copper but no zinc or iron from analyses by atomic
absorption spectroscopy (Chueh et al. 2002). Additionally,
the presence of CuII in ENOX2 has been confirmed by
extended X-ray fine structure analysis (Morré et al. 2007).
Pre-edge at the Cu K-edge and EXAFS K2 weighted (X(k))
spectra for a 0.1 M aqueous solution of CuCl2 at 25°C and
170 bar in the presence or absence of ENOX2 with or
without NADH revealed the sole species observed was the
hexaaqua CuII. Measurements were recorded every 1.5 min
over 90 min.

The spectral changes observed by FTIR were assumed to
represent oscillating α-helix-β-sheet transitions. In these
experiments absorbance was determined at 1,658 cm−1 as a
measure of Amide I absorption and compared to Amide II
absorption at 1,521 cm−1. Generally, the changes observed
in Amide I and in Amide II appeared to be related inversely
(Kim et al. 2005). Because of the apparent inverse
relationship and also for the Amide II absorbance to serve
as a reference, the ratios of absorbance at 1,658 cm−1 snf

1,521 cm−1 were calculated to determine the oscillatory
pattern. The maxima occurred at intervals of about 4.2 min
but were not evenly spaced and created a 5-peak pattern
where two of the maxima were separated by 5 min and 3 of
the maxima were separated by 4 to 4.5 min. This
asymmetric 5-peak pattern is characteristic of ENOX-
related activity oscillations (Morré and Morré 2003). The
observed spectral changes are reproducible and offer a
means of functional assessment not afforded by other
methods of assay. Since the protein appears to undergo
such oscillatory changes in secondary structure within each
22 min cycle, crystallization of the protein may be difficult
due to the constant motion. From this standpoint the
availability of the H546A+H582A double mutant may
facilitate crystallization of the recombinant protein for
structural studies.

The H546-V-H-P-F-G motif is conserved in the copper-
binding site of both human and chicken superoxide dismu-
tases (Shininá et al. 1996) although ENOX proteins lack
superoxide dismutase activity. The H546V together with the
His562 was suggested to serve as a binding site potentially
important to the reduction of oxygen (Chueh et al. 2002).
The ability of recombinant protein to bind copper in excess
of 1 mol copper/mol of protein (1.3 to 1.5 mol copper even
in the absence of unfolding and refolding in the presence of
excess copper followed by dialysis), suggests the presence of
a second site important for oxygen binding. For example, the
H582A replacement resulted in loss of enzymatic activity as
copper binding capacity was reduced from about 2 mol
copper/mol protein to about 1 mol copper/mol protein. The
double mutant H546A+H582A reduced the copper binding
capacity even further to 0.3 mol copper/mol protein.

The H246 site found in full length recombinant ENOX2
(Fig. 3) does not appear in either the truncated ENOX2
proteins with full activity analyzed or in the 34 kDa
functional ENOX2 corresponding to the ENOX2 protein

Table 3 Specific activities of mutated recombinant Nus-tagged
ENOX2 to identify copper binding sites

Protein N nmol/min/mg

WT 8 50±10

H246A 3 6±6a

H546A 3 8±8a

Y556F 3 60±8

Y560A 6 50±13

H562A 3 8±8a

H582A 6 10±10a

H546A+H582A 3 5±4a

a Significantly different from wild type (WT) p<0.001

Table 4 Bound copper comparing Nus-tagged tENOX2 and mutant
ENOX2 proteins. (n=4)

Protein (μM) Copper (μM) Ratio

WT 8.7 15±3 1.7±0.3

H246A 22.4 24±6 1.1±0.3

H546A 11.4 10±1 0.9±0.1

Y556F 8.0 14±2 1.8±0.2

Y560A 14.0 31±5 2.2±0.3

H562A 2.5 2.4 0.9a

H582A 22.6 23±2 1.0±0.1

H546A+H582A 13.8 4±1 0.3±0.1

a Determined independently by inductively coupled plasma atomic emis-
sion spectroscopy

Fig. 3 Full length amino acid sequence of the ENOX2 protein.
Histidine to alanines substitutions by site-directed mutagenesis
resulting in loss of NADH oxidase activity are underlined
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expressed by the cancer-specific exon 4 minus splice
variant (Tang et al. 2007).

Despite the fact that ENOX proteins lack flavin and/or
electron carriers other than copper (Chueh et al. 2002), they do
reduce molecular oxygen to water (Chueh et al. 2002). Thus,
during the oxidative portion of the ENOX activity cycle, the
transfer of electrons and protons to molecular oxygen is
catalyzed with a stoichiometry of 2 mol of NADH+H+

oxidized to 1 mol of O2 reduced. Oxygen uptake by plasma
membranes prepared from HeLa cells is inhibited by the
antitumor sulfonylurea LY181984 with approximately the
same dose response (Fig. 1 of Morré et al. 1998) as are other
aspects of ENOX2 activity (compare to Fig. 6 of Tang et al.
2007). Thus, ENOX2 and ENOX proteins in general must
bind oxygen. While some role for zinc in oxygen binding not
involving a change in oxidation state cannot be completely
ruled out, addition of only copper was sufficient to restore
full activity to the ENOX2 proteins depleted of metals by
unfolding in the presence of bathocuproene. The absence of
iron or iron-binding motifs in the ENOX2 proteins adds to
the argument for copper involvement in their oxidative
activities (MacBeth et al. 2000). Zinc is normally coordinated
by two cys and two his ligands or by four cys ligands (Lee et
al. 1989). Two such cys domains, C103XXC and
C506XXXC occur in ENOX2. However, the consensus
sequence for zinc finger domains YXCX2,4CX3FX3X2HX3–

5H is missing from ENOX2.
The possibility of a second copper site is supported as

well in that the ENOX2 protein bound approximately 2 mol
of copper/mol protein. As the prevailing soluble form of
ENOX2 proteins appears to be a dimer based on size
exclusion chromatography (del Castillo-Olivares et al. 1998),
the presence of two coppers per monomer permits a model
depicting ENOX2 as a dimeric protein containing four
coppers/dimer capable of carrying out concerted four electron
transfers from NADH or reduced coenzyme Q directly to
molecular oxygen as required to form water.

The constitutive form of the ENOX protein, CNOX or
ENOX1, has been cloned and characterized (GenBank
Accession No. EF432052). The sequence was similar to
that of ENOX2 (64% identity and 80% similarity). ENOX1
required bound copper for activity and bound 2 mol copper/
mol protein (Jiang et al. 2008) as well. An H579VHPFG
sequence of ENOX1 corresponding to H546VHPFG
sequence of ENOX2 was present and required for activity.
His562 is absent from ENOX1. A second site, H260YSEH,
present in ENOX1 when mutated also resulted in loss of
enzymatic activity. The H260YSEH site is represented in
ENOX2 by the sequence H246YSDH. His582 is missing
from the structure of ENOX1. Thus, both ENOX1 and
ENOX2 have been shown experimentally to bind at least
2 mol copper/mol protein with the HVHPFG site being

common to both. ENOX1 lacks His562 and His582
whereas 46 kDa ENOX2 which exhibits full enzymatic
activity lacks the H260YS(E,D)H site common to both full
length proteins due to the truncation.

Acknowledgements We thank Ania Kempa-Steczko, Bernard Shen,
Thomas DeLuca, Emily Bacon, Lian-Ying Wu, Kevin Kowalski,
Thomas Evans, Juliana Lawler, and Elyse Freiberger for contributing
to the findings and Peggy Runck for assistance with preparation of the
manuscript.

References

Braman J, Papworth C, Greener A (1996) Meth Mol Biol 57:31–44
Brenner AJ, Harris ED (1995) Anal Biochem 226:80–84
Bruno M, Brightman AO, Lawrence J, Werderitsh D, Morré DM,

Morré DJ (1992) Biochem J 284:625–628
Chueh P-J, Kim C, Cho N, Morré DM, Morré DJ (2002) Biochemistry

41:3732–3741
del Castillo-Olivares A, Yantiri F, Cheuh P-J, Wang S, Sweeting M,

Sedlak D, Morré DM, Burgess J, Morré DJ (1998) Arch Biochem
Biophys 358:125–140

Jiang Z, Gorenstein NM, Morré DM, Morré DJ (2008) Biochemistry
47:14028–14038

Kim C, Layman S, Morré DM, Morré DJ (2005) Dose Response
3:391–413

Kishi T, Morré DM, Morré DJ (1999) Biochim Biophys Acta
1412:66–77

Lee MS, Gippert GP, Soman KV, Case DA, Wright PE (1989) Science
245:635–637

MacBeth CE, Golombek AP, Young VG Jr, Yang C, Kuczera K,
Hendrich MP, Borovik AS (2000) Science 289:938–941

Morré DJ (1995) Biochim Biophys Acta 1240:201–208
Morré DJ (1998) In: Asard E, Bérczi A, Caubergs RJ (eds) Plasma

membrane redox systems and their role in biological stress
and disease. Kluwer Academic, Dordrecht, pp 121–156

Morré DJ, Morré DM (2003) Free Radical Res 37:795–808
Morré DJ, Chueh P-J, Morré DM (1995) Proc Natl Acad Sci USA

92:1831–1835
Morré DJ, Caldwell S, Mayorga A, Wu L-Y, Morré DM (1997) Arch

Biochem Biophys 342:224–230
Morré DJ, Chueh P-J, Lawler J, Morré DM (1998) J Bioenerg

Biomemb 30:477–487
Morré DJ, Gomez-Rey ML, Schramke C, Em O, Lawler J, Hobeck J,

Morré DM (1999) Mol Cell Biochem 207:7–13
Morré DJ, Heald S, Coleman J, Orczyk J, Zhang Z, Morré DM (2007)

J Inorg Biochem 101:715–726
Orczyk J, Morré DM, Morré DJ (2005) Mol Cell Biochem 273:161–

167
Shininá ME, Carlini P, Polticelli F, Zappacosta F, Bossa F, Calabrese

FL (1996) Eur J Biochem 237:433–439
Smith PK, Krohn RI, Hermanson GT, Mailia AK, Gartner FH,

Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC
(1985) Anal Biochem 150:70–76

Tang X, Tian Z, Chueh P-J, Chen S, Morré DM, Morré DJ (2007)
Biochemistry 46:12337–12346

Wang S, Pogue R, Morré DM, Morré DJ (2001) Biochim Biophys
Acta 1539:192–204

Wilkinson FE, Kim C, Cho N, Chueh P-J, Leslie S, Moya-Camarena S,
Wu L-Y, Morré DM, Morré DJ (1996) Arch Biochem Biophys
336:275–282

360 J Bioenerg Biomembr (2010) 42:355–360


	Essential...
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


